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Welcome to 1st International Conference on Metrology for Archaeology 

 

On behalf of the organizing committee, we cordially welcome you to the 1st International Conference on Metrology 

for Archaeology (MetroArcheo). 

The growing interest of archaeological sciences to new technologies and analysis techniques, has recently improved 

the combined use of numerical approach and metrology systems to get more detailed archaeological purpose. For 

example, advances in computer science, data acquisition and modeling, new spectrometric techniques, analysis and 

remote sensing have encouraged interactions among these scientific disciplines based on measurement data and 

archaeological interpretations. The benefits of a multidisciplinary approach have reduced the level of uncertainty in 

archaeological studies. 

The 1st International Conference on Metrology for Archaeology involve researchers and practitioners interested in the 

enhancement, characterization and conservation of the archaeological heritage, with the main objective to focus the 

discussion on the production, interpretation and the reliability of the measured data. The meeting was designed to 

give the community of archaeologists a complete picture of knowledge of the "fit" of the archaeological heritage, 

generally addressed in several conferences with restricted areas of interest. 

The first edition of MetroArcheo will be held in Benevento, a small town in Southern Italy with a significant historical 

heritage. It was a base for Roman expansion in Southern Italy and an important stop on the Appian Way, the ancient 

Roman road connecting the West and East coasts. After being sacked in 452, Benevento was ruled by the Lombards 

(or Longobards) and Byzantines, and finally by the Pope who ruled the town for 800 years. Benevento, in a beautiful 

setting in the hills, is a pleasant place to visit, a good break from the heavily touristic areas near Naples and the Amalfi 

Coast and a chance to experience the feel of a Southern Italian town. Visiting Benevento is like a journey through 

history: the prehistoric and the Egyptian finds at the Museum of Sannio, Traiano’s Arch and the Roman theatre, the 

Dome and the Church of Santa Sofia of Longobardian times, the undergrounds of the Prefectural Palace that hosts 

ARCOS, the contemporary art museum. 

Benevento is included, for the Santa Sofia Complex, in the UNESCO World Heritage Sites for “The Longobards in Italy, 

Places of Power, 568 - 774 A.D.”.  It comprises seven groups of important buildings (including fortresses, churches, and 

monasteries) throughout the Italian Peninsula. They testify to the high achievement of the Lombards, who migrated 

from Northern Europe and developed their own specific culture in Italy where they ruled over vast territories in the 

6th to 8th centuries. 

We are sure that the universally recognized historical beauty of Benevento will be a perfect frame for this prestigious 

conference. It is, in fact, a further occasion, not only to meet old friends and new people from all over the world, but, 

moreover, to engage with them a continuous comparison directed to make wider the views on the technological 

progress of Metrology for Archaeology.  

The MetroArcheo organization was a complex task due to the large and increasing interest of our research and 

application areas. Efforts from many people were required to shape the technical program, arrange accommodation, 

manage the administrative aspects, and set up the social functions. We like to take this opportunity to thank all and 

each of them. We like also to thank the public and private organizations that supported the meeting in different ways.  

The MetroArcheo Technical Program consists of 17 oral and poster sessions scheduled over two days. With the wide 

range of technical sessions covering the many fields of metrology for archaeology we are happy to welcome you to 

the variety of technical presentations that await you this year. Thanks to all of the Technical Program Committee 

members and the reviewers who have contributed to make this outstanding program possible. 

We received 152 abstracts from all over the world. The technical program encompasses several events and activities. 

The keynote speeches will be held by experts in the field of metrology for archeology; Prof. Massimo Osanna, 

Soprintendenza speciale per i Beni Archeologici di Pompei, Ercolano e Stabia, will speak about Contexts and Objects, 

Prof. Jean- Pierre Brun, Collège de France – France, will present the Archaeology of Production, Prof. Hans-Arno Synal, 



ETH Zurich – Switzerland, will describe the Progress in Accelerator Mass Spectrometry. We are honored to have them 

as plenary speakers and thank them in advance for coming to our conference to share their knowledge and 

experiences with us. 

Furthermore, attendees have the possibility to follow a half day of Tutorials organized and managed by 

Soprintendenza Archeologia della Campania. The tutorials include discussions and visit at Arch of Trajan and Sant'Ilario 

Church with Museum of the Arch, Archaeological Area of Arco del Sacramento, Cathedral's Hypogeum, Roman 

Theatre and Ponte Leproso. 

With the aim of providing a common ground for researches to share their findings about the metrology for 

archaeology, the conference includes a significant number of Special Sessions. A first reason is that so many are the 

application fields of the metrology for archaeology that a single track could have been too much dispersive. A second 

reason is that, in spite of a centralized research address definition, a spontaneous aggregation of well-focused themes 

has been gathered, with specific aim of providing a forum of dedicated debate very close to the single research field.  

Therefore, several application-oriented Special Sessions have been organized. We wish to thank the organizers of 

these Special Sessions for their cooperation and support to the conference organization.  

Several Awards will be assigned, in particular to young researchers. 

The 1st International Conference on Metrology for Archaeology is about to begin. You are now in a position to enjoy 

the fellowship of colleagues and experts and to pass free time in natural and artistic beauties. It is up to you to 

appreciate the conference worth! Be critical! We, metrologists, archaeologists, geologists, colleagues, and friends, all 

know that this is the best way to improve quality, and to achieve lasting excellences. 
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Welcome Message from the Mayor of Benevento 

 

I am glad to give my welcome to all participants at the First International Conference on Metrology for Archeology, in 

collaboration with the University of Sannio. 

My thanks go especially to Professor Pasquale Daponte and Professor Alessio Langella who have decided to make this 

conference in our wonderful City, Benevento. 

About the event that will take place in these days, the presence in our Sannio of so many researchers and scientists 

from every part of the world is a source of pride and trust for our city and I wish to express heartfelt gratitude also to 

all the people from the University of Sannio who have been involved in the organization of the event. 

As Major of Benevento I am very proud to have a significant event like this in our City and I really hope all of you will 

get the occasion to visit our City. 

Benevento, besides being a university city, it has also a remarkable entrepreneurial vitality in the areas of 

technological innovation. I would like to emphasize that our city in the Campania region is one with the highest 

number of production sites in the advanced tertiary sector. 

For this we must thank the vitality of young graduates who have invested their expertise at the service of the territory 

with startups and spinoff. 

Besides this, I have to underline that the city of Benevento has a huge historical, monumental and architectural 

fortune, and with the complex of Santa Sofia Church has obtained UNESCO recognition entering in the World Heritage 

Lists in 2011. 

The enhancement of our cultural heritage has allowed us in recent years to achieve this important goal in a clear 

manner that testifies not only that Benevento is a town rich in places of art and history, but also that we are taking the 

right strategy to valorize and enhance our heritage. Important events, such as this Conference on Metrology for 

Archeology, represent the right opportunity to call attention to internal areas of Campania region, and above all to our 

beautiful city Benevento and wonderful Sannio. 

The conference will be surely a moment of scientific investigation and a good opportunity to offer useful discussion 

among scientists working in this important field. 

I wish a good job to all the participants and organizers for these two days. 

 

Fausto Pepe 
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GENERAL CHAIRS 
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Massimo Osanna 
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Keynote Thursday, October 22nd, 2015 

"Contexts and Objects" 
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___________________________________________________________________________ 
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MetroArcheo 2015 Academic Patronage 

 

   
 

University of Sannio 
 

University of Salerno 
Research Institute for the Heritage 

and History of the Cultural 
Landscape and Urban Environment - 

VU University 

 

   
 

University of Salento 
 

University of Sassari 
 

Politecnico di Torino 

 

 

MetroArcheo 2015 Institutional Patronage 

 

   
 

Prefettura di Benevento 
 
 

 
Provincia di Benevento 

 
Comune di Benevento 

   
 

KNIR 

 

 
Centre Jean Bérard 

 
CIPA 



   
 

ICOMOS 
 
 
 

 
IBAM 

 
Fondazione Bruno Kessler 

   
 

Scuola di specializzazione in beni 
archeoligici "Dinu Adamesteanu" 

 
 
 

 
CEDAD 

 
Club UNESCO Benevento 

   
 

Gruppo Misure Eletriche Elettroniche 
 
 
 
 

 
Group of Mechanical and Thermal 

Measurements 
 

 
Distretto ad Alta Tecnologia dei Beni 

Culturali 

   
 

Ancient Appia Landscapes 
 
 
 
 

 
Società Italiana di Mineralogia e 

Petrologia 
 

 
Istituto di Metodologie per l’Analisi 

Ambientale - CNR 

  

 

 
Georisorse, Ambiente e Beni 

Culturali 

 
Ordine dei Geologi della Campania 

 



   

MetroArcheo 2015 Sponsors 

 

   
 

BRUKER 
 

CENTRO DI ATENEO PER 
L’ORIENTAMENTO E IL TUTORATO 

 

 
ASSING 

 

 

 





WORKSHOP PROGRAM

Thursday, October 22nd

SS1 (Part 1): Special Session on Methodologies, measurement techniques and data analysis
Room: Red Hall, Palazzo San Domenico
Chairs: Emanuela Sibilia, University of Milano Bicocca, Italy

Piergiulio Cappelletti, University of Naples Federico II, Italy

1 Bayesian analysis and the way to look at absolute dating
Francesco Maspero, University of Milano Bicocca, Italy
Emanuela Sibilia, University of Milano Bicocca, Italy
Marco Martini, University of Milano Bicocca, Italy

5 Medieval glazed pottery of the Treviño castle (Treviño Shire, NW of Spain)
Ainhoa Alonso-Olazabal, University of Basque Country, Spain
Luis Angel Ortega, University of Basque Country, Spain
Maria Cruz Zuluaga, University of Basque Country, Spain
Iranzu Guede, University of Basque Country, Spain
Xabier Murelaga, University of Basque Country, Spain
Juan Antonio Quiros, University of Basque Country, Spain

9 The use of Raman spectroscopy for the characterization of archaeological ochre in the Upper Paleolithic
of Colli Albani (Rome, Italy)

Eliana Catelli, University of Cantabria, Spain
Flavio Altamura, University of Rome Sapienza, Italy
Delia Gazzoli, University of Rome Sapienza, Italy
Margherita Mussi, University of Rome Sapienza, Italy

15 Multimethod provenance analyses of white marbles - the Carrara-Göktepe entanglement
Walter Prochaska, University of Leoben, Austria
Donato Attanasio, National Council of Research, Italy

20 Primary raw materials, finished products and exchange circuits. Archaeometry, petrography and traces
of the use of stone materials from the prehistoric excavation of Spinazzola in Paestum

Paola Aurino, Soprintendenza Archeologia della Campania, Italy
Viviana Germana Mancusi, External Collaborator Soprintendenza Archeologia della Campania,Italy

SS2: Special Session on Urban Landscapes
Room: Blue Hall, Palazzo San Domenico
Chairs: Luca Cerchiai, University of Salerno, Italy

Alfonso Santoriello, University of Salerno, Italy

26 3D survey technologies applied to the archaeology for the new "Municipio" underground station in Naples
Daniela Giampaola, Soprintendenza Archeologia della Campania, Italy
Vittoria Carsana, Assistant of the Superintendence Archaeology Campania, Italy
Cristiana Achille, Polytechnic of Milan, Italy
Sebastiano Ackermann, Polytechnic of Milan, Italy
Francesco Fassi, Polytechnic of Milan, Italy
Luigi Fregonese, Polytechnic of Milan, Italy
Alessio Nobile, Polytechnic of Milan, Italy



32 Measuring the Past: geologic and archeological data for the evaluation of the archaeological potential of
Benevento (Southern Italy)

Vincenzo Amato, University of Molise, Italy
Sabatino Ciarcia, Freelance senior geologist, Italy
Amedeo Rossi, University of Salerno, Italy
Alfonso Santoriello, University of Salerno, Italy
Luigina Tomay, Soprintendenza Archeologia della Campania, Italy

37 SIURX: a web-based environment for description and cataloguing of cultural heritage resources
Francesco Colace, University of Salerno, Italy
Saverio Lemma, University of Salerno, Italy
Marco Lombardi, University of Salerno, Italy
Amedeo Rossi, University of Salerno, Italy
Alfonso Santoriello, University of Salerno, Italy
Alessandro Terribile, University of Salerno, Italy
Marianna Vigorito, University of Salerno, Italy

43 Digitizing and navigating unaccessible archaeological sites on mobile devices
Luigi Malomo, National Council of Research & University of Pisa, Italy
Francesco Banterle, National Council of Research, Italy
Paolo Pingi, National Counci of Research, Italy
Marco Callieri, National Counci of Research, Italy
Matteo Dellepiane, National Counci of Research, Italy
Roberto Scopigno, National Counci of Research, Italy

49 30 years of urban archaeology: measuring, interpreting and reconstructing
Clementina Panella, University of Rome Sapienza, Italy
Marco Fano, University of Rome Sapienza, Italy
Emanuele Brienza, University of Enna Kore, Italy

SS3 (Part 1): Special Session on Geophysical and Geoarchaeological approaches to the Archae-
ological Sites
Room: Library of Province of Benevento
Chairs: Salvatore Piro, National Council of Research, Italy

Carmen Maria Rosskopf. University of Molise, Italy

55 A geo-archaeological approach for evaluating the effects of future sea level rise along the Campanian coast
(southern Italy)

Vincenzo Amato, University of Molise, Italy
Pietro Aucelli, University of Naples Parthenope, Italy
Gaia Mattei, University of Naples Parthenope, Italy
Gerardo Pappone, University of Naples Parthenope, Italy
Angela Rizzo, University of Naples Parthenope, Italy
Carmen Maria Rosskopf, University of Molise, Italy

61 On the coastline position at the Sinuessa archeosite during the Roman period
Luigi Crimaco, Museo Civico di Mondragone, Italy
Vincenzo Amato, University of Molise, Italy
Sabrina Amodio, University of Naples Parthenope, Italy
Pietro Aucelli, University of Naples Parthenope, Italy
Francesca Filocamo, University of Molise, Italy
Francesco Giordano, University of Naples Parthenope, Italy
Gaia Mattei, University of Naples Parthenope, Italy
Gerardo Pappone, University of Naples Parthenope, Italy

67 High-Resolution integrated GPR surveys in the urban archaeological sites. The cases of Palatino Hill and
St John Lateran Basilica (Roma, Italy)

Salvatore Piro, National Council of Research, Italy
Daniela Zamuner, National Council of Research, Italy



71 Historical sea level changes and effects on Sorrento Peninsula (Gulf of Naples) coast: new constrains from
recent geo-archaeological investigations

Pietro Aucelli, University of Naples Parthenope, Italy
Aldo Cinque, University of Naples Federico II, Italy
Francesco Giordano, University of Naples Parthenope, Italy
Gaia Mattei, University of Naples Parthenope, Italy
Gerardo Pappone, University of Naples Parthenope, Italy
M. Russo, Museo Correale di Terranova, Italy

76 Qualitative integration of geological, geophysical and archaeological data for the study of the Latin colony
of Aesernia (Molise, Italy)

Marilena Cozzolino, University of Molise, Italy
Federica Fasano, University of Molise, Italy
Vincenzo Gentile, University of Molise, Italy
Claudia Giordano, University of Molise, Italy
Pasquale Marino, Second University of Naples, Italy
Carmen Maria Rosskopf, University of Molise, Italy
Ettore Valente, University of Molise, Italy

Poster Session
Room: Palazzo San Domenico
Chairs: Sabrina Grassini, Polytechnic of Turin, Italy

82 3D mosaic documentation using close range photogrammetry
Mauro Lo Brutto, University of Palermo, Italy
Alessandra Garraffa, University of Palermo, Italy
Lorella Pellegrino, Centro Regionale Progettaione e Restauro, Italy
Barbara Di Natale, University of Palermo, Italy

88 Measuring time. Historical Perspectives on the Birth of Radiocarbon Dating
Maria Emanuela Oddo, IMT Lucca, Italy

95 Measurements, geometries and proportions in Roman archaeological architecture
Alfonso Ippolito, University of Rome Sapienza, Italy
Martina Attenni, University of Rome Sapienza, Italy

101 Geospatial quality in Archaeological sites
Teresa F. Pareja, Polytechnic of Madrid, Spain
Maria Ana Saenz-Nuno, University of Madrid Pontificia Camillas, Spain

106 Acoustical measurements in ancient theatres: uncertainty in prediction models
Elena Bo, Polytecnic of Turin, Italy
Louena Shtrepi, Polytecnic of Turin, Italy
David Pelegrin-Garcia, KU Leuven, Belgium
Giulio Barbato, Polytecnic of Turin, Italy
Arianna Astolfi, Polytecnic of Turin, Italy

112 Integration of Ground Penetrating Radar with Global Position System and Inertial Measurement Unit for
archaeological applications

Simone Chicarella, University of Rome Sapienza, Italy
Vincenzo Ferrara, University of Rome Sapienza, Italy
Andrea Pietrelli, University of Rome Sapienza, Italy

116 Survey and interpretation of submerged Roman ruins (harbour of Villa di Pezzolo) in the Sorrento Penin-
sula (S. Italy)

Pietro Aucelli, University of Naples Parthenope, Italy
Aldo Cinque, University of Naples Federico II, Italy
Francesco Giordano, University of Naples Parthenope, Italy
Gaia Mattei, University of Naples Parthenope, Italy

121 Chasing productions: banded and partially glazed wares from Pontecagnano
Anna Rita Russo, University of Salerno, Italy



126 Reading the past through digital documentation: an integrated methodological approach to the inscrip-
tions of the Harkhuf’s Tomb in Aswan (Egypt)

Andrea Angelini, National Council of Research, Italy
Giuseppina Capriotti, National Council of Research, Italy
Marina Baldi, National Council of Research, Italy

131 The Neolithic site at the Temple of Ceres at Paestum: archaeometric analyses of the Serra d’Alto ceramics
Italo Maria Muntoni, Soprintendenza Archeologia della Puglia, Italy
Paola Aurino, Soprintendenza Archeologia della Campania, Italy
Mariangela Moretti, University of Naples L’Orientale, Italy
Giacomo Eramo, University of Bari, Italy
Rocco Laviano, University of Bari, Italy

135 The archaeological potential of Agerola (Amalfi Coast, S. Italy) in relation to geological factors
Marta Cinque, Naturalist, Italy

140 Santa Maria de la Antigua del Darién (Colombia), the first Spanish city in Tierra Firme: a systematic
archaeological and geophysical prospection

Marilena Cozzolino, University of Molise, Italy
Julian Andres Gallego, Colombian Institute of Anthropology, Columbia
Vincenzo Gentile, University of Molise, Italy
Alberto Sarcina, Colombian Institute of Anthropology, Columbia

146 Erosion risk assessment for a coastal archaeological site: the case of Kaulonia (Southern Italy)
Gianluigi Di Paola, University of Molise, Italy
Carmen M. Rosskopf, University of Molise,Italy
Guido Benassai, University of Naples Parthenope, Italy
Maria T. S. Iannelli, Soprintendenza Archeologica della Calabria, Italy

152 Arpi: measure the forms of an Italiote city (4th – 2nd centuries BC)
Pr. Munzi, Centre Jean Berard, France
Claude Pouzadoux, Centre Jean Berard,France
Alfonso Santoriello, University of Salerno, Italy
Alessandro Terribile, University of Salerno, Italy
Italo Maria Muntoni, University of Salerno, Italy
L. Capozzoli, Soprintendenza Archeologica della Puglia, Italy
Gregory De Martino, National Council of Research, Italy
V. Giampaolo, National Council of Research, Italy
Felice Perciante, National Council of Research, Italy
Enzo Rizzo, National Council of Research, Italy

156 Comparison Between Passive and Active Measurement Methods of Radon Pollution in Historical Heritage
Buildings

Valentina Nastro, University of Calabria, Italy
Francesco Lamonaca, University of Calabria, Italy
Domenico Luca Carnì, University of Calabria, Italy
Maria Riccio, University of Sannio, Italy
Monica Vasile, Ovidius University Constanta, Romania

162 Pompeii Sustainable Preservation Project: the activities of IBAM-CNR
Daniele Malfitana, National Council of Research, Italy
Giovanni Leucci, National Council of Research, Italy
Giuseppe Cacciaguerra, National Council of Research, Italy
Samuele Barone, National Council of Research, Italy
Lara De Giorgi, National Council of Research, Italy
Antonino Mazzaglia, National Council of Research, Italy
Giovanni Fragalà, National Council of Research, Italy
Danilo Pavone, National Council of Research, Italy
Alessio Iabichella, National Council of Research, Italy

166 The coloured stones of Roman Beneventum and their reuse in later times
Lorenzo Lazzarini, University of Venice IUAV, Italy
Antonio Mesisca, University of Rome Sapienza,Italy



172 OSL single grain dating: comparison of different statistical age models applied to renaissance mortars
Laura Panzeri, University of Milano Bicocca & INFN, Italy
Marco Martini, University of Milano Bicocca & INFN, Italy
Emanuela Sibilia, University of Milano Bicocca & INFN, Italy

176 Food habits and ceramic use in Late Antique Catalonia: residue analysis on cooking wares from the
archaeological site of Can Gambús-1 (Sabadell, Catalonia, Spain)

Fernanda Inserra, University of Barcelona, Spain
Alessandra Pecci, University of Barcelona, Spain
Miguel Angel Cau Ontiveros, University of Barcelona & ICREA, Spain
Jordi Roig Buxo, Arrago S.L. Archaeology and Heritage, Spain

180 Necropolis of Mirabella Eclano (AV): archaeological studies and isotopic measurements
Rosanna Costa, University of Salerno, Italy
Gaetano Busiello, University of Salerno, Italy
Chiara Lambert, University of Salerno, Italy
Sandra Lo Pilato, University of Salerno, Italy
Paola Ricci, Second University of Naples, Italy
Carmine Lubritto, Second University of Naples, Italy

185 Stable isotope analysis reveals the dietary habits of Paestum during the Imperial period (2nd to 4th cen-
turies AD)

Paola Ricci, Second University of Naples, Italy
Carmina Sirignano, Second University of Naples, Italy
Simona Altieri, Second University of Naples, Italy
Mariangela Pistillo, University of Salerno, Italy
Alfonso Santoriello, University of Salerno, Italy
Carmine Lubritto, Second University of Naples, Italy

192 Marly clays as raw materials for ceramic production in the Sassari district (North-western Sardinia, Italy)
Paola Mameli, University of Sassari, Italy
Giacomo Oggiano, University of Sassari,Italy
Guido Cerri, University of Sassari,Italy
Chiara Pasteriga, University of Sassari,Italy
Ignazio Sechi, University of Sassari,Italy
Beatrice De Rosa, University of Sassari,Italy
Valeria Testone, University of Sassari,Italy

197 Volume measurement by photogrammetry. Applications for the weighing metrology studies
Poigt Thibaud, University of Toulose,France

203 Iron casting in Volga Bolgaria in 14-15 cc.
Eugenia Shaykhutdinova, Kazan Federal University & Kazan National Research Technical University, Russia
Ruslan Yanbaev, Kazan Kazan National Research Technical University, Russia
Artyom Zinnatullin, A. Kh. Khalikov Institute, Russia
Airat Sitdikov, Kazan Federal University & A. Kh. Khalikov Institute, Russia
Alexader Belyaev, Institute of Archaeology of Tatarstan Academy of Science, Russia

208 The dimensional analysis of the bricks. The case study of Lucera between the thirteenth and fourteenth
century

Nunzia Maria Mangialardi, University of Foggia, Italy

214 Methodology of complex investigation (ICP-OES, SEM+EDS, XRD and XRF) of archaeological slags
Bela Torok, University of Miskolc, Hungary
Ferenc Kristaly, Institute of Mineralogy, Hungary
Arpad Kovacs, Institute of Physical Metallurgy, Malforming and Nanotechnology, Hungary
Zsolt Gallina, ASATARS, Archaeological Ltd, Hungary

219 Structural - Diagnostic surveys at very important historical buildings: The Cathedral of SS Annunziata
in Castro (Lecce, Southern Italy)

Giovanni Leucci, National Council of Research, Italy
Giovanni Quarta, National Council of Research, Italy



223 Cultural Heritage management in GIS: cataloguing of ancient marbles in Benevento (Southern Italy)
Maurizio Delli Santi, National Council of Research, Italy

227 Integrated geo-scientific surveys at the Basilica of Our Lady in Copertino (Lecce, Southern Italy)
Lucio Calcagnile, University of Salento, Italy
Lara De Giorgi, National Council of Research, Italy
Giacomo Di Giacomo, University of Salento, Italy
V. Gaballo, University of Salento, Italy
Giovanni Leucci, National Council of Research, Italy
Giovanni Quarta, University of Salento, Italy
Giuseppe Scardozzi, National Council of Research, Italy

231 The new control platform of the multiisotope beamline, the hybrid ion source and the multipurpose injec-
tor of CEDAD

Lucio Maruccio, University of Salento, Italy
Gianluca Quarta, University of Salento, Italy
Eugenia Braione, University of Salento, Italy
Lucio Calcagnile, University of Salento, Italy

235 A multidisciplinary approach for museum environmental monitoring
Emma Angelini, Polytechnic of Turin, Italy
Sabrina Grassini, Polytechnic of Turin, Italy
Marco Parvis, Polytechnic of Turin, Italy
Simone Corbellini, Polytechnic of Turin, Italy
Francesco Civita, Museo Stibbert, Italy
Venice Gouda, National Research Centre, Egypt

240 Simultaneous Thermal Analyses and Fourier Transform Infrared Spectroscopy of ancient mortars from
Arch of Trajan and Roman Theatre (Benevento, Italy)

Francesco Izzo, University of Sannio, Italy
Chiara Germinario, University of Sannio, Italy
Celestino Grifa, University of Sannio, Italy
Mariano Mercurio, University of Sannio, Italy
Daniele Spatuzzi, University of Sannio, Italy
Luigina Tomay, Soprintendenza Archeologica della Campania, Italy
Alessio Langella, University of Sannio, Italy

246 The density and water content as function of P and S wave velocity in the calcarenitic stones of Southern
Apulia)

Giovanni Leucci, National Council of Research, Italy
Maria Sileo, National Council of Research, Italy
Lara De Giorgi, National Council of Research, Italy

250 Integrated geophysical/geomorphological surveys at the Aragonese Castle of Taranto (Italy))
Giovanni Leucci, National Council of Research, Italy
Lara De Giorgi, National Council of Research, Italy

254 The colours of the archaeological collection of the Salinas Museum (Palermo): a preliminary characteri-
zation of pictorial evidence in archaic and Hellenistic finds

Maria Francesca Alberghina, S.T.Art-Test, Italy
Carmelo Calvagna, Calvagna Restauri, Italy
Giuseppe Calvagna, Calvagna Restauri, Italy
Mauro Francesco La Russa, University of Calbria, Italy
Andrea Macchia, University of Calabria, Italy
Michele Ricca, University of Calabria, Italy
Silvestro Antonio Ruffolo, University of Calabria, Italy
Salvatore Schiavone, S.T.Art-Test, Italy
Francesca Spatafora, Museo Archeologico A. Salinas, Italy



259 A Bayesan approach to reconstruct occupational sequence of Northern Iberia Medieval villages
Juan Antonio Quiros, University of Basque Country, Spain
Maite Iris Garcia-Collado, University of Basque Country, Spain
Paola Ricci, Second University of Naples, Italy
Idoia Grau-Sologestoa, University of Sheffield, UK
Carmine Lubritto, Second University of Naples, Italy

266 Piscina Mirabilis: characterization of geomaterials
Concetta Rispoli, University of Naples Federico II, Italy
S. F. Graziano, University of Naples Federico II, Italy
Alberto De Bonis, University of Naples Federico II, Italy
Piergiulio Cappelletti, University of Naples Federico II, Italy
R. Esposito, University of Naples Federico II, Italy
P. Talamo, Soprintendenza Archeologia della Campania, Italy

271 Noninvasive Measurement of Moisture Content in Stone Materials
Emanuele Piuzzi, University of Rome Sapienza, Italy
Stefano Pisa, University of Rome Sapienza, Italy
Simone Chicarella, University of Rome Sapienza, Italy
Andrea Cataldo, University of Salento, Italy
Egidio De Benedetto, University of Salento, Italy
Giuseppe Cannazza, University of Salento, Italy
Giovanni Leucci, National Council of Research, Italy
Lara De Giorgi, National Council of Research, Italy

274 Action camera for metric archaeological documentation in narrow spaces
Marco Limongiello, University of Salerno, Italy
Belen Jimenez Fernandez-Palacios, University of Salamanca, Spain

279 Combination of Landsat 8 and Sentinel 1 data for the characterization of a site of interest. A case study:
the Royal Palace of Caserta

Mariano Focareta, MARSec, Italy
Salvo Marcuccio, University of Pisa, Italy
Claudio Votto, University of Pisa, Italy
Silvia L. Ullo, University of Sannio, Italy

285 Lorenzo Lotto in Apulia (Southern Italy): X-ray fluorescence analysis of pigments during the restoration
Giovanni Buccolieri, University of Salento, Italy
Alessandro Buccolieri, University of Salento, Italy
Fabrizio Vona, Polo Museale della Puglia, Italy
Alfredo Castellano, University of Salento, Italy

289 Horus. A new vision from sky to ancient earth
A. Aboudan, University of Padua, Italy
C. Bettanini, University of Padua, Italy
C. Bettineschi, University of Padua, Italy
G. Colombatti, University of Padua, Italy
G. Deotto, University of Padua, Italy
L. Magnini, University of Padua, Italy
L. Toninello, University of Padua, Italy
P. Benvenuti, University of Padua, Italy
S. Debei, University of Padua, Italy
A. De Guio, University of Padua, Italy
A. Menegazzi, University of Padua, Italy
P. Zanovello, University of Padua, Italy

293 Detection of hypogean tombs by Electrical Resistivity Tomography and Ground Penetrating Radar
Valeria Testone, University of Sassari, Italy
Vittorio Longo, University of Sassari, Italy
Paola Mameli, University of Sassari, Italy
Daniela Rovina, Soprintendenza per i beni archeologici delle province di Sassari e Nuoro, Italy



SS1 (Part 2): Special Session on Methodologies, measurement techniques and data analysis
Room: Red Hall, Palazzo San Domenico
Chairs: Emanuela Sibilia, University of Milano Bicocca, Italy

Piergiulio Cappelletti, University of Naples Federico II, Italy

298 Towards a sharpest interpretation of analytical results by assessing the uncertainty of RBS data at the
AGLAE facility

Marie Radepont, Centre de Rescherche sur la Conservation & Centre de Recherche et de Restauration des
Musees De France, France

Laurent Pichon, Centre de Recherche et de Restauration des Musees de France & Federation de Recherche,
France

Quentin Lemasson, Centre de Recherche et de Restauration des Musees de France & Federation de Recherche,
France

Brice Moignard, Centre de Recherche et de Restauration des Musees de France & Federation de Recherche,
France

Claire Pacheco, Centre de Recherche et de Restauration des Musees de France & Federation de Recherche,
France

304 Discovered eggshells with Arabic inscriptions from a Golden Horde burial of 13th-14th centuries
Euginiy Pigarev, Historical and cultural center Sarai-Batau, Russia
Rezida Khramchenkova, Kazan Federal University, Russia & Institute of Archaeology of Tatarstan Academy

of Sciences, Russia
Eugenia Shaykhutdinova, Kazan Federal University, Russia & Institute of Archaeology of Tatarstan Academy

of Sciences, Russia
Kaplan Polina, Kazan Federal University, Russia & Institute of Archaeology of Tatarstan Academy of Sci-

ences, Russia
Artyom Zinnatullin, Institute of Archaeology of Tatarstan Academy of Sciences, Russia
Alexey Kasimov, Institute of Archaeology of Tatarstan Academy of Sciences, Russia

309 Archaeometric and technological analyses of pottery from the Nuragic site of Sant’Imbenia (Alghero,
Sardinia): Ambiente 51

Beatrice De Rosa, University of Sassari, Italy
Paola Mameli, University of Sassari, Italy
Marco Rendeli, University of Sassari, Italy
Laura Arce Cueto, Independent Researcher, Italy

314 Archaeometric characterization of glazed pottery from Agsu (Azerbaijan)
Mauro Francesco La Russa, University of Calabria, Italy
Vincenza Crupi, University of Messina, Italy
Fariz Khalilli, MIRAS Social Organization in Support of Studying of Cultural Heritage,Azerbaijan
Andrea Macchia, University of Calabria, Italy
Domenico Majolino, University of Messina, Italy
Barbara Rossi, Elettra Sincrotrone, Italy
Natalia Rovella, University of Calabria, Italy
Silvestro A. Ruffolo, University of Calabria, Italy
Valentina Venuti, University of Messina, Italy

SS4: Special Session on Advances in Sensing Techniques for non-invasive diagnosis of the state
of conservation of archaeological discoveries and historic sites
Room: Blue Hall, Palazzo San Domenico
Chairs: Rosario Morello, University Mediterranea of Reggio Calabria

318 Study of an antique wreck by magnetic methods: from 3D mapping up to corrosion process
Francois Leveque, University of La Rochelle, France
Vivien Mathé, University of La Rochelle, France
Celine Remazeilles, University of La Rochelle, France
Maylis Minjacq, University of La Rochelle, France
Corinne Sanchez, University of Montpellier, France
Marie-Pierre Jezegou, DRASM, France



323 Metrology for the Burgos castle
Elisabetta Garau, University of Sassari, Italy
Luca Sanna, University of Sassari, Italy

328 The use, evaluation and monitoring of artificial sea grass to prevent erosion of underwater archaeological
sites. The Baiae case study from the SASMAP project

Barbara Davidde Petriaggi, Istituto Superiore per la Conservazione ed il Restauro, Italy
David Gregory, National Museum, Denmark
Brian Smith, Seabed Scour Control Systems, UK

333 A new strategy of monitoring in cultural heritage preservation: the Trajan Arch in Benevento as a case of
study

Fabrizio Barone, University of Salerno, Italy
Rosalba De Feo, Soprintendenza Archeologia della Campania, Italy
Gerardo Giordano, University of Salerno, Italy
Angelo Mammone, University of Salerno, Italy
Luigi Petti, University of Salerno, Italy
Luigina Tomay, Soprintendenza Archeologia della Campania, Italy

SS5: Special Session on Non-destructive techniques and testing systems for diagnosis applications
Room: Library of Province of Benevento
Chairs: Andrea Cataldo, University of Salento, Italy

Giovanni Leucci, University of Salento, Italy
339 Non-destructive techniques and test systems for the characterization and preservation of the remains of

the villa of Gnaeus Fonteo (first century BC) in Gaeta (central Italy)
Alessio Valente, University of Sannio,Italy
Alberto Bravini, Freelancer, Italy
Giorgio Della Corte, Freelancer,Italy
Antonio Capobianco, Freelancer,Italy

345 A new TDR-based method for monitoring the stability of underground archaeological sites
Andrea Cataldo, University of Salento, Italy
Giovanni Leucci, National Council of Research, Italy
Egidio De Benedetto, University of Salento, Italy
Giuseppe Cannazza, University of Salento, Italy
Lara De Giorgi, National Council of Research, Italy

348 Concurrent Digital Speckle Pattern Interferometry and Thermographic Analysis for Cultural Heritage
diagnostics

Giovanni Arena, National Council of Research, Italy
Massimo Rippa, National Council of Research, Italy
Pasquale Mormile, National Council of Research, Italy
Mariangela Grilli, University Suor Orsola Benincasa, Italy
Giancarlo Fatigati, University Suor Orsola Benincasa, Italy
Melania Paturzo, National Council of Research, Italy
Pietro Ferraro, National Council of Research, Italy

354 The structural diagnosis of the "Domus Nozze D’Argento" in Pompeii
Giovanni Leucci, National Council of Research, Italy
Lara De Giorgi, National Council of Research, Italy
Fabrizio Gizzi, National Council of Research, Italy
Nicola Masini, National Council of Research, Italy
Maria Sileo, National Council of Research, Italy

SS6: Special Session on Time in the Archaeological Information Systems
Room: Red Hall, Palazzo San Domenico
Chairs: Xavier Rodier, University Francois Rabelais of Tours, France
357 Operationalising temporal data recording and timeline visualisation for history and archaeology

Ian Johnson, University of Sidney, Australia



361 From observed successions to quantified time: formalizing the basic steps of chronological reasoning
Bruno Desachy, University Paris-1 & UMR, France

367 The time, a modeling tool of ancient landscapes
Francesco Uliano Scelza, University of Salerno, Italy

373 Information and time in predictive modelling
Nevio Dubbini, University of Pisa, Italy
Gabriele Gattiglia, University of Pisa, Italy

378 Spotting temporal co-occurrence patterns: the historySkyline visual metaphor
Jean-Yves Blaise, CNRS, France
Iwona Dudek, CNRS, France

SS7: Special Session on Sustainable methodologies and measurements for preventive conserva-
tion of archaeological metallic artefacts
Room: Blue Hall, Palazzo San Domenico
Chairs: Sabrina Grassini, Polytechnic of Turin, Italy

Marco Parvis, Polytechnic of Turin, Italy

384 An EIS solution for the in situ characterisation of metallic heritage artefacts
Sabrina Grassini, Polytechnic of Turin, Italy
Emma Angelini, Polytechnic of Turin, Italy
Simone Corbellini, Polytechnic of Turin, Italy
Marco Parvis, Polytechnic of Turin, Italy
Fabrizio Zucchi, Centro di Studi sulla Corrione e Metallurgia Aldo Daccò, Italy

389 Near-IR laser cleaning of Cu-based artefacts: a comprehensive study of the methodology standardization
Mahir Hrnjic, University of Evora, Portugal
Luis Alberto Angurel, University of Zaragoza, Spain
Ruth Lahoz, University of Zaragoza, Spain
Sabrina Grassini, Polytechnic of Turin, Italy
Emma Angelini, Polytechnic of Turin, Italy
Nick Schiavon, University of Evora, Portugal
German F. de la Fuente, University of Zaragoza, Spain

395 Archaeometric characterization and 3D survey: new perspectives for monitoring and valorisation of Mor-
gantina silver Treasure (Sicily)

Maria Francesca Alberghina, ECOX, Italy
Filippo Alberghina, ECOX, Italy
Dario Allegra, University of Catania, Italy
Francesco Di Paola, University of Palermo & IEMEST, Italy
Laura Maniscalco, Museo Regionale di Aidone, Italy
Filippo L. M. Milotta, University of Catania, Italy
Salvatore Schiavone, S.T.Art-Test, Italy
Filippo Stanco, University of Catania, Italy

401 Monetary systems in Southern Italy and Sicily in the Middle Ages (IX - XII century)
Giuseppe Maria Ruotolo, Accademia Italiana di Studi Numismatici, Italy

407 Research of 10th century silver coins from Semenovoskoe settlement (Volga Bolgaria).
Rezida Khramchenkova, Kazan Federal University & A. Kh. Khalikov Institute, Russia
Eugeniy Begovatov, Kazan Federal University,Russia
Eugenia Shaykhutdinova, Kazan Federal University & Kazan National Research Technical University, Russia
Ilvina Safina, Kazan National Research Technical University, Russia
Airat Sitdikov, Kazan Federal University & A. Kh. Khalikov Institute, Russia
Artyom Zinnatullin, A. Kh. Khalikov Institute, Russia



Friday, October 23rd

SS8: Special Session on Food production, trade and consumption in the ancient Mediterranean

Room: Red Hall, Palazzo San Domenico
Chairs: Alessandra Pecci, University of Barcelona, Spain

Carmine Lubritto, Second University of Naples, Italy

413 Stable isotope evidence for palaeodiet dissimilarities associated to sexual dimorphism in the Muslim soci-
ety of Tauste (Spain)

Iranzu Guede, UPV/EHU, Spain
Luis Angel Ortega, UPV/EHU, Spain
Maria Cruz Zuluaga, UPV/EHU, Spain
Ainhoa Alonso-Olazabal, UPV/EHU, Spain
Xabier Murelaga, UPV/EHU, Spain
Mirian Pina, El Patiaz Cultural Association, Spain
Francisco Javier Gutierrez, El Patiaz Cultural Association, Spain

419 Diet and health in Central-Southern Italy during the Roman Imperial time
Luca Bondioli, National Museum of Prehistory and Ethnography Luigi Pigorini,Italy
Alessia Nava, National Museum of Prehistory and Ethnography Luigi Pigorini & University of Rome Sapienza,

Italy Paola Francesca Rossi, National Museum of Prehistory and Ethnography Luigi Pigorini, Italy Alessan-
dra Sperduti, National Museum of Prehistory and Ethnography Luigi Pigorini, Italy

425 Measure the sacred at Arpi: the share of food and drink in two votive deposits
M. Leone, Centre Jean Berard, France
Pr. Munzi, Centre Jean Berard, France
Claude Pouzadoux, Centre Jean Berard, France
Nicolas Garnier, Nicolas Garnier Laboratoire, France
Martine Leguilloux, Centre Archeologique du Var, France
Italo Maria Muntoni, Soprintendenza Archeologia della Puglia, Italy

431 Multiproxy approach contribution to the knowledge of the Medieval food history in central Italy
Mauro Paolo Buonincontri, University of Naples Federico II, Italy
Carmine Lubritto, Second University of Naples, Italy
Paola Ricci, Second University of Naples, Italy
Gaetano Di Pasquale, University of Naples Federico II, Italy

436 Food practices in Bronze Age Italy. An isotopic state of the art
Mary Anne Tafuri, Univesity of Rome Sapienza, Italy
Mauro Rottoli, University of Trento, Italy
Michele Capitò, University of Padova, Italy
Maria Letizia Pulcini, University of Padova, Italy
Giovanna Tasca, Museo Civico Federico De Rocco, Italy
Nicola Carrara, University of Padova, Italy
Federico Bonfanti, Centro Ambientale Archeologico, Italy
Alessandro Canci, University of Udine, Italy

SS8: Special Session on Landscapes and Land Use

Room: Blue Hall, Palazzo San Domenico
Chairs: Marco Rendeli, University of Sassari, Italy



439 Measuring ancient spaces: land use and framework of a hidden landscape. Ancient Appia Landscapes
(AAL)

Alfonso Santoriello, University of Salerno, Italy
Cristiano Benedetto De Vita, University of Salerno, Italy
Daniela Musmeci, University of Salerno, Italy
Alessandro Terribile, University of Salerno, Italy
Gregory De Martino, National Council of Research, Italy
Felice Perciante, National Council of Research, Italy
Enzo Rizzo, National Council of Research, Italy

445 Modelling Roman surveying in the Pontine plain
John Peterson, School of Computing Sciences, University of East Anglia, UK

450 Pontecagnano (SA): "to measure" an ancient settlement through quantitative and qualitative data
Carmine Pellegrino, University of Salerno, Italy
Amedeo Rossi, University of Salerno, Italy
Lucrezia De Simone, University of Salerno, Italy

455 Using maritime inhabitation patterns in the Mediterranean Sea to protect and manage maritime cultural
heritage

Matthew Harpster, University of Birmingham,UK

461 Reconstructing the ancient landscapes and environments along the Sabato River (Benevento Southern
Italy) since the Bronze Age: new geoarchaeological measurements

Stefania Paradiso, Freelance archaeologist, Italy
Luigina Tomay, Soprintendenza Archeologia della Campania, Italy
Vincenzo Amato, University of Molise, Italy

SS10: Special Session on Close range and large scale 3D survey for archaeological issues: from
TLS to UAV
Room: Library of Province of Benevento
Chairs: Raffaele Martinelli, Soprintendenza Speciale per i Beni Archeologici di Pompei, Ercolano e Stabia, Italy

467 3D documentation ad study of a medieval site using image-based modeling: Bastia S. Michele (Cavaion
Veronese, VR)

Simona Morandi, University of Sassari, Italy

472 An uncertainty model for height measurements based on aerial photogrammetry
Pasquale Daponte, University of Sannio, Italy
Luca De Vito, University of Sannio, Italy
Francesco Picariello, University of Sannio, Italy
Sergio Rapuano, University of Sannio, Italy
Maria Riccio, University of Sannio, Italy

478 Digital restoration using image-based 3D models
Francesco Gabellone, National Council of Research, Italy
Ivan Ferrari, National Council of Research, Italy
Francesco Giuri, National Council of Research, Italy

483 Three-dimensional underwater survey: representing the past with new tools for musealization
Leopoldo Repola, University Suor Orsola Benincasa, Italy
Sebastiano Tusa, Soprintendenza del Mare Regione Siciliana, Italy
Justin Leidwanger, Stanford University, US
Alfredo Cerrato, University Suor Orsola Benincasa, Italy
Daniela Signoretti, University Suor Orsola Benincasa, Italy
Raffaele Memmolo, University Suor Orsola Benincasa, Italy

SS1 (Part 3): Special Session on Methodologies, measurement techniques and data analysis
Room: Red Hall, Palazzo San Domenico
Chairs: Alessio Langella, University of Sannio, Italy

Celestino Grifa, University of Sannio, Italy



489 Analysis and characterization of ancient mortars of the Medio Volturno River area
Pacifico Cofrancesco, University of Pavia, Italy
Alessia Frisetti, University Suor Orsola Benincasa, Italy
Maurizio Licchelli, University of Pavia, Italy
Chiara Milanese, University of Pavia & CSGI, Italy
Giorgio Trojsi, University Suor Orsola Benincasa, Italy

495 Isotopic footprint in carpological remains: preliminary results from the site of Cerro del Castillo de Alange
(Badajoz, Spain)

Adrian Mora-Gonzalez, University of Granada, Spain
Antonio Delgado-Huertas, Andalucian Earth Sciences Institute, Spain
Arsenio Granados-Torres, Andalucian Earth Sciences Institute, Spain
Ignacio Pavon Soldevila, Area de Prehistoria, Spain
David Duque Espino, Area de Prehistoria, Spain

501 About the methodology of examination of fused clay residue type archaeological finds
Ferenc Kristaly, University of Miskolc, Hungary
Bela Torok, Institute of Metallurgy, Hungary
Arpad Kovacs, Institute of Metallurgy and Metalforming and Nanotechnology, Hungary
Zsolt Gallina, ASATARS Archaeological Ltd, Hungary

505 Aesthetic of traditional building ceramics in the Bay of Naples (Southern Italy)
Alberto De Bonis, University of Naples Federico II, Italy
Giuseppe Cultrone, University of Granada, Spain
Celestino Grifa, University of Sannio, Italy
Alessio Langella, University of Sannio, Italy
Antonio P. Leone, National Council of Research, Italy
Mariano Mercurio, University of Sannio, Italy
Vincenzo Morra, University of Naples Federico II, Italy

511 Importance of Regional Geological-Geochemical Database for Prehistoric Chert Artifact Sourcing: NW
Alaska

Natalia Malyk-Selivanova, Middlesex County Colege, UK
Michael D. Glascock, University of Missouri, US
Hector Neff, California State University, US

SS11: Special Session on Multiscale and multitemporal high resolution remote sensing for ar-
chaeology and monumental heritage: from research to preservation
Room: Blue Hall, Palazzo San Domenico
Chairs: Daniele Malfitana, National Council of Research, Italy

Giovanni Leucci, National Council of Research, Italy
Nicola Masini, National Council of Research, Italy
Giuseppe Scardozzi, National Council of Research, Italy

517 Counteraction to interference in GPR stepped frequency systems
Raffaele Persico, National Council of Research, Italy
Loredana Matera, National Council of Research, Italy
Nadia Bianco, National Council of Research, Italy

521 Integration of urban archaeology and geophysical prospecting: the research on the public monumental
complexes of Lupiae (Lecce)

Giovanni Leucci, National Council of Research, Italy
Lara De Giorgi, National Council of Research, Italy
Giacomo Di Giacomo, National Council of Research, Italy
Imma Ditaranto, National Council of Research, Italy
Ilaria Miccoli, National Council of Research, Italy
Giuseppe Scardozzi, National Council of Research, Italy



527 The contribution of geophysical prospecting to the reconstruction of the ancient topography of the Mess-
apian necropoleis in Lecce

Giovanni Leucci, National Council of Research, Italy
Lara De Giorgi, National Council of Research, Italy
Giacomo Di Giacomo, National Council of Research, Italy
Imma Ditaranto, National Council of Research, Italy
Ilaria Miccoli, National Council of Research, Italy
Giuseppe Scardozzi, National Council of Research, Italy

534 The Contribution Of The 3D Study For New Reconstructive Proposals Of Lecce In Roman Age
Francesco Gabellone, National Council of Research, Italy
Ivan Ferrari, National Council of Research, Italy
Francesco Giuri, National Council of Research, Italy
Maria Chiffi, National Council of Research, Italy

SS3 (Part 2): Special Session on Geophysical and Geoarchaeological approaches to the Archae-
ological Sites
Room: Library of Province of Benevento
Chairs: Salvatore Piro, National Council of Research, Italy

Carmen Maria Rosskopf, University of Molise, Italy

539 3D Magnetic Prospection for the Exploration of Archaeological Site in Wet Environment: the Chalcol-
ithique Tell of Taraschina (Danube Delta, Romania)

Francois Leveque, University of La Rochelle, France
Laurent Carozza, University of Toulose Jean Jaures, France
Albane Burens, University of Toulose Jean Jaures, France
Constantin Haita, Muzeul National de Istorie a Romaniei, Romania
Furestier Robin, University of Montpellier, France
Tiberiu Groparu, University of Toulose Jean Jaures, France
Philippe Valette, University of Toulose Jean Jaures, France
Cristian Micu, Institutul Cercetari Eco-Muzeale, Romania

545 Contribution of integrated geophysical survey to the archaeological investigation of the ’Villa degli An-
tonini’

Maria Di Nezza, Istituto Nazionale di Geofisica e Vulcanologia, Italy
Flavio Cecchini, Studio Geologico Cecchini & Margottini, Italy
Sirio Margottini, Studio Geologico Cecchini & Margottini, Italy
Michele Di Filippo, University of Rome Sapienza, Italy
Deborah Chatr Aryamontri, Monclair State University, US

550 High spatial resolution magnetic survey on the Neolithic site of Le Pontet (Charente-Maritime, France):
presentation of the method and associated processing

Guillame Bruniax, University of La Rochelle, France
Francois Leveque, University of La Rochelle, France
Vivien Mathé, University of La Rochelle, France
Adrien Camus, University of La Rochelle & ULR Valor, France
Carole Romey, University of La Rochelle, France
Vincent Ard, University Jean Jaurès, France

SS1 (Part 4): Session on Methodologies, Measurement Techniques and Data Analysis
Room: Red Hall, Palazzo San Domenico
Chairs: Alessio Langella, University of Sannio, Italy

Celestino Grifa, University of Sannio, Italy



556 Characterization of Meroitic pottery (I–IV century AD) from Abu Erteila (Sudan)
Annalaura Casanova Municchia, University of Rome Tre, Italy
Marco Baldi, University of Pisa, Italy
Anna Addis, University of Padova, Italy
Gilberto Artioli, University of Padova, Italy
Eugenio Fantusati, University of Rome Sapienza, Italy
Maria Antonietta Ricci, University of Rome Tre, Italy
Michele Secco, University of Padova, Italy
Armida Sodo, University of Rome Tre, Italy

561 Archaeometric characterization of common wares from Ancient Appia Landscapes Survey (Benevento -
Italy): new elements to reconstruct a Late Roman micro-regional ceramic production

Chiara Germinario, University of Sannio, Italy
Giuseppe Cultrone, University of Granada, Spain
Francesco Izzo, University of Sannio, Italy
Alessio Langella, University of Sannio, Italy
Mariano Mercurio, University of Sannio, Italy
Vincenzo Morra, University of Naples Federico II, Italy
Alfonso Santoriello, University of Salerno, Italy
Stefania Siano, University of Salerno, Italy
Luigina Tomay, Soprintendenza Archeologica della Campania, Italy
Celestino Grifa, University of Sannio, Italy

567 Methodologies in the Study of Biofilms on Cultural Heritage
N. Pasquino, University of Naples Federico II, Italy
P. Cennamo, University Suor Orsola Benincasa, Italy
P. Caputo, University of Naples Federico II, Italy
M. Guida, University of Naples Federico II, Italy
A. Giorgio, University of Naples Federico II, Italy
Vincenzo Morra, University of Naples Federico II, Italy
V. Guarino, University of Naples Federico II, Italy
Giorgio Trojsi, University Suor Orsola Benincasa, Italy
Aldo Moretti, University of Naples Federico II, Italy

572 Pigments and cosmetics from Regio I, Insula 9 (I,9,9): archaeometrical analyses
Pietro Baraldi, University of Modena and Reggio Emilia, Italy
Cecilia Barardi, University Modena and Reggio Emilia, Italy
Giorgio Trojsi, University Suor Orsola Benincasa, Italy

578 Traces of use and raw materials: use, reuse and recycling of chipped lithic artifacts from the archaeological
investigations carried out by the Variant Trafficking Naples-Cancello at Acerra – excavations in 2014

Viviana Germana Mancusi, External Collaborator Soprintendenza Archeologia della Campania,Italy

SS12: Special Session on Accelerator Mass Spectrometry Radiocarbon Dating

Room: Blue Hall, Palazzo San Domenico
Chairs: Gianluca Quarta, University of Salento, Italy

584 Radiocarbon dating of charcoal samples in an archaeological context: old wood effect and Bayesian mod-
elling

Maria Elena Fedi, INFN, Italy
Lucia Liccioli, INFN & University of Florence, Italy
Caterina Scirè Calabrisotto, University of Venice, Italy
Pier Andrea Mandò, INFN & University of Florence, Italy



589 A new system for the simultaneous measurement of radiocarbon by AMS and carbon and nitrogen isotopic
ratios by IRMS on samples in the microgram range

Eugenia Braione, University of Salento, Italy
Lucio Maruccio, University of Salento, Italy
Gianluca Quarta, University of Salento, Italy
Marisa D’Elia, University of Salento, Italy
Lucio Calcagnile, University of Salento, Italy

594 A burial, a brooch and a church: anthracological analyses and radiocarbon measurements of a Medieval
religious foundation in Southern Tuscany

Mauro Paolo Buonincontri, University of Naples Federico II, Italy
Paola Ricci, Second University of Naples, Italy
Carmine Lubritto, Second University of Naples, Italy
Giovanna Bianchi, University of Siena, Italy
John Mitchell, University of East Anglia, UK
Gaetano Di Pasquale, University of Naples Federico II, Italy
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 I. INTRODUCTION 

Absolute dating has become a powerful tool in 

archaeology. However, the interpretation of the 

archaeometric data can be sometimes difficult, especially 

in the case of non-Gaussian probability distributions (e.g. 

radiocarbon dates). Moreover, prior information about 

analyzed samples and provenance sites are not usually 

taken into account in real synergy with experimental data 

and historical studies, giving space to subjective 

interpretations, sometimes in conflict. 

A great help comes from the Bayesian statistical 

approach, a model that combines in a single formal 

analysis the experimental results coming from scientific 

analyses together with the present knowledge of an 

archaeological problem, in order to make inferences that 

can contextualize the problem in a coherent 

interpretation. 

 

 II. CASE STUDIES 

The Bayes’ theorem states that the posterior probability 

of an event is proportional to the likelihood times the 

prior probability, or formally: 

 

𝑷(𝑬𝟏|𝑬𝟐) =
𝑷(𝑬𝟐|𝑬𝟏)

𝑷(𝑬𝟐)
𝑷(𝑬𝟏) 

 

where 𝑷(𝑬𝒏) are the probabilities of the single events, 

and 𝑷(𝑬𝒎|𝑬𝒏) are the likelihood of the two events to be 

linked. 

Bayesian statistics uses probability as a means of 

measuring one’s strength of belief in a particular 

hypothesis being true[1]. In other words, the application 

of Bayesian statistics allows the selection of the most 

significant data in the experimental set, rejecting the ones 

not supported by historical evidences or by a relevant 

likelihood. 

The application of this method can bring some strange 

and unconventional results, which can be understood only 

after the comprehension of the Bayesian “way of 

thinking”. A special fictional case can help: in Fig.1 is 

depicted a prior probability of an event A (blue line) that 

has a maximum corresponding to the 0 value; the 

likelihood graph (black line) states that the probability 

that event A occurs in conjunction with an event B has a 

peak corresponding to the 5000 value. Combining this 

data produces a posterior probability curve extremely 

different from the prior one, but closer to the real 

probability distribution, taken into account all the 

available data. 

The powerfulness of this method is well represented by 

the calibration of radiocarbon dates to obtain the 

probability density curve a scientist is accustomed to 

(Fig. 2): in this case the prior information is the  

 

 

 

Fig.  2: Example of radiocarbon date calibration 

Fig.  1: Representation of a Bayesian analysis 
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A 

 
B 

 

 

radiocarbon date (a Gaussian variable, red curve), which 

is related to the calibration curve INTCAL (the likelihood 

parameter, blue curve). The projection of the Gaussian 

variable on the calibration curve is a density curve (black 

curve) from which the most credible date intervals (HPD, 

highest posterior density regions) can be extracted. Note 

that the probability shape changes radically from the 

Gaussian initial one[2]. 

 

This approach is extremely useful when there is the need 

to match multiple dates and prior knowledge about a site 

or an artifact. 

In this case, the same formal procedure is used, putting 

one of the collected dates as a prior information, and 

using the known connections between the stratigraphy 

layers or building phases as likelihood parameters. 

 

A first example of this approach is the dating of the site 

of My-Son, a cluster of abandoned and partially ruined 

Hindu temples constructed between the 4th and the 14th 

century AD by the kings of Champa in Quang Nam 

Province (Central Vietnam). The available materials 

included 3 sets of bricks from one of the latest 

construction phases, and some charcoal pieces included 

in the brick stratigraphy (Fig.3A). A memorial stele 

commemorating the dedication of the temple (1155 a.D., 

C_Date T) gives an historical boundary. Both  

 

 

 

thermoluminescence (TL) and radiocarbon were used 

when possible. 

The selected samples come from three different sections 

of the structure walls, and the archaeological question 

was if the masonries were contemporary or not. The ages 

obtained for the bricks allowed to identify three main 

groups: one (60%) consisted in reused material, whose 

dates were well before 1155 AD, the dedication year; 

another  surely posterior to that date; the last (G3 phase) 

with dates in between. The components of the first group 

are characterized by a density distribution completely 

shifted on the left of the stele boundary and their date is 

univocally assessed before the stele foundation, 

suggesting a probable reuse from a preexisting structure. 

The components of the second group are completely 

shifted on its right (G4 phase, Fig.3A),  stressing the 

possibility of restoration performed in later times. The 

main question regarding the samples of the third group 

was if they were reused or purposely made for the 

edification of the site. 

In Fig. 3B the same results as in fig. 3A are represented, 

but after the application of the Bayesian statistics.  The 

dark grey curves represent the posterior probability 

density distribution: it is clear that  G3h has a large 

probability to be dated just  before 1155 AD (stele), 

supported by a non-zero probability that comes from the 

radiocarbon dating of a piece of burned wood embedded 

in the brick paste. The similarity in the probability 

distribution allows to extend the production of all G3 

bricks  before  1155 AD (Fig. 4). 

 

A second case regards a Neolithic site in Southern Italy. 

It shows how the Bayesian analysis can extract extended 

information on a site integrating prior hypothesis and 

dating. Here the information needed is not about the 

refining of the site chronology, as the collected samples 

are common wares used in everyday life during all the 

occupation period, and cannot represent an a priori 

restrain; instead, it is possible to extrapolate data about 

the site life span, beside the beginning and end of its 

occupation. For this settlement, the continuity of site 

Analyzed G3 samples probably made before the foundation 
stele

G3h similar to other G3 samples 

G3h charcoal = G3h brick  certainly before the foundation 
stele

Fig.  3: A, unmodelled representation of radiocarbon and 

thermoluminescence dates on My-Son samples; 

B, Bayesian analysis of the same dates 

Fig.  4:Logical deduction path for G3 phase dating 
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occupation was hypothesized. After a first analysis (Fig. 

5), it was possible to identify two sub-phases, which were 

further modeled to find a possible hiatus between the two 

periods. The resulting data are showed in Fig. 6: the end 

of the first sub-phase and the beginning of the second are 

not overlapping, but there is a gap of about 100 years in 

the probability distribution curves. This can be a signal of 

a temporary site leaving, as well as of a period of crafting  

A 

 
B 

 

 

decadence. It is clear that such a result could have not 

been obtained through a rough qualitative interpretation 

of the results. 

 

The last example regards the dating campaign of three 

burials in the archaeological site of Sipan in Northern 

Peru. It shows that the precision of the chronological 

boundaries of an event can be enhanced combining the 

site stratigraphy with the whole set of dating results. 

During this campaign, three different tombs were dated, 

using both TL and radiocarbon techniques. While the 

stratigraphic evidence clearly stated their relative 

temporal sequence, the archaeological request was the 

refinement of the absolute dating of the Warrior-priest 

tomb (T14). Looking at the raw results, it appears that the 

age of all the examined materials, given the experimental 

uncertainty, is practically the same (Fig. 7A). However, 

using the tombs relative chronologies as the main 

Fig.  6: Bayesian analysis of radiocarbon and 

thermoluminescence dates on Southern Italy samples 

Fig.  5: Bayesian analysis of radiocarbon and 

thermoluminescence dates on Southern Italy samples 

Fig.  7: A, unmodelled representation of radiocarbon and 

thermoluminescence dates on My-Son samples; 

B, Bayesian analysis of the same dates 
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constraint the most probable period of T14 construction is 

severely restricted (Fig. 7B). 

 

 III. DISCUSSION AND CONCLUSION 

 

The described examples are aimed to underline the 

importance of a correct approach during the statistical 

elaboration of the results of absolute dating techniques. 

They are not only numbers, but a source of linked 

information that can be extracted imposing the right 

conditions and constraints. The right approach is not to 

put the obtained data in a supposed model, rejecting what 

doesn’t fit or “doesn’t sound well”; every information 

should be analyzed and criticized, trying to shape the 

historical model in a feedback process, involving 

physicians and statisticians in the discussion. 

Furthermore, the use of all the available information in 

the refining process of the statistical data takes into 

account the uniqueness of every site, with the great 

advantage to take into account the uniqueness of the 

experimental evidences [3]. 

The potential of a Bayesian approach in archaeology will 

reach its maximum when a tight interdisciplinary 

collaboration between archaeologists and staticians will 

come true. This requires archaeologists to be comfortable 

in analyzing a situation and defining the archaeological 

problem in a realistic but not over-refined way. In wider 

terms, they require to communicate their ideas to 

statisticians speaking a “shared” language, and to explain 

the importance of their work in simple terms. 
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Abstract – Glazed pottery of Treviño Castle (Treviño 
Shire, north of Spain) recovered during the 
excavations allows to know the importance of this 
settlement as incastellamento within the territory. The 
studied glazed pottery is similar to Muslim territory 
glazed pottery. The production and the circulation of 
Islamic ceramic found in different Christian 
settlements have being considered at the North of 
Spain. Lead glazed pottery and tin-opacified glazed 
pottery have been studied by transmitted polarised 
microscope and electronic microscopy (SEM/EDX) for 
microstructure and microanalytical characterization. 
The analyses resulted in a clear separation on lead 
glazed pottery as well as on tin opacified glazed 
independently from raw clay. Some of the opacified 
glazed display similarities with mudejar pottery. 

 I. INTRODUCTION 
This paper is based on findings on the ongoing research 

project during 2008-2010 between the castle and the 
surrounding landscape at the Treviño Shire (Castilla–
León, Spain). The castle was located in Christian territory 
as well as within a frame zone between Pamplona and 
Castile Kingdoms during Middle Age. Although Second 
Iron Age and 1st century BC/AC structures were 
observed in the castle, middle age occupations were 
primary established. During the 10th century the castle 
was founded promoting the concentration of population 
within a fortified centre. This structure broke down the 
previous administrative system and created a new 
occupation space, the “population castle” or the 
incastellamento of the Treviño castle [1, 2, 3].  

Excavations were done in several sectors at the hill 
where the castle was emplaced and in the surrounding 
sites. Among the several types of artefacts, pottery and 

glazed pottery remains were recovered. This work studies 
the microstructure and chemistry of glazed pottery. 
Islamic potters introduced new pottery-making 
technologies, consisting of lead-glazed and tin-glazed 
pottery, trying to imitate the whiteness of Chinese wares.  
This study contributes to understand the social dynamics 
and the distribution of the Islamic glazed pottery at the 
northwest of Iberian Peninsula. In this work, a 
comparison has done with glazed pottery from Islamic 
and Christian sites of neighbouring sites to understand the 
commercial framework at the North of the Iberian 
Peninsula. 

 II. ARCHAEOLOGICAL CONTEXT 
The castle was located at the hill under which the 

capital of Treviño Shire is situated (Burgos, north of 
Spain)  (Fig.1).  Several phases of occupation of different 
entity were identified covering a timeline between the 
10th and 14th centuries [1, 2]. Since 12nd century the 

Fig. 1. Geographic location of Treviño site. 
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Navarre monarchy entries and founded the village of 
Treviño in 1161. It is from that moment when the town 
began to move from the top of the hill to down. Since the 
13th Trevino falls under the Castile kingdom influence 
and begins the refoundation of the village of Treviño. The 
population was located at the bottom of the hill with the 
consequent desertion of the peasant neighbourhood of the 
castle, and the division between a manorial area in the 
hilltop and the town at the bottom. At the beginning of 
the 16th the fortress is razed by the own inhabitants of the 
town, which only have to drag down the stones to build 
their homes. On this hill, large amounts of archaeological 
remains have been found, such a deep moat, a medieval 
church from the 12th century devoted to Santa Maria, 
nowadays cemetery of Treviño, and a wall which, from 
the top of the hill, comes down to the town, defining a 
wide walled perimeter. 

During the different excavations, scrap materials like 
glazed ceramics similar to Islamic area glazed pottery 
were found among other prestige artefacts. These data are 
essential because pointed out the castle status as 
territorial header. Recovered glazed pottery was 
compared with potsherds belonging to the Islamic period 
(i.e. 10th -11th centuries), Mudejar productions (12th - 
16th centuries under Christian rules) from Tudela site 
(Navarre) and glazed pottery from Santa Maria Cathedral 
(Vitoria-Gasteiz, Araba) from Christian territory [3]. 

 III. MATERIALS AND METHODS 
Seven lead glazed pottery remains were recovered from 

aristocratic residence at the final 14th – 15th century and 
from the church corresponding to low medieval age. Two 
of them are white glazes and the rest exhibit transparent 
yellowish glazes. The high fragmentation of the 
recovered pottery complicates the size calculation and the 
reconstruction of the pottery. One piece corresponds to a 
plate, and more of them exhibit open shape pottery and 
two correspond to close shape pottery. Usually white 
opacified glaze corresponds to tableware, although one is 
in agreement with close shape pots fragments. After 
cleaning and cutting the fragments of potsherds 0.03 mm 
thickness thin sections were obtained after cutting and 
polishing thin slices of the pottery. The final polishing 
was done with 0.05 µm grain size colloidal silica. 

 A. Optical microscopy 
The study of pottery thin-sections gives clues about the 

compositional and textural characteristics of raw 
materials as well as technological inferences of pottery 
making process. Thin sections of all samples were 
analysed by light polarizing microscope Nikon equipped 
with a digital camera. The study of the microstructure of 
the following the procedure of Whitbread [4], allows to 
establish ceramic paste types based on the nature, 
amount, grain-size, sorting, and roundness and sharpness 
of the different components of the paste.   

 B. Scanning electron microscopy-energy dispersive X-
ray microanalysis 

Matrix and glaze characterization was performed using 
a JEOL JSM-6400 scanning electron microscope (SEM) 
with an Oxford Pentafet photon energy instruments Link 
Isis X-ray (EDS) with a W filament and a resolution  of 
3.5 nm from the Advanced Research Facilities (SGIker) 
of the University of Basque Country (UPV/EHU) (Fig. 
2). The microfabric observations and elemental analysis 
were performed on polished thin sections coated with a 
layer of about 20 nm of carbon to eliminate charging 
effects. Quantitative microanalysis by EDS was carried 
out using ZAF method, based on correction of the matrix 
effect in multi-elemental analysis that takes place in the 
simultaneous determination of the concentration of each 
element present in a multielemental material.  

This method provides x-ray intensity correction, 
absorption correction, and the fluoresce correction 
produced by the atomic number effect of each element, 
by the composition and depth of electron penetration, and 
by secondary fluoresce respectively. The counting time 
was 600 s for element in all area. Concentrations were 
calculated by stoichiometry from elements generated by 
ZAF software. Different measurements areas were 
selected depending on the homogeneity/heterogeneity of 
samples. For fine-grained pottery 1mm2 was analysed 
trying to avoid large inclusions. Meanwhile glass 
analyses were performed on approximates 1mm2 areas 
three times on each glaze cover. 

 IV. RESULTS AND DISCUSSION 
Macroscopically, the studied glazed pottery is divided 

into white coloured and honey (transparent) colour glazed 
pottery. More of them are glazed in one side (interior side 
of the pottery). The colour of transparent glazed varies 
between yellowish-orange- honey. The observed colour 
correspond to the colour of the ceramic paste. 

Polarizing microscope studies points out four different 

!

  
Fig. 2. Microanalysis of raw clay and glaze in thin 

sections by SEM-EDX. 
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paste of the pottery. Sandy and homometric pastes in 
which white glazes potsherds were included characterized 
petrographic type 1 (PT-1). Heterometric sandy clays 
with plastic soft clay inclusions and with grogs are the 
main characteristics of the petrographic type 2 (PT-2). 
Three potsherds are included within this type. Type 
petrographic 3 (PT-3) pastes are sandy and heterometric 
and type petrographic 4 (PT-4) pastes are clay with grogs. 
The composition of the first three petrographic types is 
primary quartzose-feldspathic, with minor amount of 
phyllosilicates. A clay matrix characterizes the latter 
petrographic type. 

Glazes 
 About SEM observations, the microstructure of the 

studied glazes exhibits thickness of 100-150 µm glazes. 
SEM analyses displays differences between both white 
glazes and transparent glazes. The white glazes potteries 
exhibit a regular body contact, homogeneous. They 
exhibit narrow interfaces (5-10µm) while transparent 
glaze-body contacts are more irregular, large thickness 
interface. The nature of the interface is evidenced by the 
growth of K-Pb feldspars, and other microcrystals 
(diopside and rarer wollastonite) are scattered in the 
glaze. The colour and opacity of white glaze is due to few 
microcrystals cassiterite (SnO2) clusters are scattered in 
the glaze. The crystal size of cassiterite for the studied 
white-opacified pottery varies between 400-1000µm. The 
preliminary chemical compositions obtained by scanning 
electron microscope of the tin-opacified glazes are lead 
glazes with varying Na2O content. Tin-opacified glazes 
are composed by SiO2 (36-47 wt.%), PbO (36-48 wt.%) 
and SnO2 (5-10 wt.%) with different quantities of alkalis, 
one potsherd is rich in potassium (K2O 2-5 wt.%) and the 
other in sodium (Na2O 1-2 wt.%).  

Transparent glazes are considered natural colour 
reflecting the raw materials characteristics. The thickness 
of the glazes is within 100 – 250µm and the thickness of 
the glaze-body interface is narrow, generally below 
20µm. These transparent glazes are poorer in silica (28-
36wt.% SiO2) and richer in lead (PbO 47- 60wt.%). They 
are poorer in alkalis and richer in FeOt (FeOt 1.5-3.5 
wt.%) than tin-glazes (Fig. 3).  The yellowish coloured 
transparent glazes (sample CTV-11 and CTV-15) are 
richer in lead PbO (>55 wt.%) and iron (FeOt >2.5 wt.%), 
this could explain the yellow colour. The petrographic 
type 4 corresponding to a clay ceramic body exhibit the 
highest content in calcium (Na2O >2 wt.%). and  (Al2O3 
>6 wt.%).   

Comparing the studied tin-opacified glazes with others 
of the Mudejar workshop in the Iberian Peninsula, the tin 
oxide content is similar [5,6]. According to [7, 6] the 
narrow thickness of the interface glaze-body could 
indicate a double-fired process. Tin-opacified glazed 
pottery exhibit non- interface as well as CTV-11 sample 
corresponding to a yellowish glazed pottery.  

Pastes 
SEM-EDS quantitative analysis performed on the 

bodies show different compositions. The composition of 
the raw clays used for manufacturing the ceramics are 
different. Only one sample of the petrographic type 3 
exhibits a Ca-rich composition (CaO >16 wt.%). This 
sample shows also a high content in magnesium (MgO 4 
wt.%) and is poor in potassium (K2O <2 wt.%). This 
sample corresponds a tin-opacified glaze ceramic. The 
buff colour of this tin-opacified pottery can be the 
resulting colour after firing this calcium rich paste [8]. 
The other tin-opacified samples exhibit lower calcium 
content (CaO ≈7-10 wt%). 

The aluminium content (Al2O3>20wt.%) of ceramic 
bodies  of the petrographic type 2 and 4 point out the 
compositional difference of these transparent glaze-
potteries. They also exhibit low contents in iron and 
magnesium (MgO <2wt%; FeOt <3wt.%). The clay 
matrix of the petrographic type 4 displays lower silica 
content (SiO2 55-58wt.%) than the petrographic type 2 
(SiO2 > 60 wt.%). And a higher magnesium and iron 
content of the petrographic type 1 characterize another 
compositional group. Notice that one sample is a tin-
opacified glaze pottery. 

  
Fig. 3. PCA of glazed (left ) and raw clays (right). 

Cross symbols correspond to tin-glazes. PT-1 blue, PT-2 
green, PT-3 red and PT-4 orange, cross symbols: Tin 
opacied glazed. 

  
Fig. 4. PCA of raw clays (left) and glazed (right) and 

other glaze pottery from other northern sites Tudela (CSB) 
and Vitoria (SMC). 
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Comparing the results with other glazed pottery from 
the northern sites of the Iberian Peninsula, they show 
chemical similarities with some Mudéjar productions. 
However a high content of P2O5 characterises the glazed 
pottery of the Castillo de Treviño. Their glazes display 
PbO content within the range of Mudéjar productions. 
Within the studied pottery, the petrographic type three 
characterized by its calcium content shows the largest 
similarity with those from Santa María de Vitoria and 
Tudela sites glaze pottery. Regarding the chemical 
composition of these glaze pottery in comparison with 
Treviño glaze pottery denotes different raw materials 
usage in different workshops (Fig. 4). Although it is 
difficult to assign analysed pottery directly to an origin in 
distinct clay sources, raw material is the primary 
responsible of the original chemical variability of clay 
pastes.  Asuming this, it is evident that different raw 
materials are using in the different workshops and this is 
evident for the respective analysed pottery of Treviño, 
Tudela and Santa María de Vitoria sites. According to the 
glaze data similar questions have to be consider, the 
glazes from different sites show distinctive 
characteristics. In Christian territories there are various 
manufacture technology and in the same way the studied 
glazes pottery are clearly different from those of Islamic 
territories workshops. 

 V. CONCLUSIONS 
Based on microstructural characteristics and chemical 

features four petrographic types are distinguished based 
on ceramic body microstructure.  White–glazed and 
transparent glazes are distinguished. White-glazed pottery 
raw materials are both distinctive and different raw 
materials were used for the elaboration as well as 
different technologies for glazes. On the basis of the 
Vendrell-Saz research [6], different raw material handling 
and preparation models could be the reason of the 
heterogeneous characteristic of tin-opacified glazes in 
diferent Mudéjar production workshops. 

About the transparent glazes pottery, all of them are 
honey coloured. The yellowish ones of the petrographic 
type 2, the glazes are richer in iron and ceramics bodies 
exhibit aluminous clays features. Another group is 
characterized by high calcium content of raw clays and 
exhibit white glaze with high tin content. 

The glaze homogeneity, tin-content, cassiterite crystal 
size and distribution as well as the interface thickness 
point out Mudéjar technologies. However, this work 

shows that there are technological differences in raw 
materials, productions, and technology for manufacturing 
glaze pottery at the north of Iberian peninsula. 
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Abstract – Four Upper Paleolithic implements, 
collected during surveys in the southern part of Colli 
Albani (mountainous volcanic massif SE of Rome, 
Italy) were studied by macro-microscopic observation 
and Raman  spectroscopy. In order to investigate 
reddish pigmentation on the surfaces of these objects 
a pilot study was also conducted on a small series of 
geological ocher samples from the same area. The aim 
of the work was to test the value of Raman 
spectroscopy to identify the components of 
archaeological residues and red or yellow geological 
samples known under the general label of “ocher”.  
 
Key words: Raman spectroscopy, ocher residues, 
Upper Paleolithic, Colli Albani. 
 

I. INTRODUCTION 
Ocher has been exploited by H. sapiens since the 
Paleolithic as a multifunctional material during artistic-
ritual and daily activities. Archaeological and 
archaeometrical studies coupled with experimentation 
suggest that red and yellow iron oxides, such as hematite 
and goethite, were used to prepare pigments as well as 
adhesives, dessicants, abrasives, and medicinal agents 
and also to preserve foods and to protect the human  skin 
[1-5]. Being so versatile, the colouring natural materials 
possibly also played a role in the emergence of Modern 
Human Behaviour [6]. The main objective of this paper is 
to present the investigation of Upper Paleolithic 
implements with reddish pigmentation combining the 
analysis of archaeological residues with spectroscopic 
identification of geological samples examined with non-
destructive methods. This will help understanding where 
and how naturally occurring ocher resources where 
exploited by hunter-gatherer groups of the late 

Pleistocene in the central Italian Peninsula.  
 

II. MATERIALS AND METHODS 
The materials analyzed in this study were discovered 
during recent surveys (2007-2015) on the Colli Albani 
massif, a volcanic mountainous area south-east of Rome, 
Italy (fig. 1).  

 

 
Fig. 1. The Colli Albani massif. The studied area is 

circled in red  
 
The artifacts were found in the southern section of the 
massif which is the only area on the upper portion of the 
ancient volcano (i.e. more than 200 m asl) to have 
returned a significant number of finds attributed to the 
Upper Paleolithic period [7-8]. The artifacts were lying in 
surface soil of wooded areas (fig. 2) on the sides of a 
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valley surrounded by the Artemisio mountain chain and 
the Faete massif formed during Middle Pleistocene 
volcanic activity [9]. 
  

 
Fig. 2. Colli Albani, southern sector. Location of the 
studied artifacts (n°1-4) and of the outcrop used for 

geological samples (symbolized by a  square). Modified 
from CTR cartography.  

 
It is likely that these finds were brought to light by the 
erosion of archaeological deposits and  were subsequently 
re-positioned in modern soils. The artifacts are made on 
marn (1) and flint (2-4) which are raw materials not 
locally available on the Colli Albani massif (‘exotic’ raw 
materials). Probably, they were collected on the Pontine 
Plain or even from a greater distance as far as 20-30 km 
away from the studied area.  
The following specimens were analyzed:   
 

 
Fig. 3. Colli Albani, southern sector. Retouchers-

percussors. Ochred portions are highlighted in light grey. 
 

1. Retoucher-percussor (fig. 3, n.1), ochre-stained 
and engraved with notches (98 x 28 x 21 mm). 
The tool is made on a marn pebble. The support 
has an elongated morphology and a rounded 

quadrangular section. It has been used as a soft-
stone percussor and retoucher to knap and 
modify flint and organic tools. On its surface 
there are different traces of use left during these 
activities (striae, pitting, worn edges). On three 
long sides of the pebble, linear notches, 
engraved in series and perpendicular to the 
morphological axis of the object, are present. 
Residues of ocher (Munsell Soil Color Chart: 
7.5 YR, 7/6 reddish yellow) were highlighted 
from microscopic analysis in the distal extremity 
of the pebble; some red traces partly overlap 
both the use-wear and the engraved notches. 
Accordingly, reddish pigmentation represents an 
evidence of the last human intervention on the 
tool.       

   
2. Ochred retoucher-percussor (58 x 36 x 32 mm; 

fig. 3, n.2). The tool is obtained on a ovoid flint 
pebble, almost totally corticated. Half of the 
natural surface of the pebble has a red 
pigmentation irregularly distributed with varying 
chromatic intensity from red to orange (10R, 4/8 
red). The pebble, after the direct contact with 
ocher, has been utilized as retoucher and hard-
stone percussor for working lithic tools. On its 
surface there are several areas  with striations, 
abrasions, flake detachments that confirm these 
activities.   

 

 
Fig. 4. Colli Albani, southern sector. Flint core and end-

scraper. Ochred portions are highlighted in grey. 
 

3. Small  pebble ochred and flaked on the 
extremities (26 x 27 x 25  mm; fig. 4, n.3). The 
flint pebble is totally cortical, except for the 
proximal and distal extremities. On each of these 
sides there are small knapping surfaces 
indicating the detachment of several flakes. 
Hence, the pebble has been occasionally used as 
flake core. Two ochred areas affect two adjacent 
portions in correspondence of natural flat 
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surfaces.  Another small red spot is present on a 
third side of the pebble. Reddish pigmentation 
(10R, 4/6 red) has been applied only on the 
cortex and it has been removed along the flaked 
portion of the support.    

 
4. Ochred end-scraper (25 x 17 x 8 mm; fig. 4, 

n.4). The flint tool is made on a cortical flake. 
The end-scraper is characterized by a proximal 
arched front made by an invasive and semi-
abrupt retouch. The cortex of the dorsal face is 
coloured by a diffused red pigmentation (10R, 
4/8 red) which is absent on the flaked surfaces. 
This suggests that the pigment was applied on 
the cortex before knapping. 

 
The items fit well into Upper Paleolithic types and 
suggest an advanced phase of the Epigravettian culture 
(14.000-12.000 cal BP).  
 
 

 
Fig. 5. Colli Albani, southern sector. Above, the eroded  
paleo-sol on Maschio d’Artemisio Mount. Bottom, the 
geological samples collected (a-b) and prepared (c). 

 
The geological samples were collected from paleosoils of 
brownish-red clays (fig. 5, 5a; 10R, 3/6 dark red) 
outcropping along erosive channels in the same area as 
the archaeological finds (Maschio d’Artemisio Mount). 
The clays also contained yellowish sediments (fig. 5, 5b; 
10YR, 6/8 brownish yellow), probably altered volcanic 
scoria. In addition to geological samples, an artificial 
ocher specimen was produced by annealing the yellowish 
sediments. The material, after air drying, was exposed to 
a controlled fire (ca. >700°), acquiring a deep red color 
(fig. 5c; 10R, 4/8 red). The experiment was conducted on 

a fireplace using  wood as a combustible leaving the 
sample burning inside the fire for approximately one hour 
and letting it to cool gradually outdoors. Both 
archaeological ocher residues and geological samples 
(unburnt and dried-burnt) were analyzed by Raman 
spectroscopy in order to identify the chemical 
composition. Raman spectra were collected with an inVia 
Renishaw micro-Raman spectrometer equipped with an 
air-cooled CCD detector and edge filters. The emission 
lines at 488.3 nm from an Ar+ ion laser were focused on 
the sample under a Leica DLML microscope using 5x 
and 20x objectives. Due to the high degree of 
fluorescence of the materials it was necessary to select 
experimental conditions for each sample. The laser power 
(ca. 3-5mW) was kept well below levels that resulting in 
damaged samples. Repeated (10-20) 20-s scans were 
attained for each experimental run to provide better 
signal-to-noise ratios. The spectra were calibrated   using 
the 520.5 cm-1 line of a silicon wafer. Data analysis 
included baseline removal and curve fitting using a 
Gauss-Lorentz cross-product function by PeakFit 4.12 
software (Jandel, AISN software). 
 
 

III. RESULTS 
The Upper Paleolithic color palette was limited by the 
availability of exploitable mineral resources. The 
predominance of reddish residues on Paleolithic artifacts 
made by H. sapiens implies sources of iron-containing 
minerals such as hematite and goethite. Raman 
spectroscopy is widely recognized as a useful tool for  the 
characterization of archaeological and historical artefacts 
[10].The major advantages for its application in art and 
archaeology are the minimal sample preparation required, 
the non-destructiveness of the sample operating with low 
laser power to avoid thermal damages, and the wide 
lateral resolution that can detect neighboring substances 
and admixtures. The main disadvantage is the 
fluorescence effect attributed to the presence of organic 
matter in the samples. Fluorescence strongly increases the 
background obscuring the characteristic bands of the 
compounds. For iron-containing systems Raman 
spectroscopy can easily distinguish oxides, hydroxides 
and oxy-hydroxides and thus has been used for the 
characterization of pigments in archaeological material, 
historical artwork, and mineral composition [11]. This 
preliminary Raman study revealed the presence of iron 
oxides and oxy-hydroxide minerals, carbonates and 
silicates compounds, and carbonaceous residues. The 
micro-Raman spectra of the retoucher-percussor (fig.3, 
n.1; fig. 6, 1) and of the ochred retoucher-percussor 
(fig.3, n.2; fig. 6, 2) collected on the red traces of both 
objects are similar although the fluorescence contribution 
was stronger on the retoucher-percussor than on the 
ochred retoucher-percussor, altering the relative intensity 
of  the whole spectra.  
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Fig. 6. Representative micro-Raman spectra of artifacts  
in Figure 3: retoucher-percussor (1); ochred retoucher-
percussor (2). 
 
The complex Raman spectra in  the low intensity range 
150-800 cm-1 could be resolved by curve fitting with 
predominant components assigned to goethite,  α-
FeOOH, (~ 244, 290-300, 385, 480, 548, and 681 cm-1)  
and to traces of  hematite, α-Fe2O3 (~ 225, 245, 292, 410, 
505 and 1315 cm-1) [12]. The presence of  hydrated 
species, α-FeOOH associated with α-Fe2O3 could result 
from admixture in the raw material and  weathering 
processes. In the range 1000-2000 cm-1 the high intensity 
bands at ~1350-1370 and at ~1550 cm-1 are attributable at 
amorphous carbon. The bands above 1680 cm-1 indicate 
the presence of organic residues including resins and 
waxes [10].Typical  Raman spectra recorded on the small 
ochred pebble and on the ochred end-scraper are 
presented in fig. 7. The strong fluorescence contribution 
prevented spectral analysis above 1500 cm-1. As can be 
seen in fig.7(3), the spectrum representing the small 
ochred pebble is dominated by a sharp band centered at 
~465 cm-1 due to α-quartz and by a broad band around 
1320 cm-1 probably originating from the overlapping of 
hematite and amorphous carbon residue bands. In 
addition traces of iron oxide, oxy-hydroxide and silicate 
minerals (bands in the range 700-1050 cm-1) were also 
found. On the ochred end-scraper sample, fig. 7(4), the 
presence of iron-containing compounds is clearly 
identified by the bands at about 218, 280, 390 cm-1 due to 
hematite and traces of goethite. Traces of silicates as well 
as carbon residues were also apparent. 
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Fig. 7. Representative micro-Raman spectra of samples 
depicted in Figure 4: small ochred pebble (3); ochred 
end-scraper (4). 
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Fig. 8. Representative micro-Raman spectra of 
geological sample a depicted  in Figure 5. (a): as 
collected. 
 
The Raman spectra of the geological sample a (fig. 8, a)  
shows the predominant signature of goethite, α-FeOOH, 
and some contribution of hematite, α-Fe2O3 [12]. In 
addition, traces of silicate minerals are also present.  
 
Firing the sample b in air (fig. 8, c)  resulted in an almost 
complete de-hydroxylation yielding  a Raman spectrum 
characteristic of hematite [12]. Similar results were 
obtained on the geological sample b. The Raman 
spectrum (fig. 9, b)  shows the predominant of hematite, 
α-Fe2O3 [12]. In addition, crystals of α-quartz (~ 475 cm-

1) and traces of silicate minerals were also detected. 
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Fig. 9. Representative micro-Raman spectra of the as 
collected geological sample (b) illustrated in Figure 5. 
(b), and of the same sample fired in air (c) illustrated in 
Figure 5. (c).  
 
 

IV. CONCLUSIONS 
This pilot study adds new information to a database of 
Italian ochres so far limited to NE sites of the peninsula, 
and namely  Riparo  Dalmeri [13]. The new information 
from the Colli Albani allows a first characterization of 
colouring ores exploited in central Italy. In particular, in 
the Latium region, the use of ocher is well attested for 
Epigravettian contexts as Grotta Polesini and Grotta delle 
Settecannelle [14-16], but these finds are still waiting for 
a first archaeometrical study. At any rate, it’s clear that 
the hunter-gatherers of Colli Albani and Latium region 
well knew the properties of the oxide/hydroxide ores that 
they manipulated. Raman spectroscopy provides a 
powerful tool for the characterization of archaeological 
ochres. Our results, combining spectroscopic data and 
archaeological inference, confirm the effectiveness of the 
methods. The residues analysis attests direct evidence for 
the use of red and yellow ferruginous ores to prepare 
colouring compounds. In addition, the presence of 
organic substances such as resins or waxes suggests that 
oxides and oxy-hydroxides of iron could have been 
mixed with natural adhesive agents. These data lead us to 
hypothesize the symbolic value, but also the functional 
role of ochre in the Upper Paleolithic cultures of the 
Latium region. Microscopic and Raman spectroscopic 
studies confirmed that goethite, traces of hematite, quartz 
and silicate minerals are also contained in the geological 
samples collected in the surrounding areas. It is right to 

think that the Maschio d’Artemiso Mount can be a 
probable source area for iron ores, although it is also 
possible an exploitation of other outcrops sited on greater 
distances: the presence of exotic raw materials, in fact, 
suggests that the hunters-gatherers were easily able to 
cover distances as far as 20-30 km in their range of 
action.  
We can conclude that the Paleolithic communities of 
Colli Albani utilized hematite, goethite and others iron 
oxides, perhaps in combination with organic materials. 
However, for organic compounds like plant resins and 
carbon found in the analysis, a post-depositional 
contamination is not excluded due to both natural fires 
and coal production activity much practiced in the 
modern era until the early XX century.  
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Abstract – To safely define the origin of ancient white 
marbles of artefacts one single method as for instance 
the analysis of the stable isotopes is usually not 
sufficient for a safe discrimination. A multimethod 
approach including chemical analysis and the analysis 
of microinclusions in the marbles substantially 
improve the discrimination of macroscopically similar 
marbles.  
By using this combination of different methods it is 
demonstrated, that the newly discovered marbles 
from the Göktepe quarries were the most important 
portrait marbles in imperial times. 

 I. METHODS TO PINPOINT THE ORIGIN OF 
WHITE MARBLES 

The topic of this paper is to give an overview of the 
methods to pinpoint the origin of white marbles and to 
discuss the progress made in this field during the last 
years. To define the place of origin of the marble of an 
artefact to an area or even to a special quarry may be of 
appreciable importance in investigating ancient trading 
routes and trade relations. A material-specific 
classification can be conducive to understand if the 
workshops of an area used marbles of acceptable quality 
from local quarrying areas or if they used imported 
marbles in or without combination with local ones. 
Furthermore during restoration activities the knowledge 
of the origin of the marbles used in architecture may be of 
importance for supplying more or less original types of 
marbles. The knowledge of the marble provenance may 
also be of interest and of considerable importance for 
evaluating the authenticity of an artefact. 

An important issue in this context is, that the methods 
discussed below are not destruction free and need at least 
a minimum amount of sample to be taken from an 
artefact. Destruction free methods are severely impaired 
by alteration phenomena on the surfaces of marbles 
which were exposed to weathering during many 
centuries. 

An essential prerequisite for marble provenance 
analysis is the existence and the availability of a databank 
for the variables analyzed. A large databank exists for 
stable isotope data [1]. Our databank comprises approx. 
3000 quarry samples and include the numeric data for 
stable isotopes, trace elements, EPR data and the results 

of the inclusion fluid chemistry. Furthermore, a collection 
of microscopic thinsections of the classical marbles is 
available. 

 A. Petrographic methods 
Lepsius was the first in 1891 to put these investigations 

on a scientific ground by successfully using mainly 
petrographic methods to distinguish between some 
different marble occurrences from mainland Greece and 
from the islands [2].  However, this method alone soon 
met its limits with increasing numbers of objects studied 
because of the limited number of textural features of 
pure, white marbles. A widely used parameter is the 
maximum grain-size (MGS), which is either determined 
by petrographic microscopy or by a hand magnifier. The 
characteristics of the grain boundaries and intergrowth of 
crystals also are evaluated. 

 B. Isotopic methods 
With the advent of stable isotope analysis of carbonate 

rocks, a new method seemed to be at the archaeologists’ 
hand to assign a marble sample precisely to its origin. 
However, with the rapidly increasing number of historical 
marble quarrying sites and with the increasing number of 
analyzed samples in general, the compositional fields in 
the isotope diagram became larger and many classical 
marbles showed relatively large ranges of overlap. 
Nevertheless, this method is still the state of the art and 
the most widely used approach in marble provenance 
analysis. The advantages of this method are the 
meanwhile low costs, and the fact that analyses are 
provided by many labs. A further advantage is the very 
small amount of sample required because sampling of 
bigger pieces of marbles from elaborate artefacts in the 
range of 1g can be problematic. It has to be kept in mind, 
however, that extremely small samples in the order of 
about 1 mg taken from weathered or partly weathered 
surfaces of ancient artefacts imply the risk of wrong 
results because of appreciable modification of the isotope 
composition due to weathering of the corresponding 
surfaces. Furthermore, only in rare cases the exclusive 
use of the stable isotope analysis without combination 
with other methodological approaches will account for 
satisfactory results. 

ISBN-15: 978-88-940453-3-8 

  

15



 C. Trace element chemistry 
Additional variables can be obtained by chemical 

analysis of the marbles.  
In contrast to the outsized amount of stable isotope data 

the information on other chemical parameters of ancient 
white marbles is rather moderate. However, the use of 
trace element analysis in marble investigation started 
even before the introduction of isotope analysis. This 
development was triggered by the introduction of NAA 
(neutron activation analysis) in geochemical analysis and 
it soon focused on the analysis of the Rare Earth 
Elements. This approach was followed by a series of 
authors [3-5] with varying degrees o success. Conforto et 
al. (1975) and Lazzarini et al. (1980) analyzed 
Mediterranean marble by means of spectrographic 
methods and concluded that the possibilities for a clear 
identification of marbles on that basis are rather limited 
[6, 7].  

In this context it is important to mention that those 
elements that are incorporated into the carbonate lattice 
(Mg, Fe, Mn, Sr, and Zn) exhibit a fairly homogeneous 
and consistent distribution and can advantageously be 
used to discriminate different types of white marbles. A 
convincing example is the discrimination of the marbles 
from Carrara and from Göktepe solely on the Sr-content 
as will be shown below. 

 D.  Electron paramagnetic resonance (EPR) analysis 
EPR is a spectroscopic methods that detects and 

characterizes the magnetic impurities that are 
ubiquitously present in many different materials. In the 
case of marbles the spectrum is basically due to the 
presence of the manganese ion.  A series of EPR-marble 
investigations have been carried out and a comprehensive 
database can be found in Attanasio et al. 2006 [1].  

Quantitative and qualitative parameters related to 
concentration (spectral intensity) and to the type of 
spectrum (spectral line width, fraction of dolomite and 
others) are obtained. Compared to trace chemical analysis 
that provides data for several different impurities, EPR, 
based only on the presence of manganese, may seem not 
well suited for the purpose of discrimination. Despite 
this, extensive research carried out in recent years has 
shown that the method is surprisingly powerful. This is 
due not only to the fact that each spectrum provides a 
number of different parameters, but especially to the high 
selectivity of the technique. EPR, in fact, is sensitive only 
to manganese that replaces calcium into the crystal lattice 
of calcite, whereas interstitial impurities or Mn-
containing trace minerals, that easily blur the 
characteristic distribution of different marbles, are not 
detected. 

 E. Analysis of the fluid inclusions 
 A technique for characterizing marbles was developed 
which can be used in concert with the established 
methods. The proposed method is based on the “crush 
and leach” analysis of extractable total dissolved solids -

TDS- from marbles and carbonate rocks in general. These 
solutes occur basically in very small fluid filled cavities, 
the so-called fluid inclusions, which can be found in all 
marbles (fig. 1).  Samples available from sculptures etc. 
are very limited in size. Therefore heterogeneity is one of 
the main problems of analytical methods, using the 
chemical or isotopic composition of marbles to identify 
their origin. Metamorphism is an isochemical process and 
does not homogenize the chemical differences of the 
protolith (carbonate sediments in the case of marbles). 
The results from fluid inclusion investigations of 
carbonate rocks show that the fluid phase is usually 
relatively uniform with respect to its chemical 
composition.  
A series of chemical parameters (cations as well as 
anions) can be detected simultaneously by means of ion 
chromatography. To eliminate the effects of the possible 
irregular distribution of the amount of inclusions and also 
because of possible scattering of the efficiency of the 
crushing and extraction of the fluids the results are 
normalized to Na x 1000. 
 

 
 

 
 
 
During the last years this method has been repeatedly 
applied to discriminate between different marbles when 
other methods failed [8, 9]. One important example 
where this method was used with advantage is the 
discrimination between the medium-grained Paros II 
marbles and those from the island of Prokonnesos which, 
in many other aspects, are very similar but significantly 
differ in their fluid composition. 

 F. Evaluation of the data 
The acquisition of a big number of variables requires 

statistical data processing. When combining the results 
from Isotope analysis, trace element analysis and the 
analysis of the chemistry of the inclusion fluids we use 
multivariate discrimination analysis. The exact results of 
the statistical calculations can be reported numerically 

Fig. 1. Fluid inclusions in an Ephesos I marble. The 
size of the single inclusions is approx. 5µm 
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e.g. the absolute and/or relative probability of the 
affiliation of a certain artefact to a special population of 
quarry samples. Usually the results of the calculations are 
displayed graphically in a bivariate diagram using two 
representative multivariate factors for the graphics. The 
compositional fields of the marbles from a quarry or a 
given marble-producing site are usually presented as 
statistical ellipses (90 % ellipses, that means that 90 % of 
the samples of this population is within the ellipse). 

 II. THE CARRARA-GÖKTEPE ENTANGLEMENT 
After the discovery of the ancient marble-quarrying 

region of Göktepe in Asia Minor a few years ago it soon 
became clear that this marble is very similar to the 
famous and widely used Carrara marbles and it was 
expected that Göktepe and Carrara marbles were often 
confused. A systematic search and investigation of 
hundreds of artefacts displayed in many museums soon 
uncovered the prominent use of the Göktepe marbles. 
This quarrying area supplied the most important portrait 
marble in roman imperial times and a systematic change 
of portrait marble of the imperial portraits throughout 5 
centuries can be observed. 

The systematic investigation of imperial portraits from 
the first century AD up to late antiquity revealed a 
dramatic change in the portrait marbles starting 
approximately in Trajanic times. By the beginning of the 
2nd century a so far unknown marble of exceptional 
quality suddenly arrived in Rome and became the portrait 
marble par excellence. Detailed provenance studies 
showed that this marble originates from the recently 
discovered Göktepe quarries some 40 km SW of 
Aphrodisias [10]. Through all the imperial period 
Göktepe marbles account for almost 50 % of the portraits 
investigated, second comes Lychnites, followed by 
Carrara. Until a few years ago the corresponding quarries 
of this marble in Western Anatolia close to Göktepe in 
the area of Aphrodisias were unknown and innumerable 
artefacts of prime importance made of this marble were 
taken for Carrara marble.  

One focus of this paper is the presentation of the 
petrographic and chemical characteristics of the Göktepe 
marbles, their similarities and differences to the Cararra 
marble and the discussion of the cause of the Carrara - 
Göktepe entanglement.  

 G. Petrographic characteristics 
The macroscopic features of the Göktepe marble are 

very similar to other high quality marbles used in 
antiquity and they resemble very much the characteristics 
especially of the Carrara marbles. These similarities were 
the reason why the existence of the marbles from 
Göktepe was not recognized during decades. Both 
marbles are fine- to very fine-grained and the MGS 
numbers overlap to some degree. The grain-size of the 
Göktepe marbles in general is below 0,5 mm while the 
Carrara marbles are 1 mm or slightly less in their MGS 
numbers. Under the microscope both marbles show 
typical polygonal textures with straight grain-boundaries 

as can be seen in fig. 2. This texture indicates a good 
recrystallization under equilibrium condition and 
practically no post-crystalline deformation. 

 

 
 
 
 
 
Besides the white marbles, there also occurs a black 

variety of very fine-grained Göktepe marble. This black 
marble also was used for very high-quality sculptures and 
artefacts can be found in different museums. 
Investigations by Raman Spectroscopy indicate that the 
colouring organic substance is semi-graphite. This marble 
suffered a maximum metamorphic temperature of approx. 
300° C and is, in petrographic terminology, on the 
transition of limestone to marble. Consequently relics of 
fossils can still be observed in the black Göktepe marbles. 

 

 
 

 
 

Despite the very similar petrographic features of the 
two marbles concerning the calcite fabric there are clear 
and crucial differences in the nature of the trace minerals. 
However, both marbles are generally very pure and the 
few trace minerals can only be safely determined by 
scanning electron microscopy. The only trace mineral in 
the Göktepe marbles is the mineral fluorite occurring in 

Fig. 3. SEM image of the Göktepe marble. The bright 
crystals are fluorite of a size of a few µm. 

Fig. 2. Typical thinsection of a Göktepe marble under 
polarized light. 
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tiny crystals of a few µm (fig. 3). Accessory minerals in 
the Carrara marbles are ubiquitous, small apatite grains, 
pyrite and sporadically occurring feldspar crystals.  

 H. Isotope data and trace element composition 
The isotopic similarities and consequently the partial 

overlap of the corresponding compositional fields were 
the reason that the isotopic field of Carrara marble used 
by numerous authors so far was oversized and the 
existence of another even more important portrait marble 
was not realized. To obtain a sound discrimination of 
these two types of marbles other parameters had to be 
analyzed. In table 1 the median numbers of the chemical 
and isotopic results are given.  

As can be seen in table 1 and fig. 2 the isotope 
composition alone does not discriminate sufficiently 
enough between the 2 datafields of the Göktepe and 
Carrara marbles. The C-Isotopes of the Carrara marbles 
are in a very small range and also the scatter in O-
isotopes is limited, resulting in a very consistent 
datafield.  

 
 

 
 

 
 

The Göktepe projection points show a concise core-
field in both O- and C-composition but there are also a 
series of outliers towards lighter isotopes which result in 
a relatively big 90 % ellipse. Therefore other particular 
discriminative and selective analytical characteristics for 
unambiguous archaeometrical identification had to be 
found. 

Table 1. Chemical and isotopic composition (median) of 
the Carrara and Göktepe marbles (trace elements in 

ppm, isotopes normalized to PDB. 

 
  Fe Mn Sr δ18O δ13C 

Carrara (n=67) 100 34 165 -1,89 2,12 
Göktepe (n=63) 39 14 635 -3,06 2,46 

 
 

Trace element contents (table 1), namely the low Fe, 
Mn and homogenous and exceptional high Sr numbers, 
discriminate the Göktepe marbles perfectly against 
Carrara marbles. Especially the high Sr-contents alone 
very well discriminate against all other fine-grained 
marbles and are therefore the most important analytical 
parameter for the discrimination between these two 
marbles. 

In table 2 the analytical data of the inclusion fluid 
analyses are shown. For reasons discussed above the 
numbers are normalized to Na x 1000. It is evident that 
especially substantially higher Li- and J-numbers are 
distinctive for the Carrara marbles.  

Table 2. Chemical composition of the inclusion fluids  

 
  Li/Na Cl/Na K/Na Br/Na J/Na 

Carrara (n=67) 1,64 1711 306 4,7 17 
Göktepe (n=63) 0,39 1511 132 2,2 2,4 

 

 I. Conclusions 
The heterogeneity of the analytical data and the big 

number of quarries and sources of the classical marbles 
require a combination of different methods for a sound 
analysis of the provenance. Petrographic investigations 
have to be used in concert with different chemical and 
isotopical methods with subsequent statistical evaluation 
to acquire reliable results. The necessity of this multi-
method approach is exemplified at hand of the 
discrimination between the marbles from Carrara and 
Göktepe.  

The marbles of Göktepe in Asia Minor had been 
discovered a few years ago. By then thousands of 
artefacts of Göktepe marble displayed in the museums 
were considered to be Carrara. This discovery unveiled 
the existence of a so far unknown marble of utmost 
importance and contributed essentially to the knowledge 
of the marbles used in Roman times throughout the whole 
empire. The production of fine-grained white marble of 
highest quality used almost exclusively for portraits is 
attested from the mid of the first century AD until 
advanced late antiquity. The petrographic and chemical 
features of the Göktepe and Carrara marbles presented in 
this paper allow an unambiguous discrimination of these 
two types of marble. On this basis it can be demonstrated 
that the marbles from Göktepe were in fact the most 
important portrait marbles in Roman Antiquity. 
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Abstract:  Through the examination of polished stone 
axes from the prehistoric excavation of Spinazzola in 
Paestum this paper will attempt to show how 
archaeometric and petrographic studies and the 
analysis on usage tracks have been and could be 
indispensable instruments to rebuild both the 
exchange circuits active during the Neolithic period 
and the way of supply related to raw materials and 
finished goods. In order to conduct a comprehensive 
study and to better understand the employed 
lithologies and their areas of origin, there have been 
carried out both archaeometric analysis and 
petrographic analysis on the axes by realizing thin 
sections and by the observation of the objects under a 
metallographic microscope. This not only made it 
possible to identify rock types, but has led to the 
identification of specific areas of raw material 
procurement1. 
 

I. INTRODUCTION 
More than 100 years since the discovery of the prehistoric 
site investigated by Vittorio Spinazzola in Paestum [1], 
the analysis of certain classes of artifacts recovered on 
this occasion, as the polished stone axes, allows to 
propose a rereading of the hard archaeological complex, 
which has returned to date the most important sequence 
of prehistoric materials found in the area later occupied 
by the ancient city. The excavation in the area of the 
Basilica, near the altar, conducted within 1907 and 1912 
to clarify the phase of occupation of the site preceding the 
birth of the Sybarite Colony, has brought to light a 
significant amount of artifacts referable to a wide time 
span from Middle Paleolithic that comes up to the Iron 
Age [2]. 

                                                 
1 The authors have collaborated in a fair manner to 
finalize the document.  
 

The nature of the deposit, known in the literature by the 
term “stipe” for some of its peculiar characteristics, still 
remains very problematic, being strongly influenced by 
the events of excavation.  
Here the artifacts related to the Neolithic, mainly 
produced in polished stone are presented, the 
characteristics of which allow making some assumptions 
about the possible use of the area in this chronological 
horizon.  
Together with artefacts more likely intended for daily 
work, some examples of green stone axes can be 
distinguished, probably entered the intense exchange 
circuit that affected these artefacts in Southern Italy. The 
discovery of allogeneic rock types, recognized through 
accurate archaeometric investigations, could indicate the 
need for supplies of these "exotic" stones2 from the part 
of the local groups. Such stones as it is known, were 
sometimes used to produce prestige axes [3].  
 
 
II.  NEOLITHIC POLISHED STONE AXES FROM THE 

“SCAVO SPINAZZOLA” 
The prehistoric excavation of Spinazzola is presented as 
the only discovery point in Southern Italy from which the 
largest number of polished stone axes in noble alpine 
rocks derive (jadeitite, nephrite and omphacitite) 
associated with axes made of local lithologies (basalts, 
jasper and metagabbro). Although the nature of the “stipe 
Spinazzola” is not yet clear3, a new interpretation of the 
excavation data and a careful analysis of all artifacts 
retrieved let suppose that, at least for the horizons relative 
to the Neolithic, Spinazzola had nicked a probable “craft” 

                                                 
2 We thank Professor R. Compagnoni for having done 
petrographic recognition of all rock types and for the help 
provided. 
3 In this text we indicate the context with the expression 
“scavo Spinazzola”. 

ISBN-15: 978-88-940453-3-8 

  

20



1st International Conference on 
Metrology for Archaeology 
Benevento, Italy, October 22-23, 2015 

 
area, a large housing settlement zone linked to a 
specialized manufacture of stone tools [4].  
In the field, in fact, in addition to a good number of 
blades in flint and polished stone axes in the form of 
finished goods, there is also a discrete set of raw 
materials in a raw form. In the specific case of the 
polished stone blades axes coming from the context we 
can enumerate some basalt parade axes locally executed, 
in addition to local jasper and rock types axes, imported 
axes from Northern Italy as finished products in eclogite, 
omphacitite and jadeitite and a high concentration of 
valuable raw materials, such as rock crystal and pebbles 
in Alpine HP-meta-ophiolites that were then processed on 
site. In this context, it is possible to follow all the steps 
related to the operational chain for the production of 
polished stone axes, from the raw pebble in Alpine 
omphacitite, to the flake and to get then to the finished 
product.  
 
According to a specific analysis of polished blades and 
following lithological criteria, we can divide them into 3 
groups: 
 
a) polished stone axes in Alpine green stones: 
 

• n. 004 is the smallest parade ax measuring 12 cm, it is 
in garnet omphacitite (fig. 2) and owing to the 
presence of the garnet it has a rather high density of 
3.459. The raw material comes from the southern 
slope of Monviso, whereas it is a purely Southern 
type (fig. 1);   

• n. 005 is a perfectly polished ax, made of an 
omphacitite containing amphibole and red garnet 
(fig.2) with a density of 3.475, that does not bear 
traces of use to the cutting edge and is an import 
artifact (fig. 1); 

• n. 007.3 made of garnet omphacitite (fig. 2) and with 
a density of 3.395; it is a very interesting finding since 
it is not a real blade, but an ax shaped pebble, also 
imported and probably had to be finished on site (fig. 
1); 

• n. 319 is a blade in mixed Na-pyroxenite (fig. 2) with 
a density of 3.398, a good degree of polishing and no 
trace of use to the cutting edge. It is an import artifact 
type that finds various comparison in northern Italy 
(fig. 1); 

• n. 321 is an ax in Na-pyroxenite with partly altered 
jadeite (fig. 2), a density of 3.385 and a fracture on 
the back face due to a thermal shock. The raw 
material is imported, but the artifact is produced 
locally because it refers to some types frequently used 
in the South (fig. 1); 

• n. 324 is a foliated omphacitite (fig. 2) with a density 
of 3.409; it is an artifact obtained from a pebble of 
alpine meta-ophiolite whose rework was partially 
carried out on site. It does not bear traces of use to the 
cutting edge (fig. 1); 

• n. 0342 is a miniaturized ax in omphacitite (fig. 3) 
with a density of 3.398, which is also obtained from a 
pebble of alpine origin (fig. 1); 

• n. 0343 is an ax made of ophiolitic metabasite with 
veins of omphacite, the presence of epidote (fig. 3) 
and a density of 3.078. It bears very minimal chipping 
to the cutting edge. The raw material is imported, 
while the processing is local because the type refers to 
the axes of rectangular section rather widespread in 
southern Italy (fig. 1); 

•  n. 0345 is a miniature ax in jadeitite with 
glaucophane (fig. 3) whose density of 3.104 is 
lowered the presence of glaucophane, the lithotype is 
of import, but the article has been produced locally 
(fig. 1); 

• n. 0346 is a miniaturized blade in omphacitite (fig. 3) 
with a density of 3.302, most likely locally reworked 
(fig. 1); 

• n. 0348 is an ornament ax (fig. 1) made of a fine 
grained partly retrogressed eclogite with altered 
garnets (fig. 3) and a very high density of 3.614, due 
to the high content of garnet; 

• n. 0350 is a miniature ax (fig. 1) made of Monviso 
eclogite (fig. 3) with a density of 3.567 which bears a 
few streaks of working on the main face and no traces 
of use to the cutting edge. The artefact is likely a 
reworking of a wide blade;  

• n. 0360, one of the most important findings, is made 
from a garnet omphacitite (fig. 3) pebble of about 700 
gr. (fig. 1). Such artefacts are quite common along the 
banks of the Po and can be found in those places 
where one can identify the Neolithic workshops for 
the polished stone processing4 [5]. This is a very 
important data, because until a few years ago one 
thought that it existed a major supply of primary type  
directly from the Monviso quarry for Alpine meta-
ophiolite [6], but the presence of such pebble in 
Paestum, in the same lithology of many axes from the 
context we are speaking about, allows to understand 
how there was in Northern Italy a supply of secondary 
type, where these pebbles were gathered along the 
river shores to be put into the trade system then 
reaching Southern Italy. 

• n. 1037 is a shaped pebble ax (fig. 1) made of garnet 
omphacitite (fig. 3); 

•  n. 1038 is an ax made of alpine serpentinite (fig. 3) 
with a relatively low density of 2.691 which was 
reworked; it has a sharp and thick cutting edge (fig. 
1). 

 
b) Basalt polished stone axes: 
 
• n. 006.28 is the largest parade ax (fig. 1) in basalt 

with white plagioclase (fig. 2) coming from the 
magmatic district of Roccamonfina and has a density 
of 2.696. It is locally produced, it has a high level of 

                                                 
4 An example is the Carignano workshop in Piedmont. 
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polishing and does not bear traces of use to the cutting 
edge; 

• n. 320 is an ax made from a porphyritic structure lava 
with phenocrystals of plagioclase (fig. 2) with a 
density of 3.19 with no traces of use on the cutting 
edge and is locally produced (fig. 1); 

• n. 326 is an ax in volcanic green rock with altered 
plagioclase (fig. 2) and it does not bear traces of use 
to the cutting edge (fig. 1); 

• n. 328 is the cutting edge fragment of an ax (fig. 1) in 
altered basaltic rock (fig. 2); 

• n. 0341 is a blade in basalt with altered green 
plagioclase (fig. 3), having a density of 3.18, it does 
not bear traces of use and is a locally produced ax 
(fig. 1); 

• n. 1036 is the third parade ax (fig. 1) in basalt with 
white plagioclase (fig. 3) coming from the District of 
Roccamonfina with a density of 2.691 having a good 
degree of polish and no traces of use to the cutting 
edge. The lithotype is from the South as well as the 
type referring to the parade types of southern Italy. 

 
c) Polished stone axes in southern lithologies: 
 

• n. 006.26 is a beautiful well polished granite blade 
(fig. 1) with a density of 2.751, the artifact is imported 
from Calabria where these rocks are prevalent in the 
territory of Castiglione Cosentino (CS) (fig. 2); 

• n. 318 is a fragment of quartz arenite ax (fig. 2) with a 
density of 2.797, this specimen should be of 
considerable size and should be included into the 
family of parade axes with a fusiform body [7] (fig. 
1); 

• n. 323 is an artifact in silicate rock (fig. 2) with a 
density of 2.891 (fig. 1); 

• n. 326 is an ax in quartz-arenite (fig. 2) with a density 
of 2.651 that does not bear traces of use to the cutting 
edge and is also proper to a local production (fig. 1); 

• n. 327 is the cutting edge fragment of an ax. It is in a 
silicate rock (fig. 2) showing some vermicular 
structures that have filled with clay material, this 
lithotype can be found in the conglomerates of 
Taranto (fig. 1); 

• n. 0336 is a blade (fig. 1) in red jasper (fig. 3) with a 
density of 2.694 that has many traces of percussion 
and chipping. It is a very interesting lithotype as it is 
not much employed for polished artifacts, in fact there 
are few findings obtained from this rock in the South; 

• n. 0340 is an ax in red jasper (fig. 3) with a density of 
2.659, sawed in half of the body and reworked as a 
pestle (fig. 1); 

• n. 0344 is a miniaturized ax in quartz arenite (fig. 3)   
with a density of 2.715 and is locally produced, in fact 
it belongs to the same type of 345 (fig. 1); 

 
In the context of the "scavo Spinazzola" in addition to the 
blades there are also some polishers probably used to 
polish the blades: 

• n. 333 is in quartz arenite (fig. 2) with a density of 
2.908 (fig. 1); 

• n. 0335 is an aplite with quartz and feldspar (fig. 3) 
with a density of 2.705 (fig. 1); 

• n. 0337 is a silicate rock (fig. 3) with cavities that 
have filled with clay material with a density of 2.713 
(fig. 1); 

• n. 0338 is a kidney shaped polisher in a very compact 
silicate rock (fig. 3) with a density of 2.95 (fig. 1). 

 
Concluding, it has been found out as the employed 
omphacitite and the jadeitite come from the southern area 
of Monviso, whereas basalt is coming from the district of 
Roccamonfina and jasper from the Sila in Calabria5. It 
was therefore possible to understand that the area 
intercepted by the excavation Spinazzola was probably a 
center to hoard raw materials and finished products which 
were then redistributed within the exchange circuit. A 
major confirmation of this hypothesis have been useful 
analysis on traces of use that have shown no artifact had 
traces related to "use", but there were only portions of the 
body of the artefacts with signs of percussion due to the 
shaping of goods.  
The stone artefacts found in the Spinazzola excavation 
were not used, but have traces linked to the task of 
processing the goods. The presence of primary raw 
materials that come also from long distances (the case of 
the green stones Monviso), the flakes of artefacts in these 
same raw rock types that exist in the context and the 
presence of finished products without traces of use have 
therefore allowed to understand how during the 
Prehistoric Age the area should configure itself as a place 
for the production and the redistribution of these objects, 
which flowed several principles of exchange. Indeed in 
this context there is a great heterogeneity of the raw 
materials used to produce these goods: the alpine green 
stones affect both finished products, imported or worked 
in situ, and raw materials in the form of pebbles. The 
latter data confirms that the pebbles were imported like 
raw materials and that in northern Italy there wasn’t only 
a supply quarry , but there was also a kind of secondary 
supply. On the contrary the axes and the polisher in rocks 
of southern Italy are all produced on site of Paestum, 
except for the 006.26 imported from Calabria . 
Through the petrographic and archaeometric analysis on 
raw materials it has been understood that Paestum was 
one of the points of supply where local Neolithic groups 
were able to take in a dense network of exchanges so as 
to get to their territory the most important raw materials 
of the time: alpine green stones, basalt, jasper, obsidian, 
quartz and flint probably Gargano.  
 

                                                 
5All the work on supplies and sources of raw materials in 
Central-Southern Italy is treated in the Mancusi’s PhD 
thesis. 
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   Fig. 1. Scavo Spinazzola, Paestum. 004-0344) Neolithic polished stone axes; 333-0338) Polisher. (1:4 ca.) 
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Fig. 2. Enlargement with stereomicroscope of the rock types. 
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        Fig.3. Enlargement with stereomicroscope of the rock types. 
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Abstract – Advanced 3D survey technologies, such as 
Digital Photogrammetry and Laser Scanner, are 
nowadays widely used in several fields such as Cultural 
Heritage and Archaeology, allowing to obtain detailed 
3D textured models in a fast way for different purposes. 
These technologies are usually employed to perform 
single individual surveys but they have rarely been 
considered for continuous surveys like being part of a 
“production line”.  
The construction of the new “Municipio” underground 
station in Naples, due to its position in one of the 
historical area of the city, coexists with the 
archaeological excavations and is strictly tied to their 
evolution. With such surveys, the need to reduce as 
much as possible time to build a public infrastructure, 
with the one to produce accurate documentation of 
what is considered archaeologically important are 
combined. 

 I. INTRODUCTION 

The construction of the new underground station 
“Municipio” in Naples, interchange point between two 
underground lines and the touristic harbour, has produced 
time expensive archaeological investigations within the 
construction areas. These investigations were arranged 
with the Italian Cultural and Activities Heritage Ministry, 
the Municipality of Naples and “Metropolitana di Napoli 
S.p.A.”, concessionaire for the construction of the 
underground. These archaeological investigations are a 
precocious example of “planned archaeology” applied to 
an important public infrastructure: indeed, they have been 
started a few years before the introduction of the “Rescue 
Archaeology” law, issued in 2006. 

By following the principles of the “urban archaeology”, 
the investigations have allowed to explore all the human 
settlements originated within the area, from the most 
ancient to the modern ones. These investigations represent 
an unexampled fact-finding model applied to a critical area 
of the historical centre of Naples, an area that couldn’t be 
differently investigated due to the complexity of the urban 
situation, the depth of the evidences and the contextual 
presence of a phreatic layer. In this paper, survey 
methodologies applied on the below described evidences 
and adapted to the specific cases will be presented.  

 II. THE ARCHAEOLOGICAL EVIDENCES 

The old costal landscape shape in front of the historical 
Neapolitan settlement has been reconstructed thanks to the 
archaeological investigations. However, the area delimited 
by the actual Via Medina, Via Depretis, Piazza Municipio 
and Castel Nuovo was deeply different by the one known 
as-is today, outcome of secular natural and anthropic 
transformations (Fig.1). At the beginning, it was the south-
west zone of a wide inlet delimited, from south-west to 
north-east respectively, by the promontory where now is 
located Castel Nuovo and by the elevation where now is 
located the S.Maria di Porto Salvo church. 

From the end of the 4th century B.C. to the 5th century 
A.D., the above described area matched with the port basin 
of Neapolis and with the neighbouring seaboard as well 
[1]. The laying out of the harbour has dated back to the end 
of the 4th century/beginning of the 3rd century B.C., thanks 
to the founding of tracks related to an extended dredging 
operation (about 3750 m2) on the deepest sea bottoms 
levels, operations that modified the original shape of the 
inlet. In the same epoch, the above slope was regularized 
by rising up walls for terracing purposes made with 
panelled masonry or tuff blocks technique, probably for 
the protection of the basin. A ramp made with tuff blocks 
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was also built, maybe for mooring purposes. 

 

 
Fig. 1. Roman evidences and reconstructed costal 

landscape shape. 
 

During the Augustan age, the area was differently 
reorganized, and important harbour and street 
infrastructures were set up. Next to the inside edge of the 
inlet, a quay made with concrete, superimposed over tuff 
blocks lines and delimited by a reticulated work type wall, 
was built, and the natural tuff bank was also worked. The 
presence of an erosional line characterized by the presence 
of malacofauna (barnacles and oysters) proves that the sea 
level during the roman imperial age was about 1,70/1,80m 
below the actual sea level. In the south-east area of the 
inlet, a much more complex harbour infrastructure, still 
under investigation, has been recently discovered: it’s 
composed by concrete structures, built by using a wooden 
formwork, that probably were used as docks or 
breakwaters to protect the entrance of the port basin. The 
regularized coastline area was employed to build a thermal 
structure (1st and 2nd century A.D) along a route, probably 
the via per cryptam from Neapolis to the Phlegraean 
Fields. 

Among other things, the stratigraphic sequence of 
overlapping sea bottoms that included a high number of 
ceramic and organic evidences (such as waste, ship 
equipment or lost objects), was also excavated. During 
these investigations, six shipwreck were found: poor rests 
of two shipwrecks dated 2nd century B.C. (named “Napoli 
E” and “Napoli H”), two ships dated 1st century A.D. 
( “Napoli A” and “Napoli C”), and other three boats, 
maybe sunk due to a storm at the end of the 2nd century 
A.D. (“Napoli B”, “Napoli F”, “Naples G”). All the boats 
were built according to the shell-first method, with the 
planks fitted edge to edge and fastened by mortise-and-
tenon joints technique [2]. Shipwrecks A, B and F were 
sail-boat type used for commercial purposes, whereas C 
and G ones had a flat vertical stern, belonging to the 
horeiae class, probably pushed by using both sail and oars 
with multi-purposes employment, details known just from 
iconographic sources (a mosaic found in Althuburus, 
Tunisia) [3]. While the A and C boats were entirely 
removed by constructing a fiberglass case around them, the 

F, G and H boats, found in 2015, due to their worse 
condition, have been accurately disassembled and each 
component has been stored within water tanks to preserve 
them. The disassembling process has been set up and 
executed with the cooperation of the ISCR (National 
Institute for Conservation and Restoration) and the naval 
archaeologists G.Boetto (CNRS – Center Camille Jullian) 
and C.Zazzaro (University of Naples “L’Orientale”). 

The archaeological excavations revealed a mutation of 
the inlet morphology at the beginning of the 5th century 
A.D.: the coast line moved toward east and so the port 
basin. In addition, the previous built construction were 
abandoned or reorganized to be used in different manner. 

The urban history of the area completely changed from 
the construction of Castel Nuovo in the 1279 up to the last 
square realized in the second half of the 19th century. 

 III. ADVANCED SURVEY TECHNIQUES FOR THE 
ARCHAEOLOGY  

One of the issue that affects the Cultural Heritage field 
is the need to storage a huge number of evidences found 
during archaeological excavations. Most of them are 
usually preserved in storehouses: the employment of 
digital technologies allows to obtain accurate three 
dimensional models and to share them through the web 
network, strongly changing the way to benefits from such 
ancient treasures. Virtual archaeology is nowadays a 
constant element within the professional life of an 
archaeologist. In addition to the possibility to carry out 
metric and semantic information of an object without 
physically measuring the real evidence, such technologies 
are almost a mandatory step especially to document those 
artefacts that could not be preserved, as in the case of the 
construction of a public infrastructure. 

Three-dimensional data is today a recursive variable in the 
archaeology field: the use of advanced survey 
methodologies to obtain such kind of data are nowadays 
widely employed to reconstruct stratigraphy of inspected 
sites, to create GIS database or virtual museums. Because of 
the three-dimensionality of architectonic and archaeological 
structures, the best way to represent them is to reproduce 
them by keeping all the three dimensions, while the 
exclusive use of two-dimensional drawing approach always 
means the loss of important information [4]. 

Since 2012, the concessionaire for the underground 
construction, together with the “Superintendence 
Archaeology Campania”, has set up a cooperation with the 
“3D Survey Group” of the “Polytechnic of Milan”, whose 
know-how in updated survey technologies, such as Digital 
Photogrammetry and Laser Scanner, well satisfy the 
requirements of both archaeologists and contractors. 

The systematic usage of these technologies (not just for 
isolated cases) has met the need to produce adequate and 
detailed documentation of the found evidences within a 
huge construction area as it is Piazza Municipio. The 3D 
models obtained from each survey session performed in 
different moments and positions can be successively 
combined together in order to have a global vision of the 
found evidences, making possible also to understand the 
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stratigraphic sequence and to reconstruct the ancient 
scenery and its transformation from the Hellenistic era up 
to the 19th century. The adopting of such new techniques 
sensibly reduced the acquisition time and as a consequence 
improved the efficiency of the excavation process. 

The strong cooperation between surveyors and 
archaeologists required to tune up a process schedule 
among the survey step and the preliminary restitution of 
the related orthophoto, that permit a practical verification 
by the archaeologist before let the excavations go on. In a 
second moment, without the need to halt anymore the 
excavations, phase drawings, architectonic and 
stratigraphic sections are carried out in cooperation with 
the “Calcagno Architetti Associati” company. 

 IV. CASES STUDY 

Laser Scanner allows to obtain high-resolution dense 
point clouds within short time, while Digital 
Photogrammetry permits to obtain three-dimensional 
reconstruction of objects from images [5]. 

The documentation to produce within the “Municipio” 
construction yard with such technologies is basically 
composed by orthophotos and 3D point cloud models. 
During the last three years, several tests with both survey 
techniques have been conducted on an elevated number of 
evidences that differ in terms of type and dimension, 
reaching the best approach to use depending on the case. 

At the beginning, digital photogrammetry has been 
mainly used to generate orthophotos while laser scanner to 
obtain 3D point clouds. However, the improvements of the 
actual photogrammetric software, mostly thanks to the 
fusion between “classical” photogrammetry and computer 
vision world, allow now to obtain accurate dense point 
clouds in an almost fully-automatic way. The obtained 
results that will follow encourages the use of this image-
based technique to extract also 3D point clouds, reserving 
the use of the laser scanner for particular cases and even 
lower much more the acquisition time as well as the halt 
of the excavations.A series of surveys related to particular 
and different type of evidences and stratigraphy will be 
presented and discussed. In some case, specific additional 
solution were adopted to perform the survey and to achieve 
the requested results in term of precision and resolution. 

 A. Dredging tracks 

One of the most interesting and particular discoveries 
has been the finding of the rests of dredging operations on 
the tuff rock stratum. Because these tracks have been found 
about 7 meters below the actual sea level, it is supposed 
they were probably realized by employing a dredge 
mounted on a boat or on a buoyant platform [1]. 

These tracks have been localized in different but 
neighbouring excavation areas of the construction yard, 
and they have been excavated in different moments as 
well. Due to these reasons, it wasn’t possible to have a 
complete physical global view of the tracks all together. 

The proposed technologies has been employed in the 
most part of the area in which the dredging tracks have 
been found. Except for the dredging found in 2004 during 

the line 1 station shaft excavations, for which less updated 
survey methodologies were employed, all the remaining 
areas in which they have been discovered, have been 
surveyed with actual technologies. 

The dredging tracks discovered in the line 6 station shaft 
have been surveyed in 2014. Due to the fact that they were 
partially found below a reinforced concrete slab, built 
during the archaeological excavations two years before, 
the natural light condition was poor, and the laser scanner 
was preventively preferred to carry out the 3D model. The 
complexity of the site, due to the irregularity of the 
elevation profile of the area, and the requested high 
resolution of the model, required an elevated number of 
scans and an intensive post-processing work as well. 

 
Fig. 2. Dredging tracks found in the line 6 station shaft. 

 
Thanks to the high quality of the surveys’ results in terms 

of level of detail and degree of realism, and to the 
potentiality allowable by such digital technologies, the 
archaeologists have now the possibility to observe the site 
overall on a computer, from almost infinite points of view, 
to better recognize the directions of the dredging tracks in 
order to identify the ones belonging to a single dredge 
passage and also a valid support to study the possible 
shapes of the tool used to dredge the sea bottom (Fig 2). 

In addition, as the surveys have been topographically 
georeferenced in a global reference system, the combining 
of all the surveys performed - or to be performed - in the 
neighbouring areas, and the possibility to see all the 3D 
digital models together, will permit to have an overall view 
of the whole excavated area. Last, all the a posteriori 
analysis intended to extract in detail measurement 
information can be performed directly on the 3D model 
and without a specific urgency, allowing the contractors 
the prosecution of the station construction and optimizing 
the infrastructure construction time as well. 

 

  
Fig. 3. Perspective view of a 3D model of line 6 station 

shaft excavation site where the first and last surveyed sea 
bottoms have been highlighted.  

3.60 m
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 B. Sea bottoms stratigraphy 

The use of advanced survey technologies to document 
the stratigraphy sequence of the sea bottoms (Fig. 3) 
entailed to plan a process schedule in which a strict 
interaction between surveyors and archaeologists has been 
necessary. A new concept of “measurable” stratum in 
three-dimensions has been adopted, bringing to an 
important improvement if compared to the traditional 
survey techniques, mainly based on 2D maps and sparse 
3D measured points. However, the added value of this 
approach is not so much the three-dimensional data stand-
alone, as the data georeferenced with regard to a unique 
coordinate reference system that allow to extract absolute 
3D information from all the surveyed strata. In addition, 
the “digital assembling” of all the surveyed stratums 
together made possible to reconstruct the entire sequence 
of sediments settled or removed over the centuries, 
metrically and semantically as well, deleting any possible 
individual interpretation [6]. 

 

 
Fig. 4. Stratigraphic section carried out from the 

combined 3D models of all the surveyed sea bottoms. 
 

Within this archaeological area of the line 6 station shaft, 
a total amount of 16 different sea bottom stratums were 
surveyed: approximatively, a volume of about 5000m3 was 
removed by following the rules of the archaeologic 
investigations, obtaining a height difference between the 
first and the last stratum surveyed of about 3.60m (Fig. 3 
and 4). 

 C. Thermal Structure 

When a complex ruin has to be excavated, especially if it 
is characterized by great extensions and big dimensions, or 
in case of lack of important structure elements, the 
understanding of the whole structure utility could appear 
arduous. An orthographic vertical view as well as a 3D 
model of the area can give a valid help to understand its 
shape otherwise not always comprehensible just looking at 
it on the excavation site. (Fig. 5). 

In such cases, the availability of an accurate model and 
the possibility to observe it from infinite points of view, 
gives to the archaeologist a huge additional working 
instrument. 

 

 
 
Fig. 5. Thermal structure and quay true orthophoto and 

vector map 
 
The survey of the Roman thermal structure found in the 

line 6 station shaft appeared as an extreme difficult task 
due to the complexity of the site and to the restricted 
working spaces. Beyond the survey of each single walls’ 
façades of the structure, a global survey of the entire area, 
by using a bird’s eye view, was necessary. Due to the 
presence of several obstructions that made impossible the 
employment of auxiliary flying units such as hanging 
baskets or UAVs, a flexible and cheap solution has been 
designed and manufactured. In order to take vertical 
photos, the camera was mounted on a horizontally 
movable aluminium frame controlled in one direction by a 
sort of “clothesline” and in a second direction by a 
movable roof previously positioned on two rails to 
preserve the ruins during the excavation progress [5]. This 
stratagem, besides its cheapness, turned up to be a good 
resource to overcome the above described difficulties. 
Thanks to this solution, a true orthophoto (Fig 5) of the 
entire visible parts of the structure was obtained, allowing 
to have a real perception of the building composition. 

The 3D model of the same structure instead (Fig. 6), 
obtained by employing a laser scanner, allowed to have a 
good starting point for the prosecution of the excavation 
activities: indeed, a particularity of this structure is the fact 
that walls previously used for different purposes in 
Hellenistic epoch were reused to build it in Roman epoch. 

3.60 m
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Fig. 6. Perspective view of the 3D model of the roman 

thermal complex and of the quay. 
 

The surveys performed successively, during the 
prosecution of the excavations and contextually to the 
disassembling of the thermal structures, permitted to 
document the more ancient walls, allowing to digitally 
reconstruct older situations like a backwards travel 
through the time. In addition, the possibility to assemble 
and view together 3D models related to surveys performed 
in different excavation moments, even in different years, is 
an exhaustive tool to understand the original uses of the 
artefacts and the relationship among the structure of 
different epochs. 

 

 
Fig. 7. Architectonic section of the thermal structure 

together with the front of the quay. 
 

 
Fig. 8. 3D multi temporal view: Roman structures in 

grayscale, Hellenistic ones in magenta. 
 
The accurate documentation of the much important 

artefacts produced during the excavation progress allowed 
to carry out graphic two-dimensional representation as 

well, such as maps, sections and perspective drawings with 
wall orthophotos façades (Fig.7). In addition, stratigraphic 
sections and 3D multi temporal views have been produced 
in order to show in a clear manner the relationship between 
different epochs structures. (Fig. 8). 

Table 1. Thermal structure survey report. 

Survey method Photogrammetry Laser Scanner 
Object extension ≈500 m2 

No. photos/scans 499 50 
Resolution 5616x3744 3mm@10m 

Acquisition time 360 mins. 1 week 
Elaboration time 210 hours (estim.) 1 month 

No. points 3D 
model 

N/A ≈1 billion 

 D. Shipwreck “Napoli G” 

At the end of 2014, the partial bottom of a shipwreck, 
including edge-joined hull planks and transversal frames, 
was found (Fig. 9).  

 

 
Fig. 9. Shipwreck “Napoli G” and related vector 

drawing. 
 

Due to the particularity of the archaeological evidence 
and for the location of the finding, there was the necessity 
to pay serious attention to its excavation and to find a quick 
solution to provide exhaustive documentation of the 
evidence and disassemble the shipwreck in as less time as 
possible. This special case required a strictly cooperation 
between surveyors and archaeologists, as the start and the 
prosecution of the disassembling process depended by the 
preventive and quickly production of maps with 
orthopothos in specific moments, useful to the 
archaeologist to take note of each single disassembled part. 
For these reasons, high resolution orthophotos and 
accurate 3D models were requested. The high number of 
corners for the presence of several frames located in their 
original positon above the bottom of the boat, brought to 
choose the photogrammetry as the best survey solution in 
terms of quality of the final model and time-consuming. 
Indeed, with a range-based instrument like the laser 
scanner, a huge number of scans to avoid “holes” on the 
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model would have been requested, with a consequent 
overabundance of unnecessary data, an intensive and time 
expensive editing activity and several junction zones 
between the scans to deal with. As additional negative 
surrounding condition, the boat was found partially cut by 
the bulkheads built before the beginning of the 
archaeological excavation activities. The presence of the 
bulkheads themselves too close to the boat on one side 
would have made impossible the acquisition with a laser 
scanner, while the flexibility of the photogrammetry made 
it possible even if with some difficulty. In order to keep a 
good range of DOF (Depth Of Field) and a suitable degree 
of sharpness in a low light condition, photos were taken 
with an elevated f-number and with the camera set on a 
tripod. Normal/nadiral photos were taken together with a 
set of tilted photos to well reconstruct each particular of 
the hull and to improve the quality of the camera network. 
A mobile platform on which place the camera was also 
prepared to move the camera itself above the shipwreck.  

Table 2. Shipwreck “Napoli G” survey report. 

Survey session 1st 2nd 3rd 4th 
No. Photos 334 278 285 213 

Image Resolution 5616x3744 
Acquisition time (mins.) 90 55 65 65 

Orthophoto restitution time 1 day 
No. points 3D model 
(millions of points) 

117,3 100,4 79 74,0 

 
For this evidence, four distinct surveys, which 

information are summarized in the table 2, were performed 
during the disassembling phases, in order to record as 
much construction details as possible.  

Other than being a satisfying documentation, an accurate 
3D reconstruction of such archaeological found can be an 
useful tool for historians of ancient naval architecture to 
better understand the typology of the vessel, the employed 
construction techniques or to have important elements to 
reconstruct a complete virtual or real model of the vessel 
reducing reconstruction hypothesis. Even a remounting of 
the shipwreck in a museum, as it was found, could be taken 
into consideration as each part was mapped in detail before 
being removed. 

 V. CONCLUSIONS 

The above described cases are just a selected group of 
the most exhaustive and interesting evidences found 
during the excavations activities to which advanced survey 
technologies have been applied. Even if these cases could 
appear as a small part of the enormous and continuous 
survey activity started in 2012 and still under way, they 
fully give an idea of the potentiality of such 
methodologies. The thermal structure in particular is a 
significant example of the possibility to virtually 
reconstruct the several historical stages came in succession 
from Hellenistic epoch on. Even if these technologies in 
such intensive use have been employed only from 2012 on, 
an integration with data previously obtained with less 
updated survey methods related to the overhead structures 

could also be attempted to reconstruct a much more 
complete historical sequence. Beyond the achievable 
information that can be extracted from detailed 3D models, 
the above shown results demonstrate the capability of such 
technologies to deal with continuous excavation activities 
that take places simultaneously in different areas of the 
construction yard and to perfectly satisfy the requirements 
of all the involved subjects. 

Within the last three years, the improvements introduced 
in the actual data processing photogrammetric software 
(parallel computing, automatic point cloud generation, 
etc.) brought to reorganize the two employed 
methodologies. Much more space has been reserved to the 
photogrammetric approach in the last months, sensibly 
reducing the acquisition time in the perspective of still 
optimize the work. Accurate 3D models in a limited time, 
depending on the complexity of the object, can now be 
obtained with the photogrammetry in a fast manner. In 
addition, this technique demonstrated its capability to be 
employed even in case of outstanding conditions, thanks 
to its flexibility. 
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Abstract – New and old archaeo-tephro-stratigraphical 

data about the Benevento urban areas properly 

selected in appositely made GIS system, named 

SiUrBe (Sistema Informativo del patrimonio 

archeologico Urbano di Benevento), integrated by a 

detailed geomorphologic study, were carried out since 

2011. The collected data allowed to hypothesize the 

shape and the layout of the prehistorical, Samnitic 

and Roman settlements, and at the same time to 

evaluate the potential depth under the actual ground 

level of archaeological finding layers,  providing to 

elaboration of the Benevento urban area’s 

archaeological potential map. The integrated 

approach allowed to reconstruct also the main 

landscape and environment modification since Early 

Holocene and to understand correctly the causes of 

the changes. 

 I. INTRODUCTION 

A geoarchaeologic study focused on the Benevento 

Urban Area is working in progress, since the 2011, by the 

interdisciplinary research group of specialists of the 

archaeology, architecture, computing, geology and 

geomorphology. The study is a tool of the  SiUrBe project 

(Sistema Informativo del patrimonio archeologico 

Urbano di Benevento), partnership between the 

Soprintendenza Archeologia della Campania (Benevento 

Office) and the Dipartimento di Scienze del Patrimonio 

Culturale dell’Università di Salerno [1, 2, 3]. The goals of 

the project are the reconstruction of the ancient 

landscapes and environments since Early Holocene, the 

chronology and the causes of their  changes, aimed 

mainly to evaluation of the archaeological potential of the 

Benevento urban areas.   

In order to achieving these objects, new and old 

archaeo-stratigraphical data (boreholes and 

archaeological excavations), properly collected, reviewed 

and relocated in a appositely made GIS system, integrated 

by a detailed geomorphological study (historical and 

actual 1.5000 cartography and last century aerial photos) 

were carried out (Fig.1). In particular the archaeo-

stratigraphical data derived by old and new 

archaeological excavations and by collected boreholes 

were used for evaluate the localized archaeological 

potential since prehistorical times and especially for the 

Roman age.  The GIS elaboration of these data integrated 

by geomorphological and stratigraphical data allowed us 

to define the archaeological potential map of the 

Benevento urban area (hereinafter APMap_SiUrBe). 

 

 II. GEOARCHAEOLOGIC DATA SYNTHESIS 

Benevento urban area is mainly located on the top of 

Middle Pleistocene alluvial terrace, narrow and NW-SE 

elongated, 50 m hanging over the rivers, made of well-

cemented gravelly and sandy layers [4]. Secondly it 

spreads in two large alluvial plains made of very loose 

gravel and sandy layers: the Calore River to the N-NE 

and the Sabato River to the S-SW (Fig. 2). The alluvial 

plains present two orders of Holocene alluvial terraces 

and very large actual floodplains. The first terrace, 

hanging over the rivers of 10-15 m, is constituted by 

loose gravelly and sandy layers passing to the top to dark-

brown paleosol containing the Avellino tephra layer 

vesuvian eruption (3.8 ky BP, [5]) and several 

 

Fig. 1. Workflow of the materials and methods used 

for the evaluation of the archaeological potential of 

the SiUrBe Project 
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prehistorical and protohistorical findings, from Neolithic 

to Ancient Bronze Age. The second terrace, 3-5m 

hanging, is constituted by very loose gravelly and sandy 

layers, containing several archeological findings from 

Bronze to Roman Age.  The sectors of the alluvial plain 

very close to the two river courses were repeatedly 

flooded since Late Antiquity Age [6] and during the last 

centuries, especially during 1949 disastrous flood. These 

flood interested partially also the two Holocene terraces . 

The Holocene landscape and environment 

modifications were caused by high-frequency climatic 

changes (1.5-1.0 ka cycle) and land-use changes [6, 7],  

instead, for the Middle Pleistocene terrace hosting the 

Samnitic, Roman and Longobards towns,  by several 

phases of re-shaping and rebuilding of the urban areas, 

especially after disastrous earthquakes and for new social 

needs.  

 

 III. ARCHEOLOGICAL DATA SYNTHESIS 

Recent and old archaeological data  show that  

Benevento was occupied by settlements since 

prehistorical times, especially during Neolithic and 

Ancient Bronze ages. In particular, the paleosols covered 

by Avellino tephra products is frequently marked by 

settlement traces documenting dense farming and grazing 

land use. These settlements are distributed mainly in the 

sectors of the Early and late Holocene terraces. The 

Samnitic old city was founded on the top of the Middle 

Pleistocene terrace, occupying only it more high sector 

(Fig. 3). During Roman Age the city was many times 

reshaping and reached it maximum extension, occupying 

all the surface of Middle Pleistocene terrace (Fig. 3). The 

alluvial plain sectors were densely inhabited as 

demonstrated by several ruins of bridges, roads, 

aqueducts, villae, theatres, necropolis and quarters, 

located out the walls of the city. During Longobard and 

Middle Ages the city was strongly reduced, occupying 

only the higher part of the Middle Pleistocene terrace, 

while the sectors of alluvial plain were used mainly as 

farming, grazing and productive areas. The Longobard 

city was extended toward SW, enlarging the terrace with 

great amount of infilling materials (Fig. 3). Several 

phases of rebuilding and reshaping of the city were 

carried out after the Middle Age and until today, 

especially after destructive earthquakes. 

 IV. THE EVALUATION OF THE BENEVENTO 

ARCHAEOLOGICAL POTENTIAL  

A. The localized archaeological potential 

All the archaeo-stratigraphical data have been managed 

and developed through an GIS spatial analyses that 

allows to hypothesize the archaeological layers depth and 

their chronology. In this way in many sectors of the urban 

area is possible to provide very accurate information 

about the depth of archaeological findings. In particular, 

the data allow to better define the localized 

archaeological potential, especially in surrounding sectors 

where the presence, the importance and the visibility of 

the archaeological evidences are more dense (Fig. 3).  

 

Fig. 3. The localized archaeological potential of the 

Benevento urban area. The yellow-red scale color 

circles represent the presence, the importance and the 

visibility of the archaeological evidences. Green 

polygon represents the extension of the Samnitic town 

(IV cen. B.C., blue polygon the Roman town of the III-

I cen. B.C., purple polygon the Roman town of the I-

IV cen. A.C. and red polygon the Longobard town. 

 

Fig. 2. Schematic geologic map of Benevento urban 

areas. Legend: 1) colluvional deposits (Late 

Holocene) 2) Calore and Sabato rivers 3) Late 

Antiquity-Actual floodplain 4) Late Bronze-Roman 

age alluvial terrace 5) Early Holocene-Ancient 

Bronze age alluvial terrace 6) Middle Pleistocene 

alluvial terrace 7) Pliocene clay 8) boreholes 9) main 

archaeological findings 10) geoarchaeological cross-

section trace.  
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B. Toward the Archaeological Potential Map   

The archaeo-tephro-stratigraphical data, derived by old 

and new archaeological excavations and boreholes, 

integrated by geomorphologic study, allowed to 

subdivide the Benevento urban areas in 5 morpho-

stratigraphical units (MU) (Fig. 2), resulting from an 

homogeneity of geologic-geomorphologic characters  and 

chronologic ranges. The MU of anthropic fillings and 

historical reclamations characterizes the Middle 

Pleistocene terrace and partially the Early Holocene 

terrace, with thicknesses ranging from few meters to ca. 

6m. The MUs of Early Holocene and Roman age alluvial 

terraces  characterize the flanks of the Calore and Sabato 

rivers alluvial plains with thicknesses ranging from 5 to 

15 m, and from 3 to 10 m, respectively The MU of Late 

Antiquity-Actual floodplain characterizes the sectors 

located very close to the rivers, especially the sector of 

the confluence of the two rivers, with thicknesses ranging 

from few meters to 5 m. The MU of the historical 

colluvional deposits characterizes the sectors of the 

alluvial plains connecting to the piedmont areas of the 

pre-Quaternary hills. The thicknesses of this MU are 

ranging between few meters and 5 m.  

After the definition of the localized archaeological 

potential and the MU, the integration between 

archaeological and geological data, built with open GIS 

database and computing methods, allow us to  evaluate as 

the archaeological potential is vertically and horizontally 

distributed. The database contains information about ID 

data (archaeological and/or geological), location of the 

data (geographical coordinates, altitude above sea level, 

location in the geomorphological context, 

presence/absence of archaeological information into 

geologic data, altitude above sea level of the Middle 

Pleistocene geological bedrock (considered as layer 

without archaeological potential), altitude above sea level 

of archaeological remains, altitude above sea level of the 

the top and the bottom of the monumental archaeological 

data, altitude above sea level of the tephra layers 

(especially of Avellino and Pollena vesuvian eruptions, 

respectively dated to 3.8 ka BP and 472 AD.  These 

information allowed us to chronologically subdivided the 

archaeological potential, too. In particular the presence of 

the Avellino tephra layer improves the data on 

prehistorical and protohistorical archaeological potential 

while the great presence of Roman age remains allows to 

draw more precisely the Roman age archaeological 

potential. The underground of the urban area was divided 

in chrono-stratigraphic units and investigated by several 

2D geoarchaeological cross-sections. Three examples of 

the several sections are showed in this note (Fig. 4, 5 and 

6, for the traces and locations of the cross-sections see 

Fig. 2).    

The geoarchaeologic cross-section of Fig. 4 shows the 

layers with high archaeological potential, the depth from 

ground level and their altitude above sea level (blue 

polygon) while the Roman age archaeological potential is 

showed with a red dashed line. Therefore the depth of 

Roman archaeological potential layer on MU of Middle 

Pleistocene alluvial terrace (historical centre) is less deep 

and more thick than that on MUs of Early Holocene and 

Roman age terraces. In the first case the aggradation of 

the actual ground level was due only to anthropic infilling 

and reshaping of the Roman and successive ages 

rebuilding, while in the second case was due also to 

several flood events and volcanic fall-outs deposition.  In 

the sector very close to the actual Sabato River riverbed  

the archaeological potential is zero owing to the erosion 

of the historical river bank due to the NE shifting of the 

riverbed.  

 

  
  . The geoarchaeologic cross-section of Fig. 5 shows 

the layers with high archaeological potential (blue 

polygon) of the little sector between P.za C. Pacca and V. 

S. Filippo, localized partially on the Middle Pleistocene 

terrace and partially on it SW border. The archaeological 

potential was evaluate more precisely thanks to the great 

abundance of archeo-stratigraphic data. In the SW border 

sector of the terrace the archaeological potential was 

more depth than those of the top of terrace. This strong 

difference is due to the great amount of man-made 

ancient infilling aimed to expand the size and to change 

the shape of the terrace carried out especially during 

Roman and Longobard ages. 

 

Fig. 4. Geoarchaeologic cross-section showing the 

archeological potential (blue layer) of the Benevento 

urban area. The red dashed line represents the Roman 

age  archaeological potential.  
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The geoarchaeologic cross-section of Fig. 6 shows the 

layers with high archaeological potential (blue polygon) 

of the sector between the Calore River and the central 

part of the Middle Pleistocene terrace, from 

archaeological area of Cellarulo to the Villa Comunale. 

Along this section the thickness of archaeological 

potential is almost uniformly distributed, spanning 

between 2 and 5 m. The values tend to increase from the 

higher part of the Middle Pleistocene terrace to the lower 

part of it. In the Cellarulo archaeological area, the Roman 

age structures were excavated at circa 2 m of depth and 

founded directly on alluvial deposits of the Early 

Holocene terrace or on Tufo Grigio Campano volcanic 

deposits (39ky BP). These two layers can be considered 

as levels with zero archaeological potential because of the 

age (Early Holocene and Upper Pleistocene, respectively) 

and the facies (braided or multichannel river and 

pyroclastic flow, respectively) allow to exclude the 

presence of archaeological remains. Differently in the 

sector of the Middle Pleistocene terrace the 

archaeological potential can be chronologically expanded 

to the prehistorical times because of the presence of a 

thick buried soil on the top of the alluvial deposits. This 

buried soil could be potentially contains archaeological 

remains of Neolithic and Ancient Bronze ages, taking 

into account that Benevento was densely occupied by 

settlements during these periods. 

  
 

Finally, the GIS elaboration of the data allow us to 

draw the APMap_SiUrBe  (Fig. 7), showing the spatial 

information about the potential presence in the 

underground of archaeological remains and their depth 

(m) respect to the ground level. Minimum values, 

spanning between 1-5 m, are concentrated in the sectors 

of the Middle Pleistocene (only on it top), Early 

 

Fig. 6. Geoarchaeologic cross-section showing the 

archeological potential (blu layer) of the Benevento 

urban area. The red dashed line represents the Roman 

age  archaeological potential.  

 

Fig. 5. Geoarchaeologic cross-section showing the 

archeological potential (blu layer) of the Benevento 

urban area. The red dashed line represents the Roman 

age  archaeological potential.  
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Holocene and Roman age terraces and in the sectors of 

actual floodplain.  The maximum values, spanning to 5-

10 m, are concentrated especially along the SW border of 

the Middle Pleistocene terrace, and in the eastern sector 

of the urban area, where is centered in the Terminal Bus 

area. 

   

 V. CONCLUSION 

The used multidisciplinary approach including mainly 

archaeo-stratigraphical and computing methods is a 

fundamental tool to the evaluation of the archeological 

potential, especially for the urban areas. The 

APMap_SiUrBe could and should become a useful tool 

for public administrations and private citizens in order to  

program, plan, estimate and budget new renovation works 

or new buildings.  
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Abstract – Campania is one of the most important 
region of Italy for its Cultural Heritage, in fact 
UNESCO has already declared five World Heritage 
Sites and many others, considered "minor", that are 
not adequately promoted in spite of their high artistic 
value. Cultural Heritage is an inestimable resource 
that should be protected, preserved and promoted by 
“inserting” it in the digital ecosystem of a Smart City, 
where economic, tourist, recreational and logistic 
aspects are all considered together. In this paper, it is 
introduced and described a framework for the 
description of the archaeological evidences and 
artistic artefacts according to the main standards that 
are in literature. A case study related to the 
description of archaeological excavations is analysed. 
 

Keywords 
Open layers, Geospatial Data, Smart Cities, Digital 
Heritage, Linked Open Data, Semantic Web. 
 

INTRODUCTION 
Cultural Heritage in Campania, and generally in Italy, is 
an invaluable resource that must be protected, preserved 
and promoted by “inserting” it in the digital ecosystem of 
a Smart City, where economic, tourist, recreational and 
logistic aspects are all considered together. The aim is to 
realize a system that ensures the management of data with 
a multimedia and multidisciplinary approach through web 
sharing and cooperation techniques, to allow a territorial 
analysis finalized to planning and distribution needs. The 
structure is designed to produce documentation through 
sharing systems texts, tables, presentations, images, 
videos, models, map layers and geospatial elements in a 
shared environment through a single interface 
(Dashboard), customizable by the users. The heritage of a 
multi-layered city and its territory is an ideal application 
scope to realize a dynamic and open map of 
archaeological, monumental, historical and artistic 

potential, with the following objectives:  
- Contribute to the scientific study of an urban 

centre; 
- Create a heritage map through analytical data 

retrieval and their positioning in space;  
- Provide an efficient means of promotion policies 

and urban planning to administrative entities. 
 
For this reason, the relational database provides for 
collecting, digitizing, and placing structured data, 
according to a logic that starts from a general level to a 
minimum unit of information. As highlighted by recent 
publications and reiterated by European projects 
discussing Smart Cities [1], the adoption of Future 
Internet technologies, particularly the paradigms of the 
Internet of Things and Internet of Services, now 
represents the "de facto standard" in the design and 
implementation of IT platforms that can provide effective 
support to the ‘smartness’ of a city. It is possible to design 
context-aware services that take into account both the 
surrounding environment, whose state is captured by 
sensors, and the characteristics of the users. These 
services are all accessible through a Cloud Computing 
environment. In the vision of participatory sensing, [2] 
mobile devices of the latest generations (e.g. smart-
phones, tablets) form an interactive network that allows 
users to access, analyse and share information and 
knowledge. Following the recommendations of the W3C 
Semantic Web framework [3], in order to allow the 
enormous amount of data collected [4] in a smart 
environment to be used by different applications, the data 
must be properly processed and stored in the form of 
linked open data, in order to facilitate both access and 
semantic processing. In particular, this kind of approach 
involve research problems as:  
- the adoption of architectural models and standards in the 
context of Future Internet [5, 6];  
- the access, retrieval, integration and analysis of 
information from all data sources and the correlation with 
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spatial data [7, 8];  
- the transformation of "captured" data in the form of 
knowledge and its management [9, 10];  
- the access to the knowledge based on the user profile, 
the context and the use of applications [11, 12, 13];  
Several projects, recently funded by the European 
community, propose methodologies and the best ways to 
manage and organize the knowledge related to cultural 
heritage: ARIADNE [14]; DC-NET (Digital Cultural 
heritage Network) [15]; MeLa (European Museums and 
Libraries in/of the Age of Migrations) [16]. Several other 
projects dealing with the digitization and use of cultural 
heritage have been proposed, with their emphasis on 
digital libraries and museums (EOD, Europeana 1914-
1918 HOPE, Linked Heritage, etc.). As for the 
management of big data, in recent years several projects 
(EUDAT, iCordi, EUHIT, smartData, Projectcome, etc..) 
have been created to propose solutions for the effective 
and efficient treatment of such data, in particular in the 
context of scientific data processing.  
In Italy, an example in this direction has focused on the 
archaeological heritage in the specific field of ''Urban 
Archaeology", which is an ideal context to build a tool 
that links (through renewed protocols and procedures for 
the acquisition and management of the archaeological 
records) Heritage Protection Entities, Research 
Institutions, Local Authorities and citizens. The first 
attempt was the project SITAN (Sistema Informativo 
Territoriale Archeologico Nazionale), which was 
designed to collect data in the possession of so-called 
"Big producers and depositories of data", such as the 
Ministry of Cultural Heritage and its peripheral Institutes, 
Regions, Municipalities, various Universities and 
Research Institutions. Other projects have been realized 
as the SITAR (Sistema Informativo Territoriale 
Archeologico di Roma), the SITAPT (Sistema 
Informativo Territoriale Archeologico di Porto Torres), 
Mappa (Metodologie Applicate alla Predittività del 
Patrimonio Archeologico), SITAVR (Sistema 
informativoTerritorialeArcheologico di Verona) and 
SIUrBE (Sistema Informativo Urbano di Benevento) [17]. 
In such context, we introduce the SIURX environment, 
based on the state of the art technologies, with the 
purpose of proposing an innovative technological 
solution to knowledge management and supplying of a 
set of "horizontal" services that will allow the building of 
context-aware applications needed to make a smart 
cultural environment, according to the SOA paradigm. 

 
 

 

Fig. 1. Home of the SIURX environment. 

 

SYSTEM ARCHITECTURE AND SERVICES 
 

The SIURX environment aims to investigate the 
possibility of developing a technological infrastructure 
that can adequately support activities related to the 
specific context of cultural heritage, and the various 
people involved. It represents the technological lever with 
which it will be possible to develop value-added services, 
which can enhance the business environment by means of 
personalized services. The ability to use models for the 
representation and storage of standardized contextualized 
data following the semantic web approach, will allow a 
domain knowledge representation, which will also foster 
the semantic integration with other domains. The main 
innovative characteristics can be pursued thanks to this 
environment within the project are listed in detail below:  

 
- Integration: is the construction of a "functional 

ecosystem", a platform where live data and 
heterogeneous information, dynamically entered 
into the system by the various research groups 
that have compiled it. 

- Re-use of Existing Digital Heritage: SIURX 
aims to reuse the already available digital 
contents as much as possible, thus enhancing the 
benefits already ascertained.  

- Open and Scalable Platform: The adoption of 
open standards is a main requisite for the 
interoperability and the scalability of the 
platform, making the reuse of the collected data 
or the inter-operability with other platforms 
possible.  

- Cloud Infrastructure and Platform as 
Services: Cloud infrastructure enables high 
scalability of the system, so that it can 
dynamically optimize its performance / 
resources. 

 An information system should include, of course, the 
capability to take information from heterogeneous 
sources, store such information in big data form, perform 
analysis and reasoning on such sources and make the data 
and the same information available for a variety of 
applications in the different cultural heritage sub-
domains. The identification of techniques, allowing 
information sharing and their successive use in analytical 
processing, in the form of Linked Open Data and the 
Semantic Web perspective, is mandatory. Thanks to the 
SIURX environment, the various contents can be 
exported in the standard formats and as Linked Data. 
From the architectural point of view, the system is 
organized as a web application. The architecture is based 
on three layers: the presentation layer, the service layer 
and the data layer.  

  

38



 

 
Fig. 2. Deployment Diagram of the SIURX environment. 

The presentation layer aims to introduce the various 
services to the users. It has been designed according to 
usability approach and adopts the Bootstrap framework 
[18] and the PHP language. The user can use the 
environment by the only web browser; in this way, the 
portability is guaranteed. The service layer contains the 
business logic and works on an Apache application 
server. The data layer has been developed by the use of 
mySql framework. For the design of the Database the E-
R approach has been adopted. 
 

 
Fig. 3Database Schema of SIURX environment 

The system architecture has two informative macro-
categories in correlation between them for the 
information management, from a general level to a 
particular one.  The first category considers compiling of 
tables related to archaeological excavations, according to 
ICCD standards; the second one has an aggregative 
function, relating each single data in an interpretative 
viewpoint. 
The Urban Archaeological Information System perceives 
the urban archaeological intervention as structural 
element of city life: the temporal-space dimension is 
defined Unità Topografica di intervento Urbano (UTU), 

the main logical element of system. It represents a 
container and an “historical landscape” unit. In this way, 
UTU contains the archaeological activities and 
interventions, including anagraphic and spatial 
information and other types of documentation (photos, 
aerial photos, cadastral maps and surveys). 
In the relational schema, under the UTU entity, there are 
two lower levels of information: SAS (Scheda Saggio 
Stratigrafico) and AGF (Aggregati di ambito 
Funzionale). The first case (SAS) contains the 
archaeological documentation produced during the 
excavations, according to the ICCD standards (Unità 
Stratigrafica, Unità Stratigrafica Muraria, Unità 
Stratigrafica di Rivestimento, Tabella Materiali 
Archeologici). In this process, a unique code is assigned 
for typological definition of intervention (field with open 
vocabulary: essays, sectors, structures analysis etc.), 
structuring a documentary base that considers the 
archaeological stratigraphy. 
According to this logic, it is possible to insert minimum 
data in the aggregation level (AGF) in semi-automatic 
mode, even when a detailed archaeological 
documentation (SAS) is lacking. The main aim is to 
collect information from occasional news, emergency 
interventions not including archaeological 
documentation, according to the ICCD models. The AGF 
level allows the archaeological data interpretation, based 
on three functional entities: Unità Funzionale (UF), 
Deposito Archeologico (DA) e Tombe (T).  
The Unità Funzionale considers all the archaeological 
evidences that have a higher aggregation degree than the 
minimum information (ICCD sheet), representing, for 
example, spaces, pipelines, kilns etc. The Deposito 
Archeologico (DA) is a field of aggregation meant to 
recover all the archaeological information that are not 
immediately related. They are represented by all the 
archaeological information that can be deduced by the 
archaeological stratigraphy, representing occupations 
and/or frequentations of periods and phases of urban life 
not perfectly identifiable. Built structures, complex 
architectural or functional recognizable elements, for 
example, relapse in the abovementioned criteria. In 
addition, the aggregation level can gather all the 
geoarchaeological information through a special sheet, 
which allows knowing the consistency of non-
monumental archaeological deposits, such as the 
paleosols, the collapses of structures, volunteers 
accumulations, discharges etc. 
This procedure leads to a logical hierarchical system from 
the raw data to the interpretation, leaving space to the last 
level, the CA (Complesso Archeologico), which connects 
AGF and a single or more UTU, representing 
archaeological monuments and complex evidences 
(necropolis, temples, public buildings, thermal baths, 
artisanal workshops). [19] 
This is an important step for the urban reconstruction of 
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an ancient city, but often the CA corresponds to a simple 
interpretation not supported by documentary 
archaeological data. This limitation highlights the 
impossibility to operate in the absence of a new model of 
collection of the archaeological record that has to follow 
national and international standards shared by all 
operators, as the ICCD SIGEC WEB (Sistema 
Informativo Generale di Catalogo). 

SIURX FOR MEASUREMENTS 
 
The SIURX framework has a service for the 
measurement of the area of interest. Thanks to this 
service, user can measure the area where the 
Archaeological excavations are located and also of items 
that are in area. The SIURX system adopts a GIS based 
viewer for the representation of the context. On the 
coordinates forms provided, the user can place all 
evidences in the real space, translating simple textual data 
in geospatial ones. This allows a WEB GIS, where it is 
possible, to see the raw data directly on a cartographic 
support and it opens new scenarios in terms of protection 
and valorisation through predictive models. [20]. In 
particular, by the use of a graphical interface users can 
select, according to a visual approach, an area obtaining 
its metrological characterization. It is possible to apply 
the same approach also to some items that are in the area 
as for example floor and walls. GIS were introduced in 
the '80s and' 90s as a database for coding spatial and 
territorial data. The database built through GIS can be 
integrated with the usual alphanumeric and graphics 
database. In addition, they will integrate the common 
handling and research operations with an extensive set of 
cartographic operators. The information in a GIS are 
locational (addresses, postal codes, census areas, 
cadastral sheet, buildings, structures, roads, etc.), 
geographic (geometric description and coordinates of 
points, lines or paths and areas or portions of the 
territory) and tabular (attributes of the objects placed on 
the geographical territory). Image data used in GIS can be 
coded in two models, vector (points, lines, polygons) or 
raster (grid or images): in vector format, objects are 
described by a set of coordinates (x, y) that allows, 
through appropriate systems of projection and 
georeferencing, a spatial representation (geometric) in 
any scale. The points can be used to represent spatial 
objects that, in connection with the scale of 
representation, have a precise location on a map , such as 
the point of a road intersection, the location of a 
archaeological excavations. The lines can be used to 
represent arcs of roads, boundaries, contour lines, 
barriers, rivers and can also have associated one 
direction, as in the case of mobility flows. Polygons, 
finally, are used to represent areas of land, for which it is 
also important to identify the surface, as the municipal 
boundaries, the census areas, the market areas of 

companies, the neighbourhoods of a city, industrial areas, 
school districts, hospital districts, etc. The raster data, 
however, are obtained by dividing the geographical area 
in a regular grid of cells, each containing a color (as for 
scanned images) or a numeric value (as in the case of 
images from remote sensing satellite) representative of a 
characteristic of the portion of area corresponding to the 
cell: type of coverage, type of soil, average elevation 
compared to sea level, etc. There is no such thing as the 
perfect GIS data. It is a fact in any science, and 
cartography is no exception.  However, the imperfection 
of data and its effects on GIS analysis had not been 
considered in great detail until recent years. In the last 
decade, GIS specialists started to accept that error, 
inaccuracy, and imprecision can affect the quality of 
many types of GIS projects, in the sense that errors that 
are not accounted for can turn the analysis in a GIS 
project to a useless exercise. Understanding error inherent 
in GIS data is critical to ensuring that any spatial analysis 
performed using those datasets meets a minimum 
threshold for accuracy.  The saying, “Garbage in, garbage 
out” applies all to well when data that is inaccurate, 
imprecise, or full of errors is used during analysis. The 
power of GIS resides in its ability to use many types of 
data related to the same geographical area to perform the 
analysis, integrating different datasets within a single 
system. But when a new dataset is brought to the GIS, the 
software imports not only the data, but also the error that 
the data contains. The first action to take care of the 
problem of error is being aware of it and understanding 
the limitations of the data being used. 
We can never forget that inaccuracy, imprecision, and the 
resulting error, may be compounded in a GIS project 
when we need to employ more than one data source. In 
these types of projects, one error leads to another, 
compounding its effects on the analysis and affecting the 
entire project. For that reason, it becomes clear that the 
best way to avoid the dangers of propagation of errors 
would be to always prepare a data quality report for data 
created by the GIS users, even if they don’t plan to share 
the data with others. The use of metadata, (or data about 
the data), is one of the first tools that any GIS user should 
consult in order to know more about the data that he is 
using and to avoid adding more error to a data that in any 
case will never be perfect. Any good metadata should 
always include some basic information like age of the 
data, origin, area that it covers, scale, projection system, 
accuracy, format, etc. 
The system's potential is the possibility of creating a 
formal relationship between the spatial data and the 
information inserted within the database. This allows to 
use the GIS not as a simple visualization tool and simple 
queries, but also as a platform that can generate results 
with predictive character. This concerns mainly the 
archaeological data because, in contrast to other cultural 
heritage sectors, are the most problematic especially in 
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terms of protection and urban planning. In a centre with 
an occupation continuous period, the evidences in the 
subsurface may occur in different parts of urban fabric, 
with forms and ways that are not always clear, especially 
given the lack of a thorough understanding of the 
diachronic evolution of the spaces. In order to address the 
need to provide, so as accurate as possible, the areas 
subject to phenomena of attendance in antiquity, it is 
necessary to treat the raw data in a formalized way. The 
numerical normalization is already inside each tab by 
assigning standard parameters according to the type of 
records entered with list of values previously set. In 
particular, the operation concerns, first of all, the 
geomorphological data and geological thicknesses that 
are placed in direct relation with the traces of 
frequentation identified during the investigation. The 
geological data are not interpreted in a deterministic and 
absolute perspective, but they are calibrated on a 
homogeneous sample that allows a result in terms of 
presence/absence of archaeological deposits. The sample 
is carried out with coverage, where possible, through 
targeted probing, exposed sections and information from 
works previously made. The list of values is the result of 
a preliminary analysis that allows returning a vertical 
view about the ancient occupied spaces and their 
hypothetical evolution. This approach allows determining 
the probability distribution of the 
frequentation/occupation traces on a reasonable number 
of layers. The results returned are the product of a matrix 
that includes, as benchmarks, the number of available 
stratigraphic sequences, the number of intercepted layers 
and the presence/absence of anthropogenic traces of 
occupation (expressed by 0 and 1). The derived data is 
used, in turn, as a discriminant value inside a defined 
space that is associated with a distribution of the evidence 
previously known, without distinction as to the typology. 
In this case, it is carried out a Kernel Density Analysis 
that is able to define, on a horizontal plane, the density 
level of a given phenomenon. The advantage of this 
system is linked to the possibility of an implementation 
and re-calibration ever more accurate of areals of 
archaeological potential through the addition of new 
information both for the geomorphologic unit, which for 
the archaeological record. 

 
Fig. 4 GUI for the areas’ selection and their 

measurements 

 

RESULTS AND CONCLUSIONS 
The system, so developed, makes it possible to store the 
past documentation both in real time during the 
operations of excavation of various kinds. Another 
advantage is the possibility for experts to access, modify 
and insert data remotely. Users can use an unavoidable 
system of tabs, returning a standardization of 
archaeological data, both in terms of form and in 
terminology (dictionaries and vocabularies), allowing the 
consultation of material from different archaeological 
interventions.  
The system, as regards the historical centres, has already 
been tested in the city of Salerno, whilst for the territory 
the excavation in a rural area of Benevento (Masseria 
Grasso) by University of Salerno has been chosen, 
making possible to check the validity of the database and 
add contingent implementations. This has allowed the 
team to enter real-time data generated during the mission. 

In the first case, within SNECS project (Social Network 
delle Entità dei Centri Storici) [21], a Thematic Atlas for 
the Information System of the historic centre of Salerno is 
being implemented, to define an integrated system of 
knowledge oriented to a better management of the 
cultural heritage of the old town of Salerno, among urban 
planning, protection, preservation and promotion. 

The preliminary work-steps have involved the 
realization of a cartographic base for the definition of the 
workspaces, dividing the Old Town in Blocks (Isolati). 
They include different UTU, not only buildings but also 
streets, alleys and squares. After the spatial definition, the 
second phase of the project involves the collection and 
the reprocessing of all documentation produced during 
previous archaeological excavations of the old town. The 
recovery of this data plays a dual role: in addition to 
ensuring the preservation of evidence collected only on 
paper, subject to loss and degradation, this allows more 
effective management of data and a more agile and 
immediate consultation. In the transition from paper to 
electronic format, a difficulty is linked to the type of 
sheet used, which not always follows ICCD standards. 
Furthermore, the documentation sometimes is partial and 
incomplete, often produced by operators that do not adopt 
the same methodology of recording data. This operation 
exceeds the level of a simple transfer of data from one 
medium to another and involves the redesign and 
validation of past documentation, allowing for data 
checks and re-reading in terms of the protection, 
promotion and fruition of this heritage.  

The first block analysed is between Via dei Canali, Via 
Dogana Vecchia, Via Botteghelle, Via Torquato Tasso 
and Piazza Abate Conforti, in the western part of the old 
town of Salerno, inserting into the system the 
archaeological record produced during the investigations 
carried out between 1988 and 1990 in the Complex of 
San Pietro a Corte. The site is multi-layered, with a 
continuity of life from the Roman Empire period until 
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now, with the presence of a thermal building. 
The second case has involved the management of the 

documentation produced during the excavation carried 
out in the eastern territory of Benevento by University of 
Salerno in the project Ancient Appia Landscapes (AAL) 
[22], with the aim to recognize environmental phenomena 
and socio-economic and production activities that 
contributed to settlement dynamics along the Via Appia. 
The bibliographic information, data collection, 
geomorphological and archeomorfological data, historical 
maps and results of surface survey and infrasite 
investigation for the area of Masseria Grasso led to 
hypothesize the presence of statio Nucriola or Nuceriola, 
placed by itineraria to IV of the Via Appia, leaving 
Benevento.  The excavation has confirmed the presence 
of a road path with different levels of attendance dated 
between the 2nd century B.C. and the 4th – 5th century 
A.D. and also the remains of structures probably related 
to a production area, between the Augustan-Tiberian 
period and half of 1st century A.D. The system allows to 
manage all the information produced during the 
excavation, according to the logic scheme described 
above. In addition, a "coordinates" table (x, y, z) 
connected to SAS and US ensures the placement of the 
area of intervention on a cartographic base managed by 
GIS. 
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Abstract – A very large number of sites, probably the
large majority of our Cultural Heritage (CH), are unac-
cessible to the public due to the lack of infrastructure,
improper security conditions or lack of personnel. Dig-
itizing in 3D those sites is not very complicated nowa-
days. We will briefly review the technology available
for cheap 3D digitization, from 3D scanning to cheaper
photogrammetric solutions. However, digitization per
se is not a solution: 3D models have to be shared in the
widest and easiest manner. We will present the design
and results of a software instrument that aims at sup-
porting easy navigation of 3D digitized spaces, running
on top of mobile devices such as tablets or smartphones.
The main goal of this project is to guarantee naviga-
tion with ease for users without experience in computer
graphics and videogames, while providing high-fidelity
rendering of the digital 3D model.

I. INTRODUCTION
Cultural heritage sites can stay closed to the public due

to many different reasons, such as: lack of access infras-
tructures, location of the site in a private property, an im-
proper health and safety regulations implementation, lack
of personnel for guiding and controlling visitors, etc. For
example, caves, hypogea, palaces, (underwater) archaeo-
logical ruins, underground spaces, etc. typically fall into
this hidden heritage category. Moreover, the presence of
tourists can be a danger for the conservation status of some
CH sites. For example, caves with prehistoric paintings
can be threatened by an increase in humidity, heat, and mi-
crobes brought in by visitors. Therefore, most of those
sites will never be accessible to the public, and they can be
experienced only through photographs or videos.

The advances of computer graphics and mobile tech-
nologies allow us to experience those sites in a much more
personal and active way. Therefore, we decided to exploit
such progresses to develop a novel approach to the virtual
presentation of hidden CH sites. We want to point out that
there is a pressing need of technologies able to support:

1. 3D sampling of those hidden and unaccessible CH
sites;

2. providing easy virtual navigation of those spaces or

artworks, easily accessible to tourists, scholars or stu-
dents.

Recent advances in 3D digitization technologies have been
quite impressive. This domain has quickly matured in the
last twenty years, moving from research laboratories to the
mass market. Many projects are producing 3D models
from normal streams of digital photographs, or 3D scan-
ning add-on for tablets can be bought for less than $500
at the time of writing. We will briefly review the progress
and potential of 3D digitization technologies in Section ii.

Our main contribution in this paper is to present the de-
sign and performance of a mobile application (app) that
allows ordinary users to freely and virtually access hid-
den CH sites on their personal mobile devices. The app,
designed for the Apple iOS platform, allows the user to
virtually navigate in a complex space, by means of a very
simple and effective user interface. The key is to limit a bit
the freedom of navigation to obtain an improved usability.
This reduces the complexity of the interface, especially in
all those cases where we do not have any complex input
device. We present this mobile virtual navigation tool, Vir-
tualTour, in Section iii. with details on its architecture.
Our approach has been experimented and assessed on two
selected CH sites, described in Section iv.

II. 3D DIGITIZATION TECHNOLOGIES
Typically, 3D digitization of CH sites or artworks is per-

formed to create digital models aimed either at document-
ing the status of preservation at a given point in time, or to
produce virtual presentations [7].

Until very recently, the adoption of active 3D scanning
was the main option when the goal was to obtain an ac-
curate 3D model, i.e. a metrically correct geometric rep-
resentation. Accuracy is key to enable us to consider the
digital models as a faithful representation. It is a major
quality parameter when sampled data should support mon-
itoring and assessing of the possible degradation occurred
over time (that can be easily estimated by comparing dig-
ital models produced in different times, on the condition
that we keep knowledge on the methodologies and oper-
ation modes used in the different acquisitions); or when
sampled data should support the study and analysis of an
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Fig. 1. On the top left image, the two-levels structure of the Casalrotto church is shown. On the top right image, the
church entrance is depicted, together with the first level of the church (bottom-left image) and finally the deeper second
level (bottom-right image).

artwork or an architecture.
More recently, low cost techniques for 3D reconstruc-

tion based on photographs have shown an impressive im-
provement in efficiency and accuracy [2] and they are be-
coming a common resource for many digitization efforts.
Current photogrammetric or SFM solutions provide often
an alternative to active 3D scanning, under the condition
that the data produced bring with them a well documented
and precise scaling to the real coordinate space.

Typical active instruments used to digitize architectural
structures are still quite expensive; those systems are usu-
ally laser-based scanners, called time of flight (TOF) or
Lidar scanners. This type of scanners allows the acquisi-
tion of complex structures in a short time with an accuracy
of 2 or 3 mm, and a sampling rate of one point per squared
millimeter (or even denser).

The complete sampling of an architecture is achieved
by positioning the instrument at multiple shooting posi-
tions. Each shot produces a point cloud corresponding
to the portion of the visible surface from that position.
Raw sampled data has to be processed to produce the full

3D model of the object/structure; the different processing
steps allow switching from raw point clouds or range maps
(produced by the instrument) to a global and aligned point
cloud (where all data are immersed in a common space), or
finally to the final model represented by a triangulated sur-
face (if necessary, with color values assigned to each point
or encoded into a texture map).

To illustrate some of the issues faced in a real dig-
itization, let us introduce one of our case studies (see
Section iv.). The church of Sant’Angelo in Casalrotto
(Taranto, Italy) presents two different and critical conser-
vation issues. The first one is the presence of cracks on
its rocky walls; they do not affect the static structure, but
have damaged the frescoes (12th-14th century A.D.). The
second issue is its high indoor humidity level that is crum-
bling the walls’ surface, damaging the frescoes. For these
reasons, a 3D scan of the internal structure was performed
with a FARO Photon 120 scanner. This scanner can ac-
quire three-dimensional data with a ranging error of ±2
mm between 10 and 25 meters (the ranging error is de-
fined as the maximum error in the distance measured by
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the scanner from its origin point to a point on a planar tar-
get) and with a ranging noise (defined as standard devi-
ation of values about the best-fit plane) between 0.4 mm
and 1 mm. To produce a model with color information,
two different sets of photographs were taken: the first set
was used at medium resolution for capturing the color of
the whole internal surfaces of the church; the second set
of images was shot at high resolution on selected regions,
focusing on capturing and documenting the frescoes. This
approach has been adopted to generate, in a suitable man-
ner, the color information of a very large 3D environment.
Since mapping high-resolution images on the entire church
model would have been very complex (both at processing
and at subsequent rendering time), the high-resolution pho-
tographs have been mapped only to the more significant
areas (in this case, the regions holding the wall paintings).

The church is built on two underground floors (see Fig-
ure 1), and it has a series of internal columns that make
the 3D sampling more complex. For this reason, 25 single
shots, totaling 176 millions sampled points, were acquired
to sample the entire indoor surface. The point clouds were
acquired with an inter-sampling average distance of around
5 mm.

The final model, composed of about 50 million triangles,
was created after merging all point clouds. This model
reproduces the surface with approximately a sample every
5 mm. This resolution is enough for using it in the future
for measuring major conservation problems and to support
interactive presentation.

To allows monitoring also more subtle variations, e.g.
the ones related to the potential deterioration caused by
the weathering, more accurate results could be needed, for
example obtainable by selecting some critical regions and
sampling them with a more precise instrument (e.g. a tri-
angulation scanner based on light fringes).

III. VIRTUAL NAVIGATION USING MOBILE
PLATFORMS

The virtual navigation/presentation of not-accessible
CH architectures or artworks can be obtained by either
adopting Virtual Reality (VR) technologies or by endors-
ing the web platform and related technologies (e.g. [6]) or
even by moving all data and visualization instruments on
mobile platforms. Although in the last years Virtual Real-
ity applications and interactive presentations have begun to
spread in the CH domain, their potential is still underused.
In literature, there are many examples of the use of virtual
reality as a support to the real visit of the museum (e.g. [5]).
Some researchers also suggested how to present historical
content. Aliaga et al. [1] proposed a framework for digi-
tal exploration of CH objects. Some systems, as proposed
by Wojciechowski et al. [8], were designed to build virtual
exhibition using VR technologies with ease.

Our focus in this paper is to present an app providing vir-

tual navigation features on top of mobile devices, adopting
an intermediate level of immersion. We provide a mobile
access to hidden or inaccessible sites (e.g. caves, temples,
buildings, etc.), using 3D representations and breaking the
usability barrier that often hinders the navigation in com-
plex models on top of mobile devices.

VirtualTour is a virtual navigation app for Apple iOS
7, 8, and 9 (tablets and smartphones) which supports the
easy and natural exploration of CH sites captured with 3D
scanning technologies or modeled by artists. VirtualTour
proposes a novel approach for exploring virtual sites by
exploiting modern mobile devices (tablets and phones) and
their embedded sensors. The navigation is constrained to
follow a predefined path in the virtual space; the user can
move along on the path either by manipulating a simple
slider or directly walking in real-world. The device sen-
sors detect user’s steps and progress accordingly in the vir-
tual visit. The view is rotated according to mobile device’s
rotation, which is detected using the embedded device sen-
sors.

VirtualTour includes two main subsystems: Viewer3D, a
real-time rendering engine for 3D models, and RealMove,
a navigation system which exploits the sensors embedded
in mobile devices for driving the navigation interaction.

A. Viewer3D
Viewer3D is a software component that allows real-time

visualization of 3D models on mobile devices (both phones
and tablets), see Figure 2. The software is a framework de-
veloped for the Apple iOS platform and currently supports
operating system versions from iOS 7 to iOS 9. This allows
achieving compatibility across all iOS devices produced in
the last 4 years, i.e. iPhone 4 and newer, and iPad 2 and
newer.

Viewer3D is a rendering engine that relies on
OpenGL|ES 2.0, a graphics library built specifically for
mobile devices. This is the industry standard for creating
high performance 3D applications on low power devices,
and it is fully supported by all major devices manufactur-
ers, including Apple. Viewer3D supports different file for-
mats, including the PLY and OBJ formats. These are the
de-facto standards for 3D scanned models and 3D model-
ing packages, so their support is crucial in our renderer.
The software is also based on the VCG library [3], which
is used for loading 3D models and for the optimization pre-
processing needed for the visualization.

Viewer3D is highly optimized for maximizing the
amount of data that can be visualized on mobile plat-
forms. It supports visualization of 3D models composed
of up to 3 million triangles at 60 frames per second. At
the same time, the viewer supports a color attribute of the
models that can be provided by either assigning one color
for each model vertex, or by using texture maps (up to
16 Megapixel size) which can provide additional color de-
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Fig. 2. Screenshots showing the rendering of the Sant’Angelo church with VirtualTour running on an Apple iPad Air 1.

tails for models that require high color resolution and have
low geometry complexity.
Viewer3D also supports point cloud data, which are also
quite common in CH applications.

This component is highly customizable, including sev-
eral visualization parameters (e.g. lighting of a 3D scene
can be computed in real-time or it can be precomputed and
stored in the 3D model as a color attribute). It enables the
visualization of scenes containing/defined by multiple 3D
models. Furthermore, depending on the specific needs of
the application, Viewer3D allows customizing the appear-
ance of the 3D model. Other than the simple color of the
visualized object/scene, additional attributes can be visual-
ized using different color layers that can provide, for exam-
ple, color coding of different sampled variables (e.g. light
exposure, humidity, chemical concentration of substances,
etc.).

B. RealMove
Supporting free navigation in a complex 3D space is

quite challenging when sophisticated interaction devices

are not available. Even more challenging when we have
only a small screen and use a mobile instrument (where
at least one hand is busy since it has to hold the device).
Therefore, we need different GUI design and interaction
approaches, alternative to the ones implemented for desk-
top applications.

One solution could be to reduce our capability of freely
navigating the space, to simplify interaction and maximize
easy of use. Thus, we can endorse a constrained naviga-
tion approach: if we can accept a predefined navigation
path through our architecture, then reducing the degree of
freedom in navigation has a positive impact in the manage-
ment of the interface. VirtualTour endorses this approach:
the user can navigate inside the virtual reconstruction along
a predefined path, either walking forward or backwards.
The use of a predefined path is not only justified by GUI-
related reasons, but it can be also beneficial to guide the
user to important areas of the virtual sites.

The speed along the path is controlled by the user. There
are two mechanisms for controlling the speed: a slider ren-
dered in view space (standard GUI interface) and directly
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Fig. 3. RealMove component: while a user walks in the real-world space, we detect his steps using the device accelerom-
eter; then, the movements of the user are transferred into the virtual world by advancing the virtual camera (images on
the bottom).

by walking in the real-world (natural interface).

• Speed slider. This is a classic GUI slider (see the top-
right corner of screenshots shown in Figure 2) which
can be activated by a single finger, also while holding
the tablet.
Moving the slider upward means a constant forward
speed (i.e. moving forward), moving the slider in
the middle means zero speed (i.e. steady state, no
movement), and moving it downward means a con-
stant backward speed (i.e. moving backward).

• Walking. This mode allows driving the navigation
by directly walking in the real-world, see Figure 3.
We implemented a step-counter [4] by using the ac-
celerometer sensor of the mobile device.

The above interaction modes allow driving the dynamic
change of the view location. But what about the view di-
rection? Conversely to view location (that is constrained
on the predefined path), the selection of the view direction
is left totally free. The user is totally free to look in any
direction, following her/his personal interest and curiosity.
This is implemented very easily by endorsing the window-
over-the-world metaphor. Our mobile device is our win-
dow over the world, so to modify the view direction the
user has simply to move the mobile device (her/his vir-
tual window) to the requested direction of view. The inter-
face is extremely natural: if we want to see what is slightly
above the current view, we have only to move in that direc-
tion the tablet/phone. Therefore, we can rotate the device
around our head to inspect the entire space around us.

IV. THE TEST CASES
We have tested the VirtualTour system on two CH sites

(see Figure 4).
The first one is the rocky church of Sant’Angelo (Casal-

rotto, Taranto, Italy), a 11th-14th century church totally
dug in the ground. This church is the only example in Italy
of a two levels rocky church. Some details on the 3D digi-
tization of this artwork have been already presented in Sec-
tion ii.

The second one is the Palmieri hypogeum, a Messapian
tomb built in the 4th century B.C., located in the city of
Lecce (Italy). This burial vault is located below a garden
in a private house; even if it is a masterpiece of that ancient
civilization, it is not accessible to the public due to prop-
erty and security issues. The 3D model of the Palmieri
hypogeum was acquired by the Information Technology
Lab of CNR-IBAM (led by Francesco Gabellone) using
a time-of-flight scanner. A digital photographic campaign
was also performed to acquire and mapping the color in-
formation of the tomb on the 3D model.

The limited accessibility of these two CH sites makes
them two perfect case studies for VR exploration with the
VirtualTour app.

V. CONCLUSIONS
This paper has presented VirtualTour, a virtual reality

app for the Apple iOS platform, supporting the exploration
of CH sites. The app exploits the embedded sensors of the
mobile devices to transfer the real-world movements of the
user into the virtual world. An empirical evaluation of the
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Fig. 4. VirtualTour (running on Apple iPad Air 1) visual-
izing the Sant’Angelo rocky church (up) and the Palmieri
hypogeum (bottom).

usability of our tool is ongoing.
Concerning future works, we would like to give the user

more degree of freedom in the virtual environment without
increasing the complexity of the GUI. This entails a more
sophisticated use of the touch-based surface of the mobile
device and possibly a more sophisticated management of
the trackball. Another possible extension is to support the
presentation of descriptive materials (e.g. short audio clips,
images, and text) that could be associated to specific loca-
tions in space (i.e. hot spots); and they could be activated
either by an explicit action of the user or by using a prox-

imity criterion.
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 I. THE ARCHAEOLOGICAL FINDS 

The archaeological excavations at the north-east slopes 
of Palatine Hill in Rome, carried out by the chair of 
Metodologie della ricerca archeologica  of the Sapienza, 
Università di Roma, started in 2001, alongside previous 
excavations  at the Meta Sudans, which begun in 1986: 
from then till now it’s almost 30 years of research activity 
(Figg. 1-3). 

 

 
  Fig.1: the research areas in the urban framework 

 
        Fig.2:excavations at the Meta Sudans  

 

 
              Fig.3: N-E Palatine slopes excavations 
 
The long and accurate work of identification and 

interpretation gave light to several archaeological 
contexts, clear for place and time, and has developed a 
complete site-model from the 10th century B.C. till 
today[1]. Among the more relevant discoveries are 
noteworthy:  

- Evidence of sporadic ceramic finds starting from 
the Eneolithic Age (3rd millennium B.C.); 

- An hut settlement alongside the modern Via 
Sacra, dating to the late Iron age (10th-9th c. 
B.C.); 

- A road network with dedicated infrastructures 
(roads and embankments) starting from the last 
quarter of the 8th c B.C.; 

- The case-wells of a sanctuary on the southern 
slope of the Velia, dedicated to Fortune or Venus 
and dating to mid/second half of the 8th c. B.C.; 

- A shrine on the palatine side, hypothetically 
identified as the Curiae Veteres, dating to the 
end of the 7th c. B.C., later monumentalized in 
the 6th c. and richly reconstructed in the Julio-
Claudian Age; 

- Evidence of archaic city blocks, later rebuilt in 
late Republican, Augustan and Tiberian-
Claudian periods, either in the Colosseum valley 
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and on the slope of the Palatine; 
- The monumental remains of the Augustan Meta 

Sudans; 
- Destructions connected to the fire of 64 A.D.; 
- Buildings, related to the Domus Aurea, around 

the artificial pond and on the slopes of the hills, 
and the porticoes alongside the road connecting 
the Forum valley;  

- The colossal Flavian interventions, deleting 
Nero’s ones: reconstruction of old monuments 
destroyed in the 64 A.D. fire (Meta Sudans, 
Curiae Veteres), construction on the Vigna 
Barberini plateau of a large terrace used as a 
garden; 

- The Hadrian’s reconstructions of the above 
mentioned terrace and the building, on the slope 
of the Palatine of an Horreum facing the 
contemporary Temple of Venus and Rome; 

- Building activities dating to the Severian age 
(after the fire of 192 A.D.) connected with the 
construction of a new Horreum on the pre-
existing one, destruction of the porticoes 
alongside the road leading to the Forum, 
construction of the so called Temple of Jupiter 
Stator and the widening of the terrace of Vigna 
Barberini for the construction of the Temple of 
Elagabalus;  

- The imperial insigna attributed to Maxentius;  
- The late antique re-organization (construction of 

a domus or a hospitium) replacing the Severan 
Horreum, claddings and in infills on the pre-
existing buildings) and the last evidence of 
maintenance of the collapsing old buildings, 
which are now refunctionalized (metallurgical 
workshop in one of the rooms of the old 
Curiae); 

- Few 6th c. burials; 
- Evidence of the S. Maria Nova settlement (from 

the 8th c.) and of medieval and modern robberies 
(12th and 13th c.). 

 
The excavations have produced an enormous amount of 

information in different formats: written data, graphic and 
spatial data, photos, videos.  

It is redundant to stress the importance of topographical 
survey and drawing in the archaeological investigations, 
either during the excavation either in data processing and 
interpretation of stratigraphic sequences, but also for 
protection and enhancement activities of archaeological 
heritage, and finally for saving the visual memory of 
completely excavated evidence. If on one hand it is 
correct to assign a central role to graphic documentation 
during the excavation, on the other it is also true that 
producing it with traditional methodologies affects the 
swiftness of the investigation. Furthermore the results are 
not always totally trustworthy. 

For this reason, and for educational and scientific 
purposes, methodologies and procedures have been 
updated, heading for testing groundbreaking 
technologies. Students are encouraged to include in their 
academic career the new paths that the technological 
revolution had opened for the acquisition, integration, 
processing, analysis, archiving and distribution of the 
spatial data. Furthermore, the excavation area 
characterized by different elevations and overlapping of 
complex sequences, made strongly necessary the use of 
tridimensional representations. (C.P.) 

 II. DETAILED DATA FROM EXCAVATION 

In these years the excavation documentation has been 
produced using different tools offered by ever new 
technologies. Nonetheless our approach remained the 
same: for each minimal evidence (context) we produced a 
plan (called overlay, generally in scale 1:20), several 
photos and a specific file-card; in case of particular 
evidences like structures, wall/pavement coverings or 
decorations, collapse layers and traces of activities, the 
data collection was even more accurate. Beside the single 
overlays we have produced many other type of plans, 
usually representing more contexts and features: first of 
all  general maps redacted at the end of each year’s 
campaign. Finally we must also consider all the vertical 
drawings like sections (made on site or in laboratory) and 
facade elevations.  

At the start of our field activity all this graphic 
documentation was totally handmade, with direct drawing 
supported by total station; then we gradually introduced 
new techniques: first photo-rectification, then more 
advanced instruments for 3D survey.  

In 2007 we used for the first time laser-scanner 
technology, in cooperation with R. Carlucci and D. 
Santarsiero, during the imminent opening of a new and 
wide excavation area where many ancient architectural 
remains were already visible. 

Afterwards we have established a long cooperation 
with R. Gabrielli (ITABC-CNR) focused on the 
application of different 3D survey systems in 
archaeological excavation: from close range base 
modelling to aerial image base modelling [2].  

In the last years we used latest software, low-cost and 
user friendly, for digital 3D reproduction of layers, walls 
and artefacts (see par. IV): nevertheless handmade and 
direct drawing hasn’t been abandoned; we still appreciate 
its benefits considering also the need of uniformity with a 
previous enormous amount of analogical drawings[3].  

In the same way, during on site activity, we use paper 
file-cards and then transfer them into a dedicated DBMS. 
A digital version of the excavation archive is managed by 
an intra-site GIS, planned in 2001, for data retrieving, 
spatial analysis, and thematic maps elaboration: 
especially maps of periods and site reconstruction 
models; this system in the years has been continuously 
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implemented and updated with available new software 
and sources[4]. 

Today the end of excavation activity is nearing and we 
are facing the duty to make available our data to citizens 
and institutions: having a big amount of heterogeneous 
information we must decide the shape and contents of 
knowledge to show at large, in order to make it easily 
accessed and avoid overabundance or dispersion. 

Considering current resources and previous work we 
selected the main data to be made public, organizing 
them in a single and summary geo-database, managed by 
ESRI ArcGis 10.2 and composed by several layers 
divided in specific groups. 

The first group is dedicated to all maps and documents, 
contemporary and historical, for urban contextualization 
of excavated area. 

 
Fig.4: intra Site GIS: general map 

 
The second group is dedicated to excavation graphic 

documentation; the main layer here is a general plan, in 
vector format, composed by all contexts recorded during 
the years: more than 6000 features together with their 
essential data (ID number, year of finding, type, 
definition, building technique, elevations, period, 
obliteration); these are rendered in a chromatic scale by 
period, with a transparency value increasing from bottom 
to top, in order to make them all visible (Fig. 4). 

 In the same group we also collected all the original 
pencil-made plans, georeferenced in raster format in 
order to make possible their analysis under the general 
vector map (Fig. 5)., following an execution-date order; 
for the same purpose another sector has been planned for 
orthophotomaps produced since 2010, using different 
techniques: semi-aerial (pictures taken from a crane 
basket) or by UAV in collaboration with Prof. S. Barba 
(Salerno University) and his research staff. 

Third group is dedicated to period and phase maps: 
here are visible main chronological life steps of the site 
detected by research, in a top-down view, from most 
ancient till modern age. 

The last group collects all documents drafted during 
archaeological interpretation like reconstructive plans, 

sections and elevations; they can be considered as 
different proposals in an increasing effort of historical 
composition of the site: they are not just reconstructive 
drawings but also proof of our interpretative process. 

Fig.5: intra Site GIS: original drawings management 

 III.  3D MODELLING AND RECONSTRUCTION 

Ancient architectures 3D modelling should be focused 
on composition of archaeological evidences, in different 
slices of time, to reproduce, in a virtual environment, 
transformations of ancient landscapes: this can be 
particularly  suitable for a correct  knowledge diffusion 
but also for restoration and cultural heritage enhancement 
[5].  

We give, as an example, the reconstructions of the 
ancient street, leading from the Colosseum valley to the 
Roman Forum, during its main imperial phases, from 
Nero’s to Hadrian’s period [6]. 

The autopsy of structural remains and the accurate 
study of architectural decoration fragments, including 
spatial analysis of findings inside the stratigraphical 
context, made possible their association to the 
monuments during the different phases.  

Together with an analytical catalogue of each fragment 
we performed a new 3D documentation with image base 
modelling techniques. This work has been done with the 
essential help of R. Gabrielli, using a 20 Mpixel Canon 
mak II 5D camera (with a 50 mm. lens) and Agisoft 
Photoscan software: before shooting the photos, in order 
to have an optimal metric resolution, two perpendicular 
axes have been set up to identify each fragment’s plan, 
creating a sort of measurement grid to determine objects 
coordinates and dimensions. 

Mesh obtained by this process are accurate in 
morphology and dimensions but have a non structured 
network, very high in density; it is also very difficult to 
use textures processed from automatic mapping in post-
production editing. A second step of data processing,  
made by Katatexilux company, was then necessary to 
optimize the survey results for editing and manipulation.  

A topological mesh redefinition has been completed 
using the module Retopo of Modo Luxology software: for 
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each fragment a low-poly mesh was generate
the raw surfaces, plotting an optimal distribution 
network; a similar principle was 
production of new textures, mapped by hand on UV mesh 
coordinates and then reversed from source to simplified 
models using the Transfer map command of 
Maya. 

After this optimization the fragments have been  
recomposed in complete architectural 
modelling the missing parts with Luxology Modo
proposing a kind of virtual restoration (Fig.

 

 
Fig.6: digital restoration of architectural 
 
From these elements we started our reconstructive 

study, following principles of roman architecture and 
using as reference the analysis of other monuments, 
similar for typology, chronology and building dynamics. 

At the beginning we have elaborated two
reconstructive drawings (plans, sections and facade 
elevations) using survey measurements and trying to 
answer to principles of architectural composition but also 
to static and functional aspects of the buildings. 

From these elaborations we started 3D modelling for 
each period: this process indeed was cyclic in a 
continuous and mutual updating from 2D and 3D 
environment (Fig. 7). Finally, once reached satisfactory 
proposals, we started an accurate study of materials
decorations for the textures (Fig. 8), in order to reach an 
high level of realism with a big visual impact

 

generate tracing it on 
an optimal distribution 

 adopted for the 
production of new textures, mapped by hand on UV mesh 
coordinates and then reversed from source to simplified 

command of Autodesk 

After this optimization the fragments have been  
rchitectural elements, 

Luxology Modo and 
(Fig. 6).  

 

f architectural elements 

From these elements we started our reconstructive 
study, following principles of roman architecture and 
using as reference the analysis of other monuments, 
similar for typology, chronology and building dynamics.  

At the beginning we have elaborated two-dimensional 
reconstructive drawings (plans, sections and facade 
elevations) using survey measurements and trying to 
answer to principles of architectural composition but also 
to static and functional aspects of the buildings.  

From these elaborations we started 3D modelling for 
each period: this process indeed was cyclic in a 

and mutual updating from 2D and 3D 
Finally, once reached satisfactory 

proposals, we started an accurate study of materials and 
, in order to reach an 

high level of realism with a big visual impact (E.B.)  

Fig.7: 3D model of the temple behind the portico: 
Flavian period (by Katatexilux)

 

Fig.8: 3D rendering of the portico along the 
Nero’s period (by Katatexilux)

 
IV - MORE ON 3D APPLICATIONS
 
The GIS is a powerful instrument, but with its limits, 
mainly his 2D vocation. The study 

morphology,  Rome is the city of the seven hills,
strata in the excavation show overlaps over 10 meters 
deep. Just the layer of rubble from the fire of 64 AD in 
the Colosseum square is thick more than
3D approach was an obvious necessity. We first extracted 
from the GIS some digital terrain models
reflecting the present terrain, and older situations based 
on historical, excavation and drill data. 

The subsequent evolution, or rather a complement to 
GIS data, was the construction of a set of 3D models 
showing the urban organization of the area
years. The models were based on data derived from the 
GIS, and from the DTM’s. The basic software used was 
Sketchup. The 3D models are low poly, very simplified, 
so as to allow for a manageable representation of a vast 
area. They present the area in a sequence of different time 
periods ranging from before the fire of 64 AD to the late 
roman period, about VIth century A
3D representation through time, or a 4D model of the 
area. Furthermore, many of the buildings represented 
offer alternative reconstructions, that have to be 

 
of the temple behind the portico: 

(by Katatexilux) 
 

3D rendering of the portico along the street: 
(by Katatexilux) 

MORE ON 3D APPLICATIONS 

The GIS is a powerful instrument, but with its limits,  
mainly his 2D vocation. The study area has a varied 

city of the seven hills, and 
show overlaps over 10 meters 

deep. Just the layer of rubble from the fire of 64 AD in 
is thick more than 4 meters. So a 

approach was an obvious necessity. We first extracted 
from the GIS some digital terrain models (DTM) 
reflecting the present terrain, and older situations based 
on historical, excavation and drill data.  

The subsequent evolution, or rather a complement to 
GIS data, was the construction of a set of 3D models 
showing the urban organization of the area through the 
years. The models were based on data derived from the 
GIS, and from the DTM’s. The basic software used was 

The 3D models are low poly, very simplified, 
so as to allow for a manageable representation of a vast 

rea in a sequence of different time 
periods ranging from before the fire of 64 AD to the late 
roman period, about VIth century A.D. So we have a  

representation through time, or a 4D model of the 
area. Furthermore, many of the buildings represented 

r alternative reconstructions, that have to be 
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documented. 
So we have for some buildings several 3D models that 

reconstruct the variations they have undergone through 
the years, and different sets that offer alternative 
reconstructions of the same building (Fig. 9). 

Each building or urban detail in the model has a related 
documentation that  lists the sources used and the logic 
steps for the proposed reconstruction. So the digital 3D 
model has a complement of documentation, or user 
manual, that has been organized in a paper booklet with 
its PDF version.  The set of models can be seen as a 
repository of information from which several different 
end products can be derived, such as two animations that 
can be viewed from Youtube1. Some buildings have been 
modeled with more detail, according to some research or 
description need.  
 

 
Fig. 9: the valley from Trajan’s baths.  

A couple of years ago we have begun experimenting 
with 3D models extracted from a set of photos, using 
mainly Autodesk 123D Catch.  The main advantage is 
that the procedure is simple and fast, and it can be learned 
and applied by the field archaeologists without waiting 
for the arrival of a specialized equipment and further 
waiting for possible very long lapse of time for 
postprocessing procedures.  

This type of capture can be divided in two families of 
applications. The first one about 3D models of small 
items, such as statues or pottery, architectural fragments, 
and the second about larger areas such specific 
excavation areas.  

As an example of the first kind we can cite a portrait of 
Emperor Septimius Severus.  The image shows the 
marble head as it was found (Fig. 10). It has been since 
cleaned and restored, and the availability of both models, 
before and after the restoration process  gives some 
interesting insights. 123D Catch offers the possibility of 
saving the model with three levels of detail: low, standard 
or high. We have usually relied on the standard mesh. The 
procedure allows to export in .dwg or .obj formats. So it 
is quite easy to transfer the model to other programs such 
as Poser or Blender, to further manipulate the results.  

                                                 
1  https://www.youtube.com/watch?v=6Rvoi3Tj7UQ  - The valley from 
60 through 350 AD 
   https://www.youtube.com/watch?v=3-8kL985TZ8 – The water cistern 
known as the Settesale 

The technique for the modelling of large areas is 
initially the same as for the smaller items (Fig. 11). A 
number of photos taken from different angles and points 
of view.  

 
Fig. 10: A marble head of emperor Septimius Severus 
found during the excavation, mesh and rendering.  

In the recent past we have used a construction crane to 
reach an high position over the site; for closer takes we 
use an extension pole held from the ground. The models 
have been saved in .obj format, and exported into 
Blender, where it is rather easy to produce orthographic 
views, both in plan and in front or section views. It is not 
necessary to calibrate the model in real coordinates, since 
this operation is performed in a successive georeferencing 
procedure within ArcGis. Once this perfected, the plan 
becomes a further layer and the sequence of plans can be 
viewed to reconstruct the different steps of the 
excavation. It is also possible to create a number of more 
limited plans, for single rooms or smaller areas, and add 
the results to the stack of georeferenced raster images. 
The 3D models of the site have been used also as a base 
for drafting reconstructions of the buildings and urban 
organization of the area in different phases of its life. 

Fig. 11: 3D model of the excavation area, with the position of 
the camera in the sequence of takes used to create it.   
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Once completed the archaeological excavation it’s the 
turn of the architects, that with the help of the 
archaeologist must design a restoration plan for the area, 
and eventually some more specific projects to enhance 
the visibility of finds and their understanding for visitors.  
In this phase the 3D models have been used as a reference 
for the projects. An overall project has been drafted for 
the reorganization of the area for future visitors (Fig. 12), 
and a more detailed architectural project has been 
prepared for the construction of a partially underground 
museum that could allow visitors to see the ruins of the 
ancient city before the fire of 64 AD that lie below the 
level of the square. Since the remains of the Meta Sudans 
of Augustus have been found at about six meters below 
the present pavement, this can be easily done, without 
altering in a significant way the outer appearance of the 
square (Fig. 13). (M.F.) 
 

 
Fig. 12: The restoration project for the Palatine hill area. 

 
Fig. 13: A 3D model of the proposed underground museum, with 
the pavement visually removed to show the inside.  
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Abstract – Recent geo-archaeological researches are 

improving the just published data on the Late 

Holocene sea level rise along the Campanian coasts, 

allowing us to distinguish the tectonically stable 

sectors from those affected by relevant vertical ground 

movements. Each of these sectors were affected by 

different Late Holocene morpho-dynamic of the 

coastal environments and of the shorelines, resulting 

by the combination of several factors, such as climatic 

and land-use changes, volcanism, volcano-tectonic 

movements and anthropization. Therefore the models 

of the ongoing and future sea level rise and the 

relative effects on each of the Campanian coast sectors 

must necessarily use the measurements carried out in 

the coastal archaeological sites. They are a 

fundamental key to understanding the past morpho-

evolutive events and, thus, support the studies on 

future scenarios of the coastal evolution. 

 I. INTRODUCTION 

The Campanian coast (Fig. 1) is about 450 km long and 

made of alternating high rocky coast (Sorrento peninsula 

and Cilento promontory), low sandy coast (Volturno, 

Sele, Sarno and Alento rivers alluvial coastal plains) and,   

volcanic coast sectors (Phlegrean Fields and Vesuvius). 

Some coast stretches are highly anthropized, especially 

those falling within the perimeters of the cities of Naples 

and Salerno.  

Archaeo-stratigraphic data coming from several major 

Magna Graecia and Roman sites located along the 

Campanian coast (Fig. 1) (from north to south: Sinuessa, 

Liternum, Baia, Puteoli, Pausyllipon, Neapolis, 

Herculaneum, Oplonti, Sorrento-Amalfi peninsula, 

Salernum, Poseidonia-Paestum, Agropoli, Elea-Velia) 

have allowed to reconstruct their Late Holocene 

geomorphological and palaeo-environmental evolution 

and in many cases to individuate the causes of the main 

changes.  

The data highlight that the Campanian coast records 

very articulated and differentiated morpho-evolutive 

scenarios for the Late Holocene that result from the 

interaction of endogenous and exogenous dynamics, to 

which the strong anthropization of some coastal sectors 

since Greek times must be added.  

 
The measurement of the Late Holocene sea level rise, 

the reconstruction of the  ancient shorelines, the 

interpretation of the coastal morpho-dynamic 

evolutionary trends and the causes of the changes are the 

main aims of this work.  

These measurements must be taken into account in 

order to provide the future coastal scenarios and to 

validate the models of the ongoing sea level rise and 

evaluate the risks connected to it.  

Fig. 1. Schematic geological map, types of coasts and 

archaeological sites cited in the text  
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 II. HOLOCENE MORPHO-DYNAMIC TRENDS OF 

THE CAMPANIAN COASTS 

The Campanian coasts can be divided into 4 main types 

(Fig. 1):  

Type 1):  the low sandy coasts were affected by marine 

transgression during the Early Holocene caused by post-

glacial sea level rise. Starting from 6.0 ky BP, and 

especially during the Greek-Roman and Late Roman 

periods, the shorelines and the barrier-lagoon systems 

prograded several hundreds meters (Fig. 2 and 3). 

Shorelines progradation was caused by: 1) the decrease of 

the rate of late Holocene sea level rise, 2) the increase of 

fluvial inputs due to climatic and land-use changes, 3) the 

deposition of the pyroclastic sediments of the 79 AD 

Vesuvian eruption. 

 

. Type 2): the high rocky coasts were affected by cliff 

recession during the Early Holocene and by slight 

progradation when the rate of sea level rise strongly 

decreased. Only in the coast sectors including small 

streams and rivers the progradation was stronger, 

especially in the sectors that were affected by the 

deposition of the 79 AD Vesuvian eruption.  

Type 3): the volcanic coasts were interested by 

articulated vertical volcano-tectonic movements. Several 

sectors of the Vesuvian and Phlegrean Fields coasts were 

affected during the Late Holocene by alternating  positive 

and negative ground movements. The uplifting movement 

increased the progradating trend of the shorelines while 

the downlifting movement balanced the progradation 

causing the submersion of the coasts and of many 

archaeological sites located close to the ancient 

shorelines.  

Type 4): the coasts of Naples and Salerno cities were 

strongly modified since Greek and Roman times, 

respectively. Repeated coastal reclamations were carried 

out, that experienced mainly progradation,  after extreme 

alluvial events caused by Late Holocene land-use and 

climatic changes and for new social needs.   

 III. THE GEO-ARCHAEOLOGIC MEASUREMENTS: 

CASES-STUDY 

The analysis of Late Holocene sea level markers 

(biologic, geologic and archaeologic) and the relative 

measurements of the Holocene sea level rise, by 

considering a Late Holocene sea level rise of ca. 1.3 m 

since 2000 BP [1], have given evidence on the stability or 

non-stability of the studied coast sectors and, thus, on the 

origin and entity of ground movements. All the collected 

are synthesized in Fig. 2 and 3. 

 
They can be briefly below summarized in:  

 
Fig. 2. Late Holocene shoreline trends and vertical 

ground movements along the Campanian coast. 

Fig. 3. Table of Late Holocene vertical ground 

movements and morphodynamic trends along the 

Campanian coasts 
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A. Type 1: Low sandy coasts 

During Early Holocene, the low sandy were affected by 

marine transgression caused by post-glacial sea level rise. 

Starting from 6.0 ky BP, and especially during the Greek-

Roman and Late Roman periods, the shorelines and the 

barrier-lagoon systems shifted seawards by several 

hundreds of meters. This is true both for the low coasts 

that have registered slight subsidence during Late 

Holocene (Volturno River [2] and Sarno River [3] alluvial 

coastal plains and the central-northern Sele River alluvial 

coastal plain [4]) and for the stable low coast sectors (Fig. 

2 and 3). Shoreline progradation was caused by: 1) the 

decrease of the rate of Late Holocene sea level rise, 2) the 

increase of fluvial inputs due to climatic and land use 

changes and 3) the deposition of the pyroclastic 

sediments of the 79 AD Vesuvian eruption, especially in 

the cases of the Sele and Alento coastal plains. 

The Volturno River alluvial-coastal plain, is a low 

sandy coast type (Fig. 2 and 4). Archeo-stratigraphic data 

[2, 5] show that the plain was affected by a trasgressive 

phase during Early Holocene supporting the landward 

migration of the barrier-lagoon system, while during the 

Late Holocene, especially in the last 2500 years, the 

barrier-lagoon system prograded several hundreds of 

meters. Chrono-altimetrical data of Holocene sea level 

rise [2] show that the coastal sector has slightly subsided 

(ca. -2 m a.s.l., 2.0 ky BP) (Fig. 3).   

 
The Sele River alluvial coastal plain is a low sandy 

coast type (Fig. 2 and 5). Archeo-stratigraphic data [4] 

show that the plain was interested by a trasgressive phase 

during the Early Holocene with the migration of a barrier-

lagoon system toward the inner part of the plain (Fig. 5). 

During the Late Holocene the barrier-lagoonal system 

shifted seaward, first because of the decrease of the rate 

of the sea level rise and second of increase of fluvial 

inputs due to climatic and land-use changes. After the 

deposition of the 79 AD volcanic products a coastal 

progradation occurred. Chrono-altimetric data show that 

the coast has slightly subsided, especially the northern 

and the central sectors [2] (ca. -2 m a.s.l., 2.0 ky BP) (Fig. 

3).  

 
The Alento and Fiumarella rivers alluvial coastal plains 

refer to the low sandy coast type. Archeo-stratigraphic 

data [6, 7] show that the plains were interested by marine 

trangression during Early Holocene (Fig. 6). During the 

Late Holocene, especially during Greek-Roman times, 

the shoreline prograded several hundred of meters, 

because of the strong increase of fluvial inputs due to 

climatic and land use changes. The 79 AD eruption 

contribuited to the strong progradation, too. Chrono-

altimetric data [6, 7] show that the coast was stable (ca. -1 

m a.s.l., 2.0 ky BP) (Fig. 3). 

 

B. Type 2: volcanic coasts 

. The Phlegrean Fields and Vesuvio coastal sectors are 

volcanic coasts made of alternating stretches of high 

rocky and low sandy coast. The volcanic coast sectors 

Fig. 4. Late Holocene shorelines of the Volturno River 

alluvial coastal plain  

 

 
Fig. 5. Holocene shorelines of the SE sector of Sele 

River alluvial coastal plain. 

 

 
Fig. 6. Holocene shorelines of the Alento and 

Fiumarella Rivers alluvial coastal plains 
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(from Pozzuoli Bay to the Naples Gulf) (Fig. 1) were 

interested by articulated vertical volcano-tectonic 

movements during the Late Holocene. Several sectors of 

the Vesuvian and Phlegrean Fields coasts record 

alternating positive and negative ground movements. In 

the Pozzuoli sector, archaeological sites were also 

affected by short-term positive vertical movements [8]. 

 Uplift movements increased the trend of shoreline 

progradation, while downlift movements balanced the 

progradation and caused the submersion of many 

archaeological sites located close to the ancient 

shorelines. 

Archeo-stratigraphic data [8, 9, 10] show that the late 

Holocene coastal evolution was mainly due to volcano-

tectonic alternating positive and negative ground 

movements, accompanied by strong aggradation of the 

ground level due to the deposition of Vesuvian eruptions 

products, mainly due to the 79 AD eruption.  

The data on the late Roman configuration of the 

Pozzuoli Bay show that the effect of the volcano-tectonic 

movements has been the submersion of several coastal 

archaeological sites (Fig. 7a,b), although the bay was 

affected by several phases of uplifting, too, as in the case 

of the Roman colony of Puteoli [8] (Fig. 3).  

    
At Baia, chrono-altimetric data show that all the coastal 

sectors has subsided (ca. -5 m a.s.l., 2.0 ky BP) while at 

Puteoli the vertical movements were alternatively 

negative and positive. 

The data on the Roman town Herculaneum show that 

the coastal sector prograded several hundreds of meters 

and aggraded circa 20 m after the 79 AD Vesuvian 

eruption (Fig. 3) [10]. In this case-study chrono-altimetric 

data show that the sector has subsided (ca. -3,5 m a.s.l., 

2.0 ky BP) (Fig. 3). 

The Sarno River alluvial coastal plain (Fig. 8) was 

affected by marine transgression during the Early 

Holocene while during the Late Holocene, the barrier-

lagoon systems prograded mainly because of the increase 

of fluvial inputs due to volcanic deposition of Vesuvian 

eruptions, climatic and land-use changes [3]. Chrono-

altimetric data show that all the Phegrean Fields and 

Vesuvio coastal sectors have subsided (ca. -3 m a.s.l., 2.0 

ky BP) (Fig. 3). 

 

C. Type 3: high rocky coasts with alternated pocket 

beaches 

The high rocky coast sectors (Sorrento peninsula and 

Cilento promontory) (Fig. 1) are stable since Late 

Holocene. Rocky cliffs were affected by recession during 

the Early Holocene, while rias and localized pocket 

beaches underwent marine transgression. The late 

Holocene sea level rise led to the submersion of several 

archaeological sites while inlets fed by slopes debris and 

streams were interested by shoreline progradation. The 

shorelines shifted seaward thanks to the strong decrease 

of the rate of sea level rise under the effect of extreme 

alluvial events due to land-use and climatic changes. In 

the Sorrento peninsula, the deposition of volcaniclastic 

products of the 79 AD Vesuvian eruption enhanced local 

and short-term shoreline progradation [11].  

Sorrento Peninsula coastal sector is a stable sector that 

experienced progradation at the mouths of the rivers, as a 

result of extreme and\or post eruptive events. In particular 

the alluvial phenomena occurred after the 79 AD eruption 
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Fig. 8. Holocene shorelines of the Sarno River 

alluvial coastal plain 
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involved all rivers of peninsula, as in Seiano pocket 

beach [11] (Fig. 9a), and in Amalfi, Atrani, Minori, 

Maiori [12]. On coast stretches not fed by sedimentary 

inputs, a submergence of archaeological sites, caused 

only by the eustatic effect, occurred, as in the cases of 

Sorrento Marina Grande (Fig. 9b), Capo di Sorrento and 

Punta Campanella (ca. -1,1 m a.s.l., 2.0 ky BP) (Fig. 3). 

 
Posillipo (Naples) coastal sector is a high rocky coast 

(Fig. 10), affected by subsidence since Roman times, 

because of vertical ground movements due to volcano-

tectonics, as demonstrated by chrono-altimetrical data of 

late Holocene archaeological sea level markers in the 

Gaiola site [13] and in Nisida, Marechiaro and Rosbery 

sites (ca. -3 m a.s.l., 2.0 ky BP) (Fig. 3). 

 

D. Type 4: strongly anthropized low coasts 

The coasts of Naples and Salerno cities have slightly 

subsided since Late Holocene due to volcano-tectonic and 

tectonic movements, respectively, and have suffered 

strong anthropization since Greek and Roman times, 

respectively. Late Holocene coastal progradation 

occurred in relation to extreme alluvial events caused by 

land-use and climatic changes but was also favored by 

man-induced coastline modifications for coast 

reclamation and for answering new social needs.  

Naples city coastal sector is an anthropized coast since 

the Greek times. Many sectors were built adding man-

made infillings and/or building on alluvial events caused 

by climatic and land-use changes. Progressively the 

shoreline prograded several hundreds meters (Fig. 11). 

Chrono-altimetrical data of late Holocene sea level rise 

[14, 15] show that the coast has subsided due to volcano-

tectonic movements (ca. -3 m a.s.l., 2.0 ky BP) (Fig. 3). 

 

 
Salerno city coastal sector is an anthropized coasts 

since the Roman times. Many sectors were built up 

thanks to man-made infillings and/or aggradation due to 

alluvial events caused by climatic and land-use changes 

[16]. Progressively the shoreline prograded several 

hundreds of meters while the ground level aggraded  by 

10.5 km0

Fig. 10. Roman age shoreline along the Posillipo 

promontory  

0.50.25 km0

 
Fig. 9. Roman age shorelines along the Sorrento 

peninsula. a) Seiano-Villa del Pezzolo pocket beach, 

b) Agrippa Postumo villae high rocky coast  
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Fig. 11. Holocene shorelines of the Naples Bay 
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several meters (Fig. 12). Crono-altimetrical data of the 

late Holocene sea level rise show that the coast has stable 

or slightly subsided (ca. -1,5 m a.s.l., 2.0 ky BP) (Fig. 3). 

 IV. CONCLUSIONS  

The study of future scenarios concerning the shoreline 

evolution of the Campanian coast due to the ongoing 

climatic changes must necessarily approach all the factors 

that may have affected their Late Holocene evolution.  

Obtained results highlight that the measurements of 

archaeo-stratigraphical markers of coastal archaeological 

sites can be a fundamental key to understanding the 

Holocene sea level rise, especially for the last 2.500 yr, 

the past morpho-evolutive phases, and the main changes. 

The measurements can be used to support the models on 

the ongoing sea level rise and on the effects of it along 

the Campanian coasts. 
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Abstract – Recent geoarcheological researches based 

on a multidisciplinary approach allow us to 

hypothesize the position of the Roman Age shoreline 

in the sector between the Volturno River mouth and 

the M. Massico relief (Campania region). The 

collected data highlight a Late Holocene different 

morpho-evoutive trend for the Mondragone coastal 

sector, where the Roman colony of Sinuessa was 

located, respect to that of the Volturno river mouth 

where the shoreline during the Roman Age was 

much more inland than nowadays. Today the 

shoreline position is due to several progradation 

phases occurred since 2.0 ky B.P.; on the contrary 

the Mondragone coastal counterpart did not register 

these progradation phases and nowadays the 

shoreline position is more or less close to the Roman 

Age shoreline. In particular, the archaeo-

stratigraphic data from the Sinuessa archeosite 

(walls, roads, maritime villas) allow to locate the 

Roman Age shoreline at ca. 200 m offshore respect 

to the actual one.  

 I. INTRODUCTION 

The reconstruction of the coastline position between 

the Volturno River mouth and the Mt. Massico during 

Late Holocene, especially during the Roman period, is 

still problematic. During the Roman Age, the coastal 

belt to the north, close to the Mt. Petrino - Mt. Massico 

piedmont area was under the control of Sinuessa colony 

(296 B.C.) while the Volturnum colony (194 B.C.) 

governed to the south the Volturno River mouth area 

(Fig. 1). 

The position of the Late Holocene shorelines in the 

sector of the Volturno River mouth was identified by 

several geological and archaeological data [1, 2, 3, 4], 

that testify several progradation phases since Roman 

times punctuated by local erosion phases especially of 

the river mouth (Fig. 1). 

 

 
Based on submerged roman evidences (concrete pila 

like structures), some studies [5, 6] hypothesized that 

the coastal area of the Mondragone town, located in the 

NW sector of the Volturno River alluvial coastal plain, 

has been affected by a remarkable local sea level rise 

consequent to the sea transgression after Roman Age 

but probably enhanced by a negative vertical ground 

movements in the sector nowadays submerged.  

In order to clarify the data discrepancies between the 

Mondragone and the Volturno River coastal sectors, 

new geoarchaeological investigations were carried out, 

especially in the area of the Mondragone town, very 

close to the Sinuessa archeosite.  

 II. MATERIALS AND METHODS 

The work followed a multidisciplinary approach 

including data derived by new marine geophisycal 

surveys, geologic and geomorphologic fields, 

stratigraphic and facies analyses of ancient and new 

 

Fig. 1. Late Holocene coast lines of the Volturno 

River alluvial coastal plain 
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boreholes and archaeo-stratigraphic excavations. 

Palaeoenvironmental analyses of fossil contents 

(foraminifera, ostracoda and diatoms) from layer 

samples of boreholes, 
14

C chronology and PS-InSar 

analyses have been also carried out. 

In particular, an integrated marine geophysical survey 

was carried out in the offshore area, using a single-

beam echo sounder (SBES) and a side scan sonar (SSS) 

which have been provided substantial geomorphologic 

information of the seabed. The morphologic survey 

(SSS) was carried out by means of the 

GEOACOUSTIC Side-Scan Sonar device (Transceiver 

Model SS981, Towfish Model 159D, and Multiplexer – 

Model SS982, 114 - 410 KHz), made of a tow-fish with 

two lateral transducers, a cable for data transmission 

and a control unit for data acquisition and record, was 

used at the frequency of 410 kHz. The Single beam 

bathymetric survey (SBES) was conducted using a 

Trimble DSM 232 GPS and an OhmexSonarLite SBES, 

which provided positional accuracy of ±0.6 m and 

depth accuracy of ±0.025 m (RMS). Moreover, the 

seismic survey elaborations, contained in the “Piano 

Stralcio Erosione Costiera” of the “Autorità di Bacino 

Nazionale dei Fiumi Liri, Garigliano e Volturno”, were 

utilized to verify our interpretations. 

In the inshore sector, a geomorphologic analyses by 

1:5000 regional cartography, aerial photos, digital 

elevation models and supported by field surveys, were 

carried out.  

The stratigraphic data were inferred by the review of 

about 40 boreholes available at the local administration 

and geologists offices, by analysis of a new 15 m-deep 

borehole (S2 in Fig.2) located in the more depressed 

coastal area of the Padule and by new and old 

archaeological excavations. Facies analysis of the S2 

core was carried out, including fossil content 

(ostracoda, foraminifera and diatoms) and individuating 

the Unconformity Boundary Stratigraphic Unit (UBSU) 

[7, 8]. The integration between geomorphologic and 

stratigraphic data have allowed to divide the 

Mondragone coastal sector in Morpho-stratigraphic 

Units (hereinafter MU). A peaty layer, sampled at 5.80 

m of depth, was subject to 
14

C dating at Dipartimento di 

Scienze della Terra of the Università degli Studi di 

Roma “La Sapienza”, providing a radiocarbon age of 

8.300+/-70 yr B.P. The CalPal online radiocarbon 

calibration provided a calendar age of 9.291+/-113 yr 

Cal B.P. Other chronological constrains were inferred 

by available archaeological data, as the position of the 

Roman Age ruins, the roads along the coasts and the 

pottery contents of the layers outcropping in several 

archaeological excavations. Finally, all the data were 

compared to the PS InSar data relative to the Volturno 

Plain for the last thirty years [9], aimed to understand as 

the vertical movements affected the Volturno Plain, 

especially the Mondragone coastal sector. 

 III. GEOLOGIC AND GEOMORPHOLOGIC 

SETTING 

The coastal sector of Mondragone town, located in the 

NW part of the Volturno River alluvial coastal plain, 

can be divided in 8 MU (Figs. 2 and 3). 

 

 
The Holocene coastal sands MU outcrops along a 

NW elongated dunal ridge, reaching altitudes between 2 

and 4 m a.s.l. and appears today morphologically 

modified by the anthropization. The Holocene peaty 

clays and silts MU is preserved (with a maximum 

thickness of 10 m) in the Padule, which is EW 

elongated depressed area that extends between 0 and 6 

m a.s.l. The MU of Holocene clays and silts alternating 

to sandy layers outcrops in the back barrier depression 

located near the Savone Stream mouth. The Late 

Pleistocene-Holocene slope debris MU constitutes a 

thick succession of calcareous gravel layers with or 

without volcaniclastic matrix, paleosols, volcanoclastic 

deposits, tephra layers and calcrete horizons, that 

outcrops at the foot of Mt. Petrino and Mt. Massico. 

The Late Pleistocene-Holocene pyroclastic sands MU is 

made of reworked volcanic material of Tufo Grigio 

Campano and of more recent Phlegrean Fields 

eruptions; this unit is formed by colluvial and alluvial 

deposits of the Volturno River plain. The MU of the 

Tufo Grigio Campano (hereinafter TGC, 39 ky BP [10]) 

constitutes a great sub-planar terrace bordering the 

 
Fig. 2. Geological sketch map of Mondragone 

coastal sector. 

1) Coastal sands (Holocene); 2) Peaty clays and 

silts (Holocene); 3) Alluvial sands and silts 

(Holocene); 

4) Slope debris (Late Pleistocene - Holocene);  

5) Pyroclastic sands (Late Pleistocene– Holocene); 

6) Tufo Grigio Campano (39 ky B.P.); 7) Dolomitic 

limestone and marly-clayey-arenaceous bedrocks 

(Meso-Cenozoic); 8) Alluvia fan; 9) Quaternary 

fault; 10) Inferred Quaternary fault 11) Trace of 

geological cross-section; 12) Borehole 
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slopes of Mt. Massico and hanging 10 m over the sea 

level. The thickness of TGC ranges from a maximum of 

40 m, close to the Mt. Petrino, to a minimum of 2 m. 

The MU of the Meso-Cenozoic dolomitic limestone and 

marly-clayey-arenaceous bedrock crops out at the Mt. 

Petrino and the Mt. Massico. The Late Pleistocene-

Holocene alluvial fans MU, made of gravelly and sandy 

layers with paleosols and volcanoclasts, crops out along 

the piedmont areas of the above mentioned reliefs. 

The foot of the S and SE slopes of the Massico-

Petrino Mts. are bordered by two high angle faults 

(Figs. 2 and 3): the first one is NW-SE oriented and SW 

dipping, the second one is NE-SW oriented and SE 

dipping. These faults were probably active during Late 

Quaternary, according to [11, 12]. 

Another fault, WSW-ENE oriented and SSE dipping, 

borders the depression of Padule to the north. The 

borehole data allows to hypothesize the Late 

Pleistocene (after 39 ky B.P.) activity of this fault 

because the TGC and the Late Pleistocene marine 

deposits are dislocated of some meters (Fig. 3, A
I
A 

cross-section). 

 

 IV. DATA ON COASTLINE POSITION AT 

SINUESSA ARCHEOSITE 

 A. New stratigraphical and palaeoenvironmental data 

Recently, a new 15 m-deep borehole was drilled in 

the depressed sector of Padule (S2 in Figs. 2 and 3), 

very close to the archaeological site of Sinuessa. 

The facies associations (presence of an alternating of 

silty clay and sandy-silt layers, mainly constituted by 

volcaniclastic and peaty materials) and the ostracoda 

and foraminifera contents (analysis still in progress by 

Prof. G. Ciampo of the Università degli Studi di Napoli 

“Federico”) of the S2 borehole, chronologically 

constrained by one radiocarbon dating, suggested the 

presence of fluvial-marshy and marshy environments 

since Middle-Late Holocene age. These data allow to 

exclude the presence of marine transgression phases 

affecting the back ridge depressed area in the last 8.000 

yr B.P. 

Furthermore the stratigraphical data of the reviewed 

old boreholes allow to confirm that the Late Holocene 

sandy ridge shifted alternatively seaward and landward 

only of few meters. Consequently, the Late Holocene 

shoreline could be positioned no more than a few 

hundred meters offshore from the actual one.  

 B. Geophysical data 

The main results of geophysical data analysis were 

the seafloor morphologic characterization, the mapping 

areas of TGC outcropping and the individuation of 

submerged findings certainly ascribed to anthropic 

structures described by [5] (Fig. 4). These structures, 

like as roman pilae, are laid on a sub-horizontal TGC 

bank at a depth of 8.5 m in an area, about 1 km long, 

where the bathymetry vary from -8 to -10 m (Fig. 4). 

 

The backscattering signal analysis derived from the 

sonograms, supported by the interpretation of seismic 

profiles, allowed to discern the acoustic signature of the 

man-made structures from that of the TGC bank (highly 

reflective). This analysis has also confirmed the absence 

of other archaeological target in the study area. 

 C. Archaeological data 

In the northern coastal sector of the Campania region 

the available archaeological data, based on surveys and 

 
Fig. 3 Geological cross-sections of the 

Mondragone area.  

1) Coastal sands (Holocene); 2) Peaty clays and 

silts (Holocene); 3) Slope debris (Late Pleistocene - 

Holocene); 4) Pyroclastic sands (Late Pleistocen – 

Holocene); 5) Tufo Grigio Campano (39 ky B.P.); 6) 

Slope debris (Late Pleistocene); 7) Marine sands 

(Late Pleistocene); 8) Dolomitic limestone and 

marly-clayey-arenaceous bedrocks 

 (Meso-Cenozoic); 

9) Fault; 10) Borehole 

 
Fig. 4. Map of seafloor morphologic 

characterization between -1 and -11m, overlaid 

with the SSS and SBP survey navigation. 

  

63



excavations, highlighted, especially for the Roman age, 

a geographical space where human history unfolds 

through a relationship of mutual influence with nature 

[13, 14]. Along the coastal belt comprised between the 

Sinuessa colony, found in 296 B.C. and Volturnum 

colony, found in 194 B.C, several archaeological 

evidences of the Roman age are present (Fig. 5). 

 

 
In the territories of the two roman towns, farmhouses 

and villas were installed to use the fertile soils of the 

hills and of the plain for wine and cereal cultivation. 

Based on the archeological data all collected along the 

studied coastal sector, it is possible to hypothesize that 

the roman shoreline was located very close to the actual 

one. 

In particular, along the west perimeter of the urban 

layout of Sinuessa colony, whose remains are perfectly 

preserved on the mainland (Fig. 6) and buried under 1 

m-thick sediments [16], the Roman shoreline was 

located a few dozen meters from actual one. 

Along the coast between Sinuessa and Volturnum 

colonies, at the mouth of the Volturno River, near the 

sea (as testified by the historical sources, especially 

Silio Italico VIII, 528), the remains of the Via 

Domitiana, built in 95 A.C. by emperor Domitiano, are 

located [17]. In addition, a number of Roman villas 

were found few dozen meters from the actual coastline 

(Fig. 5). Therefore, the Domitiana coastal road (which 

in this sector runs parallel to the actual shoreline) and 

the maritime Roman villas location allow to reconstruct 

with certainty the position of the Roman shoreline very 

close to the villas. 

Finally, the Roman buildings of Sinuessa, the 

maritime villas and the ancient roads, as the Appia road 

and Domitiana road, located along the coastal sector, do 

not show any trace of lesions or traces of runoff and 

erosion on construction materials caused by the sea 

water (Fig. 7) [18]. 

 

 

 V. DISCUSSION AND CONCLUSION 

The integrated marine geophysical survey carried out 

in the offshore sector of Mondragone area confirms the 

presence of the submerged roman pilae, already 

reported by [5, 6], at a depth of 8.5 m, but does not 

clarify their real functionality and position with respect 

to the Roman shoreline. In fact no other antrophic 

structure was found on TGC bank and moreover both 

the shape and position of the roman pilae do not allow 

to relate them clearly to a pier, as no alignment is 

recognizable. 

The stratigraphic data of the collected and reviewed 

boreholes, drilled mainland in the Mondragone coastal 

area, indicate that the area was affected by tectonic 

dislocations after the deposition of the TGC (after 39 ky 

B.P.). However, taking into account the available data, 

this tectonic activity seems not to have been responsible 

for the deformation of the coastal landscape also in 

historical times. 

The chronostratigraphic data of the S2 borehole, 

 

Fig. 6. Sinuessa: Domus rests in opus incertum and 

opus quadratum. 

 

 

 

Fig. 5. The location of the main Roman Age (I cen A.C.) 

settlements in the Northern Campania. 

 

 

Fig. 7. Sinuessa: walls in opus incertum, with 

makeover in clay-brick. 
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drilled in the Padule depression, allow to reconstruct the 

Holocene depositional events within this area. These 

data indicate that the Padule area, although it is located 

only a few meters above the sea level (between 0 and 6 

m a.s.l.), not recorded marine transgression phases in 

the last ca. 8.000 yr B.P., also during the maximum 

Holocene sea level rise (ca. 6.000 yr B.P. [19]). 

The archaeological data on Sinuessa archeosite allow 

to define tentatively the position of the Roman 

shoreline at the western limit (seaside) of the perimeter 

of the urban layout. Therefore, the Roman shoreline 

could be positioned very close to a number of maritime 

roman villas, which nowadays are located a few dozen 

meters from the sea. Furthermore, the state of 

conservation of archaeological remains (total absence 

of lesions on the walls caused by earthquakes; no traces 

of runoff and erosion on construction materials caused 

by the sea water) allows to exclude the presence of 

negative vertical ground movements or of coastal 

submersion during Roman Age and later. 

To support these data, the PS-InSar data, relative to 

the last 30 years, and the seismic survey elaborations, 

contained in the “Piano Stralcio Erosione Costiera” of 

the “Autorità di Bacino Nazionale dei Fiumi Liri, 

Garigliano e Volturno”, demonstrate that the coastal 

sector of the Mondragone town is not affected by 

subsidence, but appears stable or slightly subsiding with 

values of negative vertical ground movements lower 

than those of the Volturno river mouth coastal sector. 

In conclusion, the archeological, geomorphologic and 

geologic data, on the whole, indicate a substantial 

stability of the area and let us to retain that the Late 

Holocene sea level rise has been very modest in 

agreement with the Late Holocene global sea level rise 

data [19]. Taking into account the sea level rise of 

Roman Age (2.0 ky BP) of about 1.3 m [19] and 

excluding significant vertical ground movements, the 

Roman shoreline could be located at ca. 200 m offshore 

respect to the actual position. 
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Abstract – To enhance the knowledge of the subsoil 
of some portion of the Palatino Hill (Rome), and to 
locate the unknown buried structures below the actual 
studied levels, a scientific collaboration between La 
Sapienza University of Roma (Department of 
Archaeology), the Soprintendenza Archeologica di 
Roma  and the Institute of Technologies Applied to 
Cultural Heritage (ITABC-CNR) has been developed, 
starting from 2001 and it is still in progress. Palatino 
Hill is characterised by a sequence of complex 
buildings, related to its history, from the foundation to 
the VIII century a.C. 
In this complex site, taking into account the results of 
previous surveys a new series of GPR surveys 
employing different frequencies were carried out 
during the period September 2009 to October 2010, 
with the aim at first to verify the stability of excavated 
archaeological remains locating the presence of 
shallow cavities, and at second to reconstruct the 
overlapping of archaeological structures in some 
portion of the Palatino Hill. 
In St John Lateran Basilica (Rome) to locate the 
unknown archaeological structures below the actual 
studied levels, a scientific collaboration between 
Newcastle University (UK), the Dipartimento di 
Scienze dell’Antichità (Università di Firenze) and the 
Institute of Technologies Applied to Cultural Heritage 
(ITABC-C.N.R.) has been developed, starting from 
2006 and it is still in progress. 
 

INTRODUCTION 
There are many important research and technical issues 
related to the investigation in urban area to locate 
subsurface cavities and/or archaeological remains, to 
produce hazard mapping, that is of the highest priority, 
and archaeological risk map. This is especially so in civil 
engineering where it is of key importance for managing 
safe urban and civil construction. In many cases, cavities, 
such as subsidence features, voids and collapses represent 
disruptions to the geometry of an originally near-
horizontal layered system. Geophysical techniques can be 

used to identify the feature geometries by contrasts in the 
physical properties. 
In the present paper the GPR surveys carried out in two 
urban archaeological sites characterised by different 
conditions are presented and discussed. 
 

 A. Palatino Hill 
During the archaeological investigations made 

subsequent to the geophysical surveys, from 2001 to 
2004, between the N-E foot of Palatino Hill and the 
Colosseum Valley and nearest Elagabalo’s Thermae, a 
sequence of complex buildings, related to the Roman 
period between the late Republican and Severo’s age 
were discovered. The oldest building is a domus of the 
late Republican period located in front of a line of 
buildings called tabernae which were used for shops and 
living quarters. This corridor of buildings connected the 
Colosseum Valley and the Roman Forum. The fire-
raising of 64 A.C., signed the destruction of these 
buildings and the development of Neronian urbanism. 
The archaeological excavations have located a portion of 
the foundation of a portico, and a portion of a sewage 
system with S-N direction and a foundation with E shape, 
which defines and closes Elagabalo’s Thermae. 

In this complex site a series of GPR surveys employing 
different frequencies were carried out. For the field 
measurements two different GPR SIR Systems (GSSI); 
one equipped with a 500 MHz bistatic antenna and the 
other employing a 70 MHz monostatic antenna, were 
used.  Acquisition was made using a high-resolution 
approach in which parallel profiles were recorded very 
closely across the site. Signal processing, image 
processing, and visualization techniques have been used 
in conjunction with data modelling, elaboration, and 
interpretation of the recorded subsurface amplitudes. 

All profiles at the site of “N-E foot of Palatino hill” 
were collected alternately in reversed and un-reversed 
directions across the survey grids.  The horizontal spacing 
between parallel profiles for both antenna at the site was 
0.5 m. Radar reflections along the transects were 
recorded in continuous acquisition mode across the 
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ground at 80 scan s-1,  horizontal stacking was set to 4 
scans. Along each profile markers were spaced every 1 m 
to provide spatial reference. All radar reflections within 
the 95 ns, 105 ns, 113 ns and 150 ns (two-way-travel 
time) time windows were recorded digitally in the field as 
8 and 16 bit  data and 512 samples per radar scans. 

All profiles at the site “Coliseum valley” were collected 
alternately in reversed and un-reversed directions across 
the survey grids. The horizontal spacing between parallel 
profiles at the site was also 0.5 m and at a collection rate 
of 80 scan s-1; horizontal stacking was set to 4 scans for 
both antenna. Along each profile markers were spaced 
every 1 m to provide spatial reference. All radar 
reflections within the 100 ns and 150 ns  (two-way-travel 
time) time window were recorded digitally in the field as 
8 and 16 bit data and 512 samples per radar scans. 

The data were subsequently processed using standard 
two-dimensional processing techniques employing the 
GPR-SLICE v7.0 Ground Penetrating Radar Imaging 
Software (Goodman, 2011, 2013). The basic radargram 
signal processing steps included: (i)  header editing for 
inserting the geometrical acquisition information; (ii) DC 
drift removal; (iii) manual regaining to adjust the 
acquisition gain function and enhance the visibility of 
deeper anomalies; (iv) data resampling, (v) frequency 
analysis; (vi) band pass filtering, (vii) customized 
background removal filter to attenuate the horizontal 
banding and (viii) Kirckof migration using a constant 
average velocity (Goodman et all, 2007; Piro and Panella, 
2005). 

With the aim of obtaining a planimetric vision of all 
possible anomalous bodies the time-slice representation 
technique was applied using all field profiles (Goodman 
and Piro, 2013). Time-slices are calculated by creating 2-
D horizontal contour maps of the wave energy from a 
specified time value across parallel profiles, employing 
GPR-Slice software. Time slice data sets were generated 
by spatially averaging the squared wave amplitudes of 
radar reflections in the  horizontal as well as the vertical. 

Background filtering was used to remove line noises 
that were found to exist in the raw unprocessed images. 
Using these spatial averages, interpolated and solid 3D 
volumes of reflections amplitudes were generated. The 
results are presented in 3D animation using real time 
Open GL graphic displays in which isosurface rendering, 
3D time slice fence diagram are mixed with the raw 
filtered radargrams. Using spatially binned and 
interpolated volumes of radar data shows better 
continuity in mapping subsurface reflections, which are 
more useful and provide archaeologist an interpretable 
form of data presentation, then using simple raw or 
filtered radargrams as volume elements, Fig.1. 

 
 
 
 

 

 
 

 B. St. John Lateran Basilica 
The Basilica of S. Giovanni in Laterano (St. John 
Lateran) is the Pope’s Cathedral and the first public 
building constructed for Christian worship.  Alongside it 
lies the first Baptistery in western Christendom. The 
complex has been the focus of  sundry excavations since 
the 1730s.  These have revealed traces of the earliest 
phases of both buildings, along with parts of the Castra 
Nova of the Imperial Horseguard, a bath complex and 
palatial housing. Interpretation of these excavations is, 
however, difficult; and most are either undocumented or 
only partially recorded.  
The Lateran project is investigating the entire complex to 
integrate information from standing buildings, excavated 
structures and sub-surface features. It seeks to understand 
the stratigraphic, spatial and functional relationships of 
the different elements underlying the modern complex 
[5].  
The GPR surveys provide information on the spatial 
context and identification of phasing of subsurface 
features while the laser scanning provides a spatially 
accurate, detailed representation of the many materials, 
textures and structures of the Lateran and archaeological 
remains.  

 

Fig. 1. Coliseum Valley, Rome. 
Survey 2008. GPR time-slice at the 
depth of 2.70 m. The arrows indicate 
the remains of the front of a temple, 
partially found in the excavated 
area.. 
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During January and July 2012, a series of GPR surveys 
were conducted below the basilica, inside the 
archaeological area, and outside the basilica, to 
demonstrate the potential of this method for this analysis 
and to locate the expected archaeological structures.  
The aim of the GPR survey is to identify Roman and 
high-medieval age remains which could enhance 
understanding of the ancient topography and the urban 
evolution of the study area. The main goals of this survey 
are the following:  
1. To determine the full plan of the Santa Croce oratory, 
built by Pope Ilaro (V century) and destroyed by Sixtus 
the Fifth; part of this building has been identified by Olof 
Brandt within the excavated area adjacent to the 
Baptistery.  
2. To determine the full extent of the palatial housing 
found below the western part of the Basilica.  
3. To determine the limits of Castra Nova Equiutum 
Singularium, the barracks of the imperial horse guards 
established by the emperor Septimius Severus.  
4. To locate the remains of the buildings of the Lateran 
Patriarchy. These are known from renaissance plans but 
up until now it has not proven possible to locate them all 
on the ground. 
For The measurements a GPR SIR3000 (GSSI), equipped 
with a 400 MHz (GSSI) bistatic antenna with constant 
offset and a 70 MHz (Subecho Radar) monostatic antenna 
were employed. Some signal processing and 
representation techniques have been used for data 
elaboration and interpretation. GPR surveys were 
performed, employing the SIR3000 (GSSI) to survey the 
selected areas outside the Basilica in the S. Giovanni in 
Laterano square and in front of the Basilica. 
The horizontal spacing between parallel profiles at the 
site was 0.50 m, employing the two antennas. Radar 
reflections along the transepts were recorded 
continuously, with different length, across the ground at 
40 scan s-1; horizontal stacking was set to 3 scans.  
In the area outside the Basilica a total of 777 adjacent 
profiles across the site were collected alternatively in 
forward and reverse directions employing the GSSI cart 
system equipped with odometer. All radar reflections 
within the 90ns for 400 MHz antenna and 195 ns for 70 
MHz antenna (two-way-travel) time window were 
recorded digitally in the field as 16 bit data and 512 
samples per radar scan. 
A nominal microwave velocity of about 8cm/ns was 
determined from fitting hyperbolas to the raw field data. 
This was used in estimating a penetration depth from the 
GPR survey.  
All the GPR data were processed in GPR-SLICE v6.0 
Ground Penetrating Radar Imaging Software (Goodman, 
2009). The basic radargram signal processing steps 
included: (i) post processing pulse regaining; (ii) DC drift 
removal; (iii) data resampling, (iv) band pass filtering, (v) 
migration and (vi) background filter. 

With the aim of obtaining a planimetric vision of all 
possible anomalous bodies the time-slice representation 
technique was applied using all processed profiles 
(Goodman et al, 2008a,b; Leckebusch, 2008; Piro et al, 
2008, 2012; Utsi 2006). Time-slices are calculated by 
creating 2-D horizontal contour maps of the averaged 
absolute value of the wave amplitude from a specified 
time value across parallel profiles  
Time slice data sets were generated by spatially averaging 
the squared wave amplitudes of radar reflections in the 
horizontal as well as the vertical. The squared amplitudes 
were averaged horizontally every 0.25 m along the 
reflection profiles 3 ns (for 400 MHz antenna) and 6 ns 
(for 70 MHz antenna) time windows (with a 10% 
overlapping of each slice). The resampled amplitudes 
were gridded using the inverse distance algorithm with a 
search radius of 0.75 m. In addition pseudo three-
dimensional volumes of the reflections were generated to 
produce isosurface images. 
 

 

 

Fig. 2. S. Giovanni in Laterano square. GPR 
time slices in the time window 58-61 ns twt 
(estimated depth 2.4 m) for the 400 MHz 
antenna. 

 

CONCLUSION 
The location, depth, and size and vertical overlapping of 
the buried buildings were effectively estimated from non-
destructive ground remote sensing with a ground-
penetrating radar system, together with information on 
the geomorphology and on the archaeology of the site. 
The archaeological excavations made at Palatino hill (by 
Prof. Clementina Panella – Sapienza University of Roma) 
during the last years, have confirmed the structures 
individuated with the geophysical methods. This project 
is still in progress and new surveys are planned to 
investigate the area between the Coliseum, the 
Costantino’s Arc and the Via Sacra at Roman Forum. 
Ground Penetrating Radar (GPR) survey at the Lateran 
has produced significant and fruitful results. The use of 
two different antennae has enabled to reach depths of up 
to 6÷7 m. 
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Abstract – This paper describe the results of a PHD 

multidisciplinary research on four geo-archaeo-sites 

along the Sorrento Peninsula coast. Those sites host  

ruins of Roman villas  whose study has allowed 

reconstructing the ancient position of both the sea 

level and the coastline. Moreover, other change of the 

coastal landscape were reconstructed and interpreted 

in terms of interaction between endogenous and 

exogenous factors, such as volcanic eruptions, alluvial 

events, wave erosion and impact of human 

constructions. 

 I. INTRODUCTION 

In the last 2,000 years, local forces [3], such as the 

volcanic events, and sea level changes influenced the 

coasts of Sorrento Peninsula. The interaction between this 

endogenous an exogenous factors, different in duration 

and intensity, have produced both continuous coastal 

changes (such as those related sediments balance) and 

abrupt changes related to huge alluvial events and 

Somma Vesuvius eruptions. The eruption that had a great 

impact on this coast was the famous Plinean Vesuvius 

eruption of 79 AD [4, 14]. 

Studying the many ruins of sea-side villas occurring in 

the area, both spatial and chronological constraints can be 

obtained about the coastal change occurred since Roman 

times. 

We present in this study the results of a PHD 

multidisciplinary research on four geo-archaeo-sites 

(Figure 1). 

 
Figure 1. Position of submerged archaeological sites. 

 

 

 II. METHODS 

A. Geophysical methods  

The integrated geo-archaeological surveys of the four 

coastal sites were carried out using geophysical 

techniques specific to each area.  

In the first studied site, Marina di Seiano, a marine 

geophysical survey of the underwater extension 

(maritime annexes) of Pezzolo Villa was conducted. In 

particular, a morpho-bathymetric survey using a single-

beam echo sounder (SBES) and a side scan sonar (SSS) 

was realized and a sismo-stratigraphic investigation was 

performed by means of a sub-bottom profiler (SBP) 

system to investigate the sub-bottom and any artefacts 
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buried beneath sediments. 

In the other sites, a marine drone realized specifically 

for this research was used.  The MicroVeGA drone is an 

Open Project of an Autonomous Unmanned Surface 

Vessel (AUSV) conceived, designed and built to operate 

in the coastal areas (0-20 meters of depth), where a 

traditional boat is poorly manoeuvrable. It is an open 

prototype designed to test the procedures and methods of 

morpho-bathymetric surveys execution in critical areas. It 

is equipped with a set of sensors to acquire the morpho-

bathymetric high precision data.  [10] 

 

 
Figure 2. Architecture of the data acquisition system of 

the drone MicroVEGA 
 

The drone, small and ultra-light catamaran (Figure 2), 

with a few draught centimetres, suitable to perform 

surveys up to the shoreline, is an ideal solution to 

investigate coastal geo-archaeo-sites where the 

archaeological remains are submerged only few 

centimetres. 

Direct measures by means of graduated stadia are 

carried out in correspondence of the submerged finds, to 

calibrate the indirect measurements made by the echo 

sounder installed on the drone, (Figure 2), to measure the 

submersion of archaeological markers of sea level rise in 

the last 2000 years [2].  

 

B. Correction of measures  

Measurements of the depth below m.s.l. (Q) at which the 

archaeological structures were found (taken either by 

SBES or graduated stadia) were corrected by the formula 

of LEONI and DAIPRA [10]  

 

   (2) 

 

Which takes into account the tidal level at the time of 

measurement (hi) and the barometric correction ( ∆hp ). 

Tidal height hi was calculated – for each site and each 

time of measurement - by mean of linear interpolations 

between the records of the two nearest ports. 

Since the submerged ruins were used as markers of sea 

level in Roman times, another correction that was 

important to apply was the original height a.s.l. or depth 

b.s.l. of the measured target (e.g. the functional height 

a.s.l. of an ancient  pier).[1,2].  

As this kind of information carries always some 

uncertainty and, moreover, the archaeological proxies we 

used are sometimes badly preserved, the estimations 

given here for the sea level of the 1st century are 

accompanied by an error margin that varies between +/-

0.5m, depending on kind and conditions of markers. 

 III. RESULTS 

The first site is the Pezzolo pocket beach in Marina di 

Seiano, where a patrician Villa [12], was built in the first 

years of the 1st cen., at the mouth of the Rivo d’Arco 

stream. Here a strong phase of coastal progradation 

occurred as a fan-delta grew up in few decades soon after 

the 79 AD. Then the reworked pyroclastic of the delta 

went eroded by the sea and the coastline returned to 

almost the pre-eruption position by the 3rd century 

(Figure 3) [5]. Nevertheless, the submersion of the 

harbour annexes to the villa, localized by our geo-

archaeological investigations, has allowed evaluating the 

sea level rise on this site in 1.6 +/- 0.50 m. The 

uncertainty of this measure is caused by the poor 

conditions of archaeological remains, partially destroyed 

by the alluvial events.  

 

 
Figure 3. Coastline evolution of Pezzolo Bay 

 

The second site is Sorrento Marina Grande, with the 

Villa of Agrippa Postumo [12], an imperial Roman villa 

of considerable size, including a domus above the local 

sea cliff and a seaside sector composed of elements 

sculptured in the cliff forming tuff (2 nymphaea and a 

large fishpond) plus harbour annexes and also pavilions, 

bridges and terraces made in wood. 

The ruins of the mentioned harbour annexes, today 

submerged and partially eroded, consist of a series of 

concrete blocks. The recent evolution of this coastal reach 

was influenced both by human actions and by glacio-

isostatic sea level rise. The change in coastline position 
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and shape are shown in Figure 4. 

Here the submersion measure (1.07 +/-0.30m) of the 

upper crepidinae in the fishpond has allowed to evaluate 

in 1.07 +/-0.30m the sea level rise occurred in the last 

2,000 years [2], while the geophysical and 

geomorphological investigations have allowed 

reconstructing the 1st cen. coastline (Figure 4). 

 

 
Figure 4. Coastline of a high rocky coast in the 1st cen. 

 

Also the third and fourth sites (i.e. Capo di Sorrento 

and Punta Campanella) [12] are in a context of high 

rocky coast, but with sea cliffs of harder rock compared 

to Marina Grande site (limestone instead of welded 

volcanic tuff). Therefore, the erosional retreat occurred in 

the last 2,000 yrs is unappreciable.  

Moreover, in said two sites, the post-Roman 

submersion is to be ascribed only to eustasy and glacio-

isostasy, as in the model of Lambeck et al 2011.  

In the case of Imperial Villa of Capo di Sorrento [12], 

the archeological marker we used to reconstruct the 

Roman sea level was the partially eroded pier of the Villa 

harbor, partially destroyed (Figure 5). Measurement taken 

on this site, using the intact part of it, are 1.3 +/- 0.30 m.  

As to the imperial Villa of Punta Campanella, [12], 

what we have studied and measured is a landing structure 

nested into the sea cliff (Figure 6). It is still perfectly 

preserved and we have measured the top of the quay, 

considering a functional position at 0.40 above water; a 

s.l. at 1.06 +/- 0.30 m can be inferred [2]. 

 

 
Figure 5. a) Photo of the harbor remains; b) 

Reconstruction of the Capo di Sorrento submerged pier. 

 

 

 

 
Figure 6. Emerged – submerged photo of Villa quay at 

Punta Campanella 

 

 

  

73



 IV. CONCLUSION  

In conclusion, the measurements taken at four different 

sites of the N coast of the Sorrento Peninsula give 

different values for the relative sea level rise occurred 

there since the 1st century a.C.  

Each measurement carries an uncertainty due to both the 

state of preservation of the measured archaeological 

proxy and uncertainties regarding its original elevation 

[2].  

In particular, an uncertainty of +/-0.5 m was applied to 

the measurements taken in the site of Seiano, where the 

harboring structures appear partially destroyed (damaged 

first by alluvial events occurred after the 79 AD eruption 

and then by sea waves) and partially buried by pyroclastic 

deposits. Most probably also the value of post-Roman 

submersion obtained at Capo di Sorrento site are a little 

greater than in other sites because the measured pier is 

partly eroded.  

As showed in Figures 7 and 8, a comparison of all the 

measurements taken and a comparison with a tectonically 

stable site of the Tyrrhenian coast of Italy (Torre Astura, 

with a well preserved Roman fishpond. [9]) permit to 

note that – among our measurements – the ones deriving 

from the best preserved ruins (Sorrento fishpond and 

Punta Campanella quay) match almost perfectly the value 

obtained at Torre Astura, especially if the tidal 

fluctuations of +/- 0.20 m is considered.  

The obtained data confirm that the Sorrento Peninsula is 

substantially stable (in terms of regional tectonics) during 

the last two millennia (Figure 9); a behavior that started 

many thousands years ago (not later than the Last 

Interglacial [7]), while the adjacent depression of the Gulf 

of Naples has been subsiding at rates of 1 or more mm 

per year [13]. 

 

 
Figure 7. Submersion measures of archaeological sites 

compared to the curve of predicted altitude in the last 2.5 

ky (blue line) [8] of the Torre Astura tectonically stable 

archaeological site and the measured submersion value 

in this site, taken from [8].  

 

 

 
Figure 8.  Submersion measures of the Sorrento 

Peninsula archaeological sites with an error bar, taking 

into account the uncertainty of measurement. 

 

 

Worthy to note is also the fact that the sites we measured 

are separated by faults transversal to the coast that moved 

hundreds of meters during Pliocene-Pleistocene times. 

As to the fluctuation of the coastline during the last 2,000 

yrs, we have a few meters of cliff retreat at Sorrento, no 

appreciable change on the plunging cliff in hard 

limestone of Punta Campanella end Capo di Sorrento 

and, finally, great fluctuations at Seiano site, where 

coastal dynamics was much influenced by the alluvial 

events following 79 Ad eruption. 

 

 

 
Figure 9. Measures of Sea Level Rise in the last 2.0 ky. 
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Abstract – Isernia is a small town located in Central 

Italy, in the Region of Molise. In Roman times, it 

became an important road junction for 

communications, especially in the south with 

Bovianum and Beneventum, in the north with 

Aufidena and the Sangro Valley, in the west with 

Venafrum and the Liri River Valley. 

In this paper, we present the results of integrated 

urban and extra-urban geo-archaeology researches 

realized through a combined use of historical sources, 

archaeological survey, geological investigations and 

geophysical prospections. All data were collected in a 

Geographic Information System that allowed the 

creation of thematic maps and the realization of 

spatial analysis. 

The research has provided interesting data and filled 

many gaps in the knowledge of the colony. In a global 

analysis, the use of multiple source systems was very 

useful for planning the archaeological research and a 

sustainable management of the cultural heritage. 

 

 I. INTRODUCTION 

Isernia is situated at a medium elevation of 442 m a.s.l. 

on a remnant of river terrace forming an narrow NNE-

SSW elongated ridge The study area includes the 

historical centre of the town and is limited by the 

incisions of the Carpino Torrent to the east and the Sordo 

Torrent to the west. Quaternary deposits dominate the 

area. In particular, travertines crop out on top of the river 

terrace and are surrounded by anthropic deposits 

recognized along all the historical centre borders. The 

slopes bordering the top surface of the river terrace are  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Lithological map of Isernia. 

 

covered by colluvial deposits, whereas alluvial deposits 

crop out within the Carpino and Sordo valleys. The pre-

Quaternary bedrock consists of carbonates that crop out 

just in the southernmost portion of the study area. 
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The shape of the terrace and the presence of the two 

valleys have prevented the expansion of the city limits to 

the east and west. The Roman city, founded in 263 BC, 

was surrounded by walls built using the technique of 

polygonal opus, opus quadratum, opus reticulatum and 

opus incertum. The temple of the Latin colony of 

Aesernia was built in that place within the walls 

considered by the colonists the most dominant of the city 

[1] and was situated at the junction of the particular road 

system of the city consisting of a north-south oriented 

cardo major and different east-west oriented parallel 

decumani [2] [3]. The Latin colony of Aesernia had some 

thermal baths, both public and private, located in the 

south about 800 m from the south-eastern boundary of 

the city wall [4].  

From the archaeological point of view, there are many 

gaps in the knowledge of the colony: the position of the 

forum and the theatre of the city is still uncertain; the 

extra-urban territory has never been studied in a 

systematic way; the lack of an updated archaeological 

map that takes into account all the structures found in the 

last years. 

This work focused on integrated techniques of 

geophysical surveys, geological investigations, 

topographic and archaeological studies about the urban 

plan of Aesernia. All data have been plotted using the 

GIS software ArcGis 9.3. Moreover, contour lines and 

altimetric points of topographic sheets in scale 1:5000 

(CTR Regione Molise) have been digitalized and 

interpolated to derive a 5m DTM of the study area. In the 

same way, roads and buildings have been digitalized to 

be plotted in the final maps. Literature data and field 

surveys were instead used to derive a lithological map [5] 

(Fig. 1).  

II. ARCHAEOLOGICAL PROSPECTIONS 

Archaeological data have been collected using the 

intensive off-site field survey strategy by performing 

parallel strips spaced approximately one meter apart and 

registering for each cadastral unit geomorphologic and 

geological characteristics, type of vegetation, visibility of 

the surface, type, number and concentration of 

archaeological finds. Totally an area of about 530000 m² 

has been covered by prospection. All data have been then 

plotted in the GIS project in order to derive a Visibility 

Map and a Concentration Map of the archaeological 

evidence. 

The Visibility Map (Fig. 2) enhances the different 

degree of visibility of the terrain at the moment of survey: 

the 65% of the surveyed area is strongly affected by 

inaccessibility due to dense cover of vegetation or 

modern alterations or other circumstances; the 8% 

represents the off limit areas in which have been 

impossible to enter because of the presence of fences of 

private homes; the 27% presents medium or good 

conditions of visibility. However the absence of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Visibility Map of the surveyed area. 

 

archaeological documentation in areas with null visibility 

does not preclude the presence of probable sites. As 

regards the historical centre, a census of all 

archaeological evidences has been realized. 

The Concentration Map (Fig. 3) shows, for each 

cadastral unit, the number of finds per square meter. Nine 

new archaeological sites have been identified (S1-S9). 

The collected materials define a wider distribution area 

than previously thought that was occupied from the 

colonial territory in the third century B.C. 

The detailed analysis of archaeological remains 

outlines an extra moenia presence of human activities 

relatable to places of worship (as site S1 in which 

terracotta figurines, votive, ointment, balm and also a 

pedestal miniaturist have been found) and an intensive 

system of late republican villae rusticate (S2), as well as 

a possible systems of medieval colonial structures (S3, 

S4, S5 and S8). The sites S6, S7 and present a high 

concentration of materials without an archaeo- 

chronological connection, probably washout from upper 

zones. This type of social organization outside the urban 

walls is well suited to the functions which acquired 

Aesernia after the end of the Samnite wars and reflects a 

system of territorial exploitation relating to flat areas 

surrounding the colony.  

In addition, data provide us an interesting picture of 

what should be extra urban territory in the post Roman 

  

77



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Concentration Map of the surveyed area. 

 

period until the late Middle Ages: many items indicate a 

continuity of life in these areas, with a single detachment 

timeline in the Late Antiquity-Early Medieval (century 

VI-IX AD). A resumption of activities seems to occur in 

the X century and, in a more substantial manner, in the 

thirteenth century during which an intense human activity 

is assumed in all investigated areas. 

 

III. GEOPHYSICAL PROSPECTIONS  

Geophysical surveys, such as the Electrical Resistivity 

Tomography (ERT) and the Ground Penetrating Radar 

(GPR), have been an important tool for the understanding 

and recognition of information in order to support the 

archaeological research. Thanks to the characteristics of 

the implemented non-invasive methods, it was possible to 

obtain a 3D reconstruction of hidden structures in a 

particular environment, such as the historic centre of 

Isernia, where the logistical problems represent a major 

obstacle. The analysis of the subsurface was performed in 

seven sites (G1-G7 in Fig. 1), five located within or 

immediately outside the walls (G1, G2, G3, G6, G7) and 

two in the extra-urban territory (G4, G5). 

 

A. Electrical Resistivity Tomography (ERT) 

A high resolution 3D ERT has been realized in sites 

G3, G4, G5, G6 and G7. The field procedure has 

involved the realization of multiple sets of parallel 

profiles creating a grid pattern. The grid has been set 

from time to time on the basis of free spaces available in 

the area object of study.  

Each profile has been arranged on the ground, along 

which a battery of galvanic contacts are placed at regular 

steps to sense the local nature of the subsoil. The MAE 

A3000 resistivimeter (www.mae-srl.it) has been used. 

The dipole-dipole source-receiver coupling, which 

ensures the greatest lateral resolution in the search for 

confined bodies, has been implemented as measuring 

modality with a distance between electrodes equal to 1 m. 

For a preliminary evaluation of the ERT information 

content from a grid of nodal points relative to a single 

profile, apparent resistivity isolines has been mapped at 

logarithmic intervals. Such a contoured map is called 

pseudosection as it looks somewhat like a resistivity 

cross-section of the ground. Subsequently, combining 

data of multiple sets, a 3D tomospace of the investigated 

area has been obtained. The consequent 3D distribution 

of the apparent resistivity at the datum points has been 

imaged by drawing sequences of pseudosections and/or 

horizontal slices at increasing pseudodepths. It must be 

remarked that any of the apparent resistivity 

representations has only a rough relationship with the real 

resistivity pattern, whose modelling is the ultimate 

purpose of the survey. In fact, shape and amplitude of the 

anomalies, which strictly represent shifts among different 

apparent resistivities, depend not only on the unknown 

true resistivity pattern and data density, but also on 

contamination due to even small inhomogeneities close to 

electrodes. In order to remove corrupting effects and 

model the survey targets as accurately as possible, a 

numerical inversion is needed to convert apparent into 

real resistivities. In this work, the probability-based ERT 

inversion (PERTI) method [6] has been used, which is a 

fast, reliable inversion tool directly derived from the 

principles of the probability tomography [7]. 

G3 site is located inside the garden of the bishopric, in 

the west side of the church. In the area A, the electrical 

tomography relative to 1 m depth highlights two 

interesting high resistive anomalies (Fig. 4). The first, 

located at the centre, is easily identifiable and has a shape 

of a rectangle of 2.5 per 4 m. Considering the small size 

of the anomaly, it could be interpreted as the image of a 

probable altar or base of a statue. In the east side, a 

considerable rectangular anomaly is visible. In the area B, 

a high resistive anomaly of about 10 m in length is 

identified. It could be interpreted as a portion of a public 

building of significant size. A state of high conductivity 

prevails in the whole area and could be the evidence of an 

open area, probably paved, in complete synergy with the 

urban planning of the colony. 

The site G4 is placed outside the urban plan, in Località 

Paradiso, where a particular soil anomaly was identified. 

This element, hardly attributable to a natural 

geomorphologic formation, is clearly visible as it is 
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located on a mezzanine floor over the surrounding land 

(Fig. 5b). The area occupies a semicircle area with a 

radius of 25 m and is completely covered by vegetation. 

An analysis of the surface brought to light few fragments 

of Roman pottery, probably leached from above areas, 

and a few metres from the site stones in molded 

limestone were identified in a complete state of 

abandonment. The site is located about 150 m from the 

circuit perimeter of the colony and at a lower level than 

the village. In Fig. 5a the hypothetical road linking the 

site to the suburban colony is highlighted. 

Based on these considerations, an ERT survey was 

planned in the area in order to understand the morphology 

of a probably buried structure. 15 intersecting, 31 m long 

profiles were arranged. About 5500 datum points were 

collected. In the shallowest horizontal real resistivity 

slices at 1 m depth, a high resistive anomaly appears near 

the edges of the semicircular area and a low resistivity 

situation is visible in the central portion (Fig. 6a). In 

order to combine the ERT results in a unique 3D 

representation and give some more insight into the 

observed anomalies, a three-dimensional tomospace of 

the real resistivity space was realized. For better 

disclosing nature and shape of the resistive structures, a 

smaller space (the portion of the south-east semicircular 

area) has been contoured using as the cut-off resistivity 

the mean resistivity value. All of the isosurfaces 

corresponding with resistivities below the cut-off 

resistivity have been blanked (Fig. 6b). This presentation 

presumes the probably presence of an articulated 

structure on split levels. The geophysical anomalies 

emerged from the survey suggest the presence of a 

semicircular public building, probably a theatre. 

Despite the plausible and obvious correspondence 

between the geometry of the geophysical results and the 

architectural design of a theatre, the geomorphology of 

the area does not seem to correspond to an exploitation of 

the natural slope of the area as usually happened in the 

Roman period. From a stylistic comparison with Latin 

colonies that present geo-structural conditions similar to 

the Latin colony of Aesernia, an analogy with the Colony 

of Sessa Aurunca (CE) was identified. In that case, the 

theatre was built by exploiting the natural slope in the 

west of the city and the dimensions are slightly larger 

(approximately 2 m in the radius) than the hypothesis of 

Isernia. 

The G5 is located in an area where, during the 

construction of the municipal parking, a Roman wall was 

brought to light and partially excavated. The tomography 

relative to 0,5 m depth (Fig. 7) shows, in the southwest 

side of the survey area, a high-resistive anomaly that can 

certainly be interpreted as the continuation of the wall 

structure. In the south east part a high resistive anomaly 

with rectangular size (about 20x5 m) with the same 

orientation as the previous one emerges. Its exact nature 

should  be verified by a direct archaeological excavation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. G2 site: ERT relative to relative to 1 m depth. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Location of G4 site and hypothetical road linking 

the site to the suburban colony (a) and view of the 

semicircle structure (b). 

 

 

 

 

 

 

 

 

 

 

Fig. 6. ERT relative to relative to 1 m depth (a) and 3D 

representation the portion of the south-east semicircular 

area (b). 

 

The G6 survey site (Fig. 8) is situated in the east side of 

Via Occidentale, where, in the 1980s, the Archaeological 

Superintendence of Molise made some excavation at the 

back of Palazzo D’Avallos Laurelli. A wall, perpendicular 

to the road with a length of about 7 m, and a semicircular 

wall structure in a state of collapse were revealed a few 

meters from the current ground level. The tomography 

relative to 0,5 m depth showed a high resistive anomaly 

that appears to be the exact continuation of the wall 

emerged from the test excavation. In the southern portion, 
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Fig. 7. G5 site: ERT relative to relative to 0,5 m depth. 

 

it is possible to hypothesize a probable environment 

whose contours appear in synergy with the known 

archaeological structures. 

G7 survey is located in a private property south of the 

G6 area. Outside the area, along Via Occidentale, a 

stretch of the wall circuit built with polygonal blocks is 

visible. In 2009, during the renovation of the house, 

several aligned limestone blocks of considerable size 

(about 10 m in length) emerged. This structure has the 

same physical characteristics as the polygonal blocks of 

the colony’s limestone circuit perimeter, but is 

perpendicular to the outer wall. Considering the location 

of the wall, it could be interpreted as a huge urban terrace 

wall or a fence bounding a major public area. The 

tomography relative to 1 m depth (Fig. 9) has shown 

some anomalies in the east area with regular shape and 

perpendicular to the walls of the circuit. To the west, 

there is a significant anomaly with similar orientation to 

the archaeological structures visible in the area. 

 

B. Ground Penetrating Radar (GPR) 

High resolution GPR surveys have been realized in 

sites G3, G4, G5, G6 and G7. For measurements a IDS 

RIS-K2 georadar, equipped with a multi frequency 

antenna TRMF (600-200 MHz), was used. All radar 

reflections were recorded digitally in the field as 16 bit 

data and 512 samples per radar scan. The spacing 

between parallel profiles at the site was 0,5 m and they 

were collected alternatively in opposite directions with 

angles of 90 degrees in the survey grids. Radar reflections 

on each line were recorded at 40 scan s
-1

 (1 scan 

approximately 0,04 m). Standard bidimensional 

radargrams relative to single transects were processed 

through the IDSGRED software. Band pass filters and the 

Gain Control were applied in order to remove high and 

low frequency anomalies that occurred during the data 

acquisition, normalize the amplification and remove 

reflections generated by noise due to the different signal 

attenuation [8]. Thus, using a sequence of parallel lines, a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. G6 site: ERT relative to relative to 0,5 m depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. G7 site: ERT relative to relative to 1 m depth. 

 

three-dimensional matrix of averaged averaged square 

wave amplitudes of the return reflection was generated 

and time-slices were realized at various time windows. 

Data were then gridded using a moving average routine 

and a radius of interpolation equal to 1 m. 

The first GPR surveys were carried out in Piazza 

Celestino V (G1 site, Fig. 10) where excavations brought 

to light a section of the walls of the colony [9]. Fig. 10 

shows the slice in the time window from 9–24 ns (two 

way time). In the northern part of the wall a strong 

concentration of high amplitude spots was measured and 

it could be interpreted as the presence of the continuation 

of the wall circuit into the subsoil. In the west side of the 

survey area an anomaly with an inverted V shape is 

visible and could correspond to the angle of a probable 

buried structure. On the east side of the trench 

excavation, small straight anomalies were identified and 

they seem to be the continuation of some medieval walls 

leaning on the wall in polygonal technique. 

G2 site is located in Piazza Andrea d’Isernia, in the 

area surrounding the Cathedral (Fig. 11). The time slice 

has shown two interesting parallel anomalies with high 

amplitude values. They are in the north side of the 

  

80



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. G1 site: time slice slice in the time window from 

9–24 ns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. G2 site: time slice slice in the time window from 

9–24 ns. 

 

Republican temple and might indicate the presence of 

connected buried structures. 

 

CONCLUSIONS 

The combination of geological, topographic and 

archaeological data enhance a strict correlation between 

the environmental setting and the degree of conservation 

of the archaeological record. Moreover, reworked 

archaeological finds include some blocks recognized 

within the Carpino valley whose actual location is 

probably due to river bank erosion and transportation, and 

pottery recognized on the Sordo’s valley slope 

transported by slope processes. On the opposite, 

archaeological evidence with a good to excellent degree 

of conservation has been recognized on the top surface of 

the river terrace where travertine deposits crop out. 

Concentration and visibility maps highlight the presence 

of several areas where surveys were not possible due to 

the abundance of vegetation or because private 

properties. Anyway, it is interesting to note that both 

maps show the highest values on the left flank of the 

Sordo valley, even if the highest value has been 

recognized on both maps in correspondence of a cadastral 

unit located on the right flank of the Carpino valley. 

Nine new archaeological sites inserted between the 

third century BC and the Middle Age were found.  

The application of non-invasive diagnosis techniques 

allowed discovering hidden archaeological structures in a 

predictive way and the location of interesting buildings 

was determined for each surveyed area. The most 

important results were obtained in an extra-urban area 

where the geophysical anomalies emerged from the 

survey suggest the presence of a semicircular public 

building on split levels that was a probably theatre. Direct 

archaeological excavations will be programmed with the 

purpose to verify the nature of the identified anomalies. 
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Abstract – The paper describes the close range
photogrammetric survey of a roman mosaic stored at
Regional Archaeological Museum “Antonino Salinas”
in Palermo (Italy). The aim of the work is the
production of a full-scale representation (scale 1:1) of
the mosaic useful for documentation and restoration
processes. The research has allowed evaluating limit
and potentiality of image-based approach using
photogrammetric and computer vision (Structure for
Motion) techniques in a context where the metric
point of view is a very important factor.

I. INTRODUCTION
The 3D survey of archaeological cultural heritage is a

fundamental step for the knowledge and the study of
archaeological finds and sites. Many information can be
obtained by a correct 3D documentation: measurements
about the shape and the size of the objects, information
about the state of preservation, data related to material
deterioration, etc..
The techniques available in 3D survey of cultural

archaeological heritage allow obtaining very accurate and
detailed metric data for both great and small dimensions
objects. In particular, in archaeology the 3D survey of
objects that required a very high accuracy (<1 mm) can
be carried out typically with active sensors (like
triangulation-based range sensors and pattern projection
sensors) or passive sensors (like image-based techniques)
[1]. In the last years, image-based techniques have
become increasingly used for 3D survey thanks to the
integration of photogrammetry and computer vision. This
integration has enabled the development of fully
automated pipeline; furthermore, it has allowed to get
performance comparable with those of the active range
sensors as demonstrated in several recent studies [2,3]. In
archeology this approach is also becoming more and
more popular mainly due to the availability of much low-
cost and open-source software, to the easiness of the
processing steps and to the low budget required for the
devices.

As it is widely known one of the main objective of
photogrammetry is measurement accuracy. For this
reason, the use of close-range photogrammetry in
metrology applications is not new. The term “vision
metrology” is also often used to describe this technology
when it is applied to higher accuracy 3D measurement
tasks [4]. Applications are typically carried out in
engineering and manufacturing scenarios where it is
necessary to have measuring accuracy in the range of a
few tens of micrometers to tenths of a millimeter and
where object size is in the range 1-10 m [5].
Computer vision, instead, aims at the automatic image

orientation of large unordered and un-calibrated image
sequence using Structure for Motion (SfM) algorithm [6]
and does not put any emphasis on measurement accuracy.
Photogrammetry and computer vision allow to produce

final products with comparable feature but originally
computer vision, and in particular the SfM approach, was
not considered sufficient suitable for metrology
applications due to the lack of results in term of accuracy
and reliability of the process. Now some advances have
been done in SfM software (in particular in commercial
software like Agisoft Photoscan and Pix4D) that allows
using the SfM pipeline also in metrological context.
However, many aspects (like camera network or camera
calibration) must be taken into account.
In archaeological cultural heritage there are some

circumstances in which the metrological aspect is very
important; for example the documentation of ancient
mosaics requires sub-millimeter precision for an
appropriate planning of restoration and conservation
activities. The tesserae of the ancient mosaics are unique
elements characterized by high geometric and material
complexity. The traditional survey approach includes the
representation of single tesserae using a transparent
polyester film which is resting “in contact” with the
mosaic; all the tesserae are drawn on the film in order to
obtain a full size drawing (scale 1:1). This work allows to
study and to document with a high level of detail the
techniques used for the mosaic, any discontinuities due to
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previous interventions and the presence of damaged
areas. This type of documentation, although extremely
detailed and accurate, has several drawbacks: the long
time required for a precise representation, the difficulty of
operating in situ, the operator subjectivity. In addition, the
drawing is quite complex to use and to reproduce and not
easily to carry due to its size.
The use of image-based techniques is a great support

for the survey of mosaics, in particular for the
documentation of the single tesserae and for a full size
representation (scale 1:1). Some applications have been
done in recent years as the close-range photogrammetry
survey of the mosaic of Saint Mark's Basilica in Venice
[7]. In this work, the authors have obtained an ortho-
image and a 3D model of the entire mosaic of the Basilica
(2100 m²) in scale 1:1 using a traditional
photogrammetric approach. More recently, some tests has
been done to compare different mosaic point clouds from
laser scanners and from SfM, for the documentation of
three ancient roman mosaics, and to evaluate the best
point cloud resolution for the detailed shape analysis of
each tessera [8].
In this paper the results of the 3D close range

photogrammetric survey of an ancient roman mosaic
preserved in the Regional Archaeological Museum
"Antonino Salinas" in Palermo (Italy) were described.
The main purpose of the research is to obtain an ortho-
image and a 3D model with a very high level of accuracy
and details that could be used as support for restoration
and preservation processes. The mosaic was surveyed
using a high resolution digital camera and close range
photogrammetric/SfM approach. The work has allowed
evaluating the limit and the potentiality of the integration
of photogrammetric and SfM methods as regards the
camera calibration step and the potential accuracy in a
metrological context.

II. THE ROMAN MOSAIC
The roman mosaic belongs to the archaeological site of

“Piazza della Vittoria” which is located within the
historic center of Palermo (Sicily, southern Italy). The
discovery of this archaeological site in one of the oldest
and most central part of Palermo has revealed two
buildings, called "Building A" and "Building B". The
construction of the “Building B” is dated to the late
second century B.C. and it dates back to the Hellenistic
period; the “Building A” is instead dated to the early third
century A.D. and it dates back during the Roman imperial
age [9]. The remains visible today of “Building A” are
composed of parts of the walls and of decorations
unearthed during various excavations and archaeological
surveys. “Building A” is characterized by rich mosaic
pavements that were partly removed and preserved in the
Regional Archaeological Museum "Antonino Salinas" in
Palermo and in part were left in situ.
The studied object is a bichrome opus tessellatum

mosaic with geometric decorations (Figure 1). The
mosaic is made of square tesserae of black and white
marble. A careful analysis of the tesserae shows the use
of different types of marble due to previous work of
restoration. Several black tesserae are different from
original and in some areas the white tesserae were
replaced with yellow tesserae that clearly show areas of
previous restoration works (Figure 2).

The mosaic decoration is constituted by a geometric
drawing obtained by the arrangement of the black
tesserae on the white background. The black tesserae are
arranged to form rows of tangent recumbent spindles-
shaped which constitute a grid with squares with sides of
about 40 centimeters [10]; each square have a crosslet
with chevrons in the center. The perimeter of the
decoration is constituted by a double row of black
tesserae and by a broad frame of white tesserae.
The roman mosaic is not in a good state of

preservation; the entire surface is concealed by a thick
layer of coherent deposit, referable to previous restoration
works, which does not allow a correct interpretation of
the mosaic. During the detachment phase from the
original site and the subsequent relocation inside the
museum, in some areas it was not observed the original
trend of the tesserae compromising the geometric
drawing and creating decorative shapes not suited to the
decorative fabric. The mosaic is also not perfectly flat
and has several depressions due to a clumsy transfer from
the origin site.

Fig. 1. The bichrome opus tessellatum mosaic.

Fig. 2. Area of previous restoration.
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III. DATAACQUISITION
The mosaic is located in one of the rooms of the

Regional Archaeological Museum “Antonino Salinas” in
Palermo (Italy) currently not open to the public; the
mosaic have a rectangular shape with dimensions of
about 5.50 m per 4.20 m. The logistic conditions have not
presented particular problems for the photogrammetric
survey; to get the best lighting conditions the
photogrammetric survey was performed without the use
of artificial lights or spotlights but only using natural
light.
The images acquisition was carried out using a Nikon

D5200 digital camera equipped with a 28 mm Nikkor
AF-S f/2.8G fixed focus lens; the camera has a CCD
sensor with size of 23.5 mm × 15.7 mm, a pixel size of
3.9 µm and an effective resolution of 6000 pixels × 4000
pixels. The camera-to-object distance was chosen equal
to 1.5 m; the image scale was 1/54 and the coverage of
each image was about 1.2 m × 0.8 m. Because the camera
focal length was 28 mm, each pixel was about to 0.2 mm
in the object space (Table 1). This value can be
considered acceptable for the final result.

Table 1. Survey parameters.

Camera Nikon D5200

Focal length 28 mm

Camera-object distance 1.5 m

GSD 0.21 mm

Image coverage 1.2m x 0.8m

End lap and side lap 70%

Number of images 401

During the images acquisition the focal lens was set to
manual focus after adjusting it to the average camera-to-
object distance of the project and then adequately fixed
throughout the shooting process.
The images were taken with the camera mounted on a

tripod (Figure 3); this condition has allowed to acquire
nadiral images maintained the sensor position parallel to
mosaic’s plane.
A nadiral stereoscopic coverage was planned for the

whole mosaic with strips parallel to the longer side of the
mosaic. The photogrammetric strips were selected
providing an end lap and a side lap of 70% (Figure 4) .
Some additional convergent strips were also planned

along the edge of the mosaic to increase the redundancy
of the measures at the edges of the photogrammetric
block and to limit bowl-effect in the 3D model. A total of
401 images, divided into 17 nadiral strips and 4
convergent strips, were obtained (Figure 5).

To evaluate the theoretical precision of the survey the
traditional photogrammetric formulas for so called
‘normal case of stereo-photogrammetry’ were used [11].
The theoretical precision σX and σY, respectively in X
and Y coordinates, was calculated from:

�� � �� �
�

�
��� (1)

where D is the camera-to-object distance, c is the focal
length and σx’ is the image measurement precision. The
theoretical precision σZ along the Z direction depends
also on the ratio D/B where B (baseline) is the distance
between the two camera stations and was calculated
from:

Fig. 3. Photogrammetric survey.

Fig. 4. Camera location and image overlap.

Fig. 5. Photogrammetric coverage of the mosaic.
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where σpx’ is the image measurement precision of the x-
parallax.
These formulas give reasonable approximation of

achievable precision and depend primarily on image
measurement precision. For a close range
photogrammetric/SfM approach the image measurement
precision depend on the accuracy of feature extraction
and feature matching, that generally can achieved a sub-
pixel accuracy [12]. For our study it was supposed
σpx’=σx’ and an image measurement precision of 0.5 pixel,
corresponding to 1.95 µm; the theoretical precision was
estimated at 0.10 mm for X and Y and 0.42 mm for the Z
direction. The precision of 3D point measurement can be
calculated as

���� � ���
� � ��

� � ��
� (3)

It was equal to 0.44 mm. These value, and in particular
the X and Y accuracy, are compatible with the accuracy
of photogrammetric measurements required for the
production of an ortho-image at full-scale representation
(scale 1:1).
Some 12 bit coded targets were positioned around the

mosaic to define a local coordinate system and to
correctly link next close range photogrammetric projects
for monitoring purpose. Moreover, eleven calibrated bars
were placed along the edge of the mosaic; calibrated bars
are of aluminum and are long 50 cm (Figure 6).

Every bar has two calibrated distances; one of 48 cm
and another of 46 cm. The measurement of the distances
was done with a computer numerical control machine
with an accuracy of ±50 microns. For each bar one
distance was used to scale the photogrammetric model,
the other to check the accuracy of the photogrammetric
survey.

IV. DATAPROCESSINGAND RESULTS
The images processing was done through the typical

SfM workflow using the well-known commercial
package PhotoScan Professional Edition v.1.1.
The software provides a sequence of automatic steps

for image orientation and image matching; moreover,
PhotoScan allows extracting 3D models and ortho-images
with a very high level of detail. During image orientation
(called “photo alignment” in PhotoScan) the software
estimates both internal camera parameters and external
camera orientation for each image. PhotoScan is the
typical SfM software that has also integrated
photogrammetric procedures; in fact, in the latest
versions it is possible to recalculate the orientation
parameters through a bundle block adjustment with self-
calibration (called “optimization” in PhotoScan), to use
coded targets for points detection and known distances as
metric constrains, to obtain some parameters about the
precision of the process and to assign an accuracy value
to the metric constrains (ground control points or
distances).
The data processing step was also used to test some

different camera calibration approach in
photogrammetric/SfM pipeline. In particular, two main
approaches were evaluated: in the first the self-calibration
of the PhotoScan “optimization” process was used, in the
second a standard camera calibration process using the
photogrammetric software PhotoModeler, convergent
camera network and a set of coded targets was carried out
(Figure 7).

The parameters calculated with PhotoModeler were
then imported and used for PhotoScan processing. For
each test we have also calculated two different datasets of
parameters: one with all the internal camera parameters
(principal distance, principal point position, skew, radial
and tangential distortion coefficients) and another with
only principal distance, principal point position and radial
distortion coefficients. This choice was done to evaluate
if skew and tangential distortion coefficients, that are
generally less important for the camera calibration, can
significantly affect in our surveying condition the

Fig. 6. Coded targets and scale bars.

Fig. 7. PhotoModeler camera calibration network.

Scala bars

48 cm

46 cm

Coded targets
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accuracy of the photogrammetric block.
The camera calibration parameters calculated with

PhotoModeler were converted in PhotoScan format using
the Agisoft Lens package for the dataset with all the
internal camera parameters and a MATLAB routine,
developed by the 3DOM unit of Bruno Kessler
Foundation (FBK) of Trento (Italy), for the dataset with
only principal distance, principal point position and radial
distortion coefficients. This step is necessary because
PhotoModeler uses the typical photogrammetric
formulation of camera calibration parameters, while
PhotoScan uses for the same parameters, the computer
vision formulation.
Four different PhotoScan projects were done

performing the camera orientation using a maximum of
40000 feature points for image; all the projects were
calculated in an arbitrary reference system by applying a
free-network solution bundle block adjustment and by
using only the 48 cm calibrated distances of the eleven
bars to scale the photogrammetric model. The 46 cm
calibrated distances of the eleven bars were instead used
as check control distances to evaluate the accuracy of the
projects. This procedure was chosen in agreement with a
German standard (VDI7VDE 2634 Part 1) [13] for
evaluation of object-space accuracy of 3D point
measurement systems based on the length measurement
error (LME). This value is the difference between the
distance calculated from the photogrammetric process
and the calibrated distance of the bar; the root mean
square (RMS) value of all the differences provides an
assessment of the precision/accuracy of the
photogrammetric measurement and can be compared with
the theoretical 3D precision.
The result of the calibrated distances RMS for the four

PhotoScan projects can be showed in table 2.

Table 2. Statistical results of the camera orientation.

RMS scale
distances

[48 cm]

RMS check
distances

[46 cm]

PS self-
calibration
all parameters

0.033 mm 0.049 mm

PS self-
calibration

cx, cy, xp, yp, K1,K2,K3

0.051 mm 0.071 mm

PS with PM self-
calibration
all parameters

0.288 mm 0.290 mm

PS with PM self-
calibration

cx, cy, xp, yp, K1,K2,K3

0.145 mm 0.150 mm

PS = PhotoScan; PM = PhotoModeler Scanner
cx,cy = focal length; xp,yp, = principal point coordinates;

K1,K2,K3 = radial distortion coefficients

As can be noted from table 2, the accuracy obtained in
all tests are always better than the theoretical precision;
this seems to highlight the inadequacy of traditional
photogrammetric formulas to correctly estimate the
accuracy of the survey in a close range
photogrammetry/SfM approach. The PhotoScan self-
calibration allows to obtain much better accuracy than
using the parameters calculated with ad hoc calibration.
In particular, estimating all the internal camera
parameters (principal distance, principal point position,
skew, radial and tangential distortion coefficients) it is
possible to achieve a very high level of accuracy typical
of metrological context.
A more accurate analysis with regard to calibration

parameters shows that the large differences between
PhotoScan self-calibration projects and PhotoScan
projects with PhotoModeler self-calibration parameters
are probably due to the variation in principal point
coordinates (Table 3).

Table 3. Camera calibration parameters.

PS self-
calibration

PM self-
calibration Differences

cx 7434.48 [pix] 7436.91 [pix] -2.43 [pix]

cy 7435.17 [pix] 7437.51 [pix] -2.34 [pix]

xp, 3015.74 [pix] 3015.89 [pix] -0.15 [pix]

yp, 2006.82 [pix] 1984.92 [pix] 21.9 [pix]

Skew 0.17 0.00 0.17

K1 -9.76E-02 -1.01E-01 3.36E-03

K2 1.82E-01 2.09E-01 -2.68E-02

K3 -1.93E-01 -3.06E-01 1.13E-01

P1 -1.83E-05 -2.59E-04 -2.86E-05

P2 1.07E-04 1.36E-04 0.00E+00

PS = PhotoScan; PM = PhotoModeler Scanner
cx,cy = focal length; xp,yp, = principal point coordinates;

K1,K2,K3 = radial distortion coeff., P1,P2 = tangential distortion coeff.

The principal point position seems to be the most
sensitive interior orientation parameter, since differences
in cx and cy coordinates control the image coordinate
uncertainty [14]. Our results are however slightly differ
from [14] because the PhotoScan self-calibration give
better solutions than high precision self-calibration with
convergent image-network configuration; this issue
requires more detailed analysis and further tests.
The PhotoScan project that had the best accuracy (PS

self-calibration all parameters) was used to obtain a
detailed point cloud a Digital Surface Model (DSM) with
a resolution of 0.8 mm was also calculated.
An ortho-image with a resolution of 0.5 mm was finally

produced (Figure 8). The ortho-image obtained in this
work contains all metrics information of a traditional
mosaic survey. It permits to examine the numerous form
of irregularities, the size and position of the tesserae and

  

86



the presence of erosion and patina deterioration with non-
invasive and more fast procedures.

V. CONCLUSIONS
The photogrammetric survey has allowed obtaining an

ortho-image of a roman mosaic, compatible for a full
scale representation (scale 1:1), that has all metric
information of a traditional mosaic survey and permits to
draw the tesserae layout in a very accurate way.
This type of documentation can be repeated in time in

such a manner to allow monitoring and analyzing the
mosaic even after restoration processes and changes of
the surface. Furthermore, the photogrammetric/SfM
approach, thanks to the high level of detail, allows,
during the restoration phase, to overcome the realization
of plaster casts for the replacement of missing or
damaged tesserae.
The high accuracy obtained with a

photogrammetric/SfM approach shows that these
techniques could be applied in metrological context for
archeological 3D documentation. The accuracy
evaluation shows also that the camera calibration is still
an open issue because the typical photogrammetric
scheme could not always be suitable for this approach.
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Abstract – The radiocarbon dating method was 

developed by Willard Frank Libby and his team at the 

University of Chicago between 1946 and 1960, when 

Libby was awarded the Nobel Prize. My paper will 

frame the birth and early use of this method through 

the analysis of three aspects: the historical and 

political context in which it is rooted, the notion of 

time embedded in the method, and the academic 

implications of its use.  By means of this analysis I will 

provide an example of the bidirectional influx of  

technology and society on one another, while showing 

the importance of contextual analysis for the 

understanding of archaeological methods. 
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I. INTRODUCTION 

The use of radiocarbon measurement techniques for 

determining the absolute dating of ancient organic 

material, was one of the most successful scientific 

achievements of the postwar period. Being still one of the 

most popular dating methods in archaeology and geology, 

the birth of radiocarbon dating has been the subject of an 

ample literature. However the majority of the 

contributions focuses on the advances of technology [1, 

2, 3] and on the connections between two or more 

laboratories [4], or it recalls the academic stand of its 

inventor Willard F. Libby, normally by means of 

biographical memoires [5, 6, 7]. These contributions are 

extremely useful and provide fundamental knowledge on 

the subject. They fail, nonetheless, to adopt a contextual 

approach and,  more specifically, to analyze the particular 

historical circumstances under which those methods were 

firstly elaborated and applied. Those circumstances are 

characterized by specific political ideologies and notions 

of progress and modernity. Moreover, as a chemical-

physical  method, radiocarbon measurement employs a 

specific notion of scientific time and at the same time, 

given that it’s used for understanding historical 

phenomena, it must interact with diverse notions and 

formalizations of human time [8]. This method, in 

conclusion, albeit not directly developed by 

archaeologists, found its early recipients and counselors 

in a peculiar archaeological milieu, the Anglo-American 

anthropological school, and it mirrored to the attitude of 

postwar society towards the past. Ignoring this set of 

historical circumstances would led to a narrative in which 

technology appears as the deus ex machina of history, and 

as the main responsible for change in society. On the 

contrary, what I want to highlight here is the reciprocal 

influence of technology and society on one another: these 

three elements – historical context, notion of time, 

archaeological milieu – had an impact on the realization 

of the radiocarbon project and shaped its reception and 

use, both by specialized scholars and by the general 

public. 

For the purposes of this paper, I will provide some hints 

on the relevance of a contextual approach for the 

understanding of radiocarbon dating, without any 

presumption of completeness, hoping to offer an 

incentive to further research. 

 

II. HISTORICAL CONTEXT 

After the war Willard Libby, physical chemist at Berkley 

and formerly member of the Manhattan project, joined 

many of his previous colleagues at the newly founded 

Institute for Nuclear Studies in Chicago [9]. There he 

worked with Ernest Anderson on a radioactive isotope of 

carbon, 
14

C, which was thought to be generated by the 

impact of cosmic rays on the atmosphere: its presence in 

nature was not ascertained, but it had been artificially 

produced at Berkley in 1940 for the first time. In May 

1946 Anderson and Libby proved the existence of the 

isotope in nature, by enriching six hundred liters of 

methane coming from Baltimore sewage plant. In the 

same occasion they measured its half-life in 5568 years, 

confirming Libby’s secret hypothesis [10]. In fact, this 

long life-cycle and its presence in all organic material, 

made radiocarbon the perfect dating tool for 

archaeologists and geologists: 

«Since 5568  ± 30 years will be required to bring the 

inventory halfway of a new equilibrium state 

demanded by the change in cosmic-ray intensity, we 

find some evidence in the agreement between these 

numbers that the cosmic-ray intensity has remained 

essentially constant for the last 5.000-10.000 years. 

[…] If the cosmic radiations has remained at its 

present intensity for 20,000 or 30,000 years, […] 

during the lifetime the radiocarbon assimilated from 
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food will just balance the radiocarbon disintegrated 

in the tissues. When death occurs, however, the 

assimilation process is abruptly halted, and only the 

disintegration process remains.» [11] 

 

Ancient organic material could have been objectively 

dated: the ratio of residual radiocarbon per gram of 

carbon would have provided the age of the sample in 

years Before Present. 

This result produced fresh enthusiasm in the scientists 

working on the project, which were now joined by Jim 

Arnold, a chemist passionate with Egyptian antiquities. 

However, there was a major problem to be faced: the high 

cost and long process of enrichment techniques forced 

them to use unenriched material. At the same time, the 

available counters registered the noise produced by 

cosmic rays in the atmosphere, which was ten times 

higher than the measurement produced by unenriched 

samples: a new apparatus was needed. It took almost one 

year before Anderson built the “anticoincidence 

counting”, a device made of one big counter surrounded 

by many smaller ones.  The central device registered the 

counts coming from the sample and the atmosphere, 

while the others counted only the latter. The noise could 

then be subtracted from the final measurement of the 

central counter in order to obtain the number of counts 

coming from the sample [12].  

The first archaeological sample – a piece of wood from 

Zoser’s Thomb provided by the curator of the Egyptian 

Collection at the Metropolitan Museum, Ambrose 

Lansing – was measured in late 1948 [13]. These 

advancements were made possible by the funds provided 

since November 1947 by the Viking Fund for 

Anthropological Research, only one of the many facets of 

the involvement of archaeologists in the early phases of 

the research.  In February 1948 the American 

Anthropological Association established the “Committee 

on Radioactive Carbon 14”, made of three archaeologists 

and one geologist: the Committee was appointed with the 

responsibility of choosing relevant topics on which to try 

the method, and had the assignment of providing suitable 

samples for measurements [14]. At the end of 1949 a set 

of six measurements from samples of known age was 

published on Science [15], together with one of the most 

famous images in the history of science, the Curve of 

Knowns [s.v. Fig. 1]: the theoretical curve deduced from 

an adaptation of  Rutheford’s equation of radioactive 

decay was compared with the measurements of the six 

samples. The large majority of the dots was in line with 

the curve: the radiocarbon method worked. The number 

of measured samples increased exponentially in the 

subsequent years and, thanks to theoretical and practical 

courses held by J. Arnold in Chicago, many other 

laboratories were founded both in the US and in Europe 

[16]. 

The method obtained such an outstanding success – not 

only among scholars but also with the general public – 

that it requires an explanation. Probably, an element of 

popularity was the publication on Science, a journal 

which reached beyond the restricted public of specialists 

getting to intellectuals of any kind [17]. However, in my 

opinion, there were two deeper reasons why the 

radiocarbon dating method gained such a high reputation. 

First of all, it was a peaceful use of atomic research; 

secondly, it was the first stone towards the construction of 

a unified World history. 

Libby embodied the contradictions of the political scene 

of his time. He was part of the Manhattan Project during 

the war and he didn’t sign the petition against the 

offensive use of the nuclear bomb proposed by his 

colleagues [18]. In 1950 he entered the Atomic Energy 

Commission, where he supported at the same time the 

research for the development of the hydrogen bomb and 

the “Atoms for Peace” project [19]. He was deeply 

convinced of the positive implications of nuclear science, 

and he strongly opposed the diffused opinion that 

radioactivity was an invasive, unnatural and artificial 

achievement. The very method of radiocarbon dating was 

based on the assumption that living organism have 

always been radioactive: 

«Since plants live off the carbon dioxide, all plants 

will be radioactive; since animals on earth live off 

the plants, all animals will be radioactive. Thus we 

conclude that all living things will be rendered 

radioactive by the cosmic radiation.» [20] 

He was the public face of the peaceful and productive use 

of atomic research. From 1956 to 1958 he was the 

spokesman of Radioactive Fallout, giving speeches in 

symposia and conferences in order to reassure the public 

opinion on the low level of noxious effects coming from 

nuclear experimentations. 

«Le monde entier s’occupe aujourd’hui de la 

question des retombées radioactives, en particulier 

de celles qui suivent l’expérimentation d’engins 

nucléaires militaires. L’attention générale s’est 

concentrée sur les problèmes concernant l’effet  des 

radiations, et ces questions qui autrefois ne 

préoccupaient qu’un nombre restreint d’hommes de 

science sont discutées aujourd’hui par des millions 

de personnes. Toutefois, si les effets des radiations et 

la grandeur des doses des précipitations radioactives 

étaient mieux connus et compris, l’appréhension 

générale serait beaucoup moins grande» [21] 

Being in perfect agreement with president Eisenhower 

propaganda, he also believed that the development of 

nuclear military equipment would have been a warranty 

for universal peace:  
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«Our peace is largely atomic; knowing what lies 

ahead in nuclear war leaves no doubt about it. The 

leaders of our country, of Russia, and of England 

know exactly this, and none of these countries could 

conceivably start a war without certain knowledge of 

such serious effects on itself that it would be 

essentially purposeful national suicide. So the 

likelihood of war is reduced by the very terror the 

atom has given it, and thus in a way, we might say 

that the first certain peacetime use of atomic energy 

has been peace itself.» [22] 

 

His pro-administration position was surely of the outmost 

importance for the funding of his project, while the 

heavily promoted idea of using nuclear research for 

empowering mankind with knowledge of history and 

environment surely brought him success with the general 

public. 

There was at least another factor which contributed to the 

celebrity of radiocarbon method: the need for a global 

history. Frederick Johnson, chairman of the “Committee 

on Radioactive Carbon 14”, was very clear on this need 

for a unifying past when he contributed to Libby’s major 

publication with a chapter on the significance of 

radiocarbon dates: 

«The dated samples have come from several parts of 

Europe and Africa, the Near East, Oceania, and 

North, Middle and South America. […] It is 

apparent that there is in existence the basis for a 

chronology which is worldwide in scope.» [23] 

 

The existence of an independent dating method based on 

chemical physics would give to archaeologists and 

geologists the possibility to build chronological grids 

which could encompass the all Earth. This would be the 

first step towards the writing of a global history of the 

human kind which could reunite what war divided. The 

need for the establishment of a common ground for 

human nature was extremely strong in the postwar 

period: the establishment of the UN, the Universal 

Declaration of Human Rights, the International Court of 

Justice were all born from the same assumption on the 

unity of human nature [24].  

This same assumption was put into history by Grahame 

Clark in his 1961 book World Prehistory, which was 

reprinted with significant improvements in 1969 and 

1977: starting from the second edition, the relevant 

radiocarbon dates were listed at the end of each chapter. 

Since the beginning of this project, the declared intention 

of the author was to build a common history of humanity 

against the raise of nationalism [25].  

 

 

III. NOTION OF TIME 

Another crucial aspect for a contextual analysis of 

radiocarbon dating, resides in the scientific theory in 

which the method is embedded and in its interactions 

with the contemporary scientific environment. 

The radiocarbon method relies on the principle of 

radioactive decay, which is one of the so-called ‘natural 

clocks’. Being our measurement in hours, minutes and 

seconds a conventional construction, since the second 

half of the 18
th

 century intellectuals tried to find natural 

phenomena which could provide a measurable account of 

time, whose existence beyond our perception had been 

challenged by David Hume. Tellingly, one of the earliest 

natural clocks was individuated in the sedimentation of 

Earth’s layers by James Hutton, who was part of the same 

Edimburgh circle of intellectuals were Hume spent the 

early years of his career [26].  

The formula of radioactive decay was elaborated at the 

beginning of the 20
th

 century by Ernest Rutherford, a 

1908 Nobel Laureate who paved the way for Libby’s new 

method: the equation he used for calculating radiocarbon 

decay rate was an adaptation of the one developed by his 

predecessor. 

«Therefore, we conclude that the rate of 

disappearance of radioactivity following death, 

corresponds to the exponential decay law for 

radiocarbon as represented by the solid curve in 

Figure 1, in which the world-wide assay of 15.3 

for biological materials corresponds to zero time, 

and the predicted specific radioactivities for 

various times thereafter are given by the curve. 

The equation for the curve is 

I  

In which t is the age of the organic material in 

years, age being defined as the time elapsed sice 

death occurred» [27] 

Time is here considered as a linear, homogeneous, and 

directional element, constituted by singular events, i.e. 

the moments in which the decay starts. This linear notion 

of time is visually represented in the “curve of knowns”, 

which confronted the predicted results (the parabola) with 

the measured samples of known age (the dots) including 

the standard deviation (the lines across the dots)was 

published by Libby and Arnold in 1949 as a confirmation 

of the effectiveness of the method [s.v. Fig. 1] 
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1- Predicted versus observed radioactivities of 

samples of known age - Libby 1955, 10 

If, with an hazardous jump, we translate this notion of 

time in historical terms, we could say that history is here 

represented as a directional movement ordinated by a 

unitary principle, physics, inside which single events take 

place. This statement will maybe seem less ventured 

when one considers the above mentioned postwar desire 

for an all-encompassing history, which characterized not 

only the public opinion but also – as we will see in the 

next paragraph – the archaeological community.  

It must be here emphasized that the language used by 

scholars to describe radioactive decay is mould on 

biological vocabulary. The very notions of “life-cycle” 

and “decay” recall the tripartite schema of  birth, growth 

and death, which is peculiar to biology. Interestingly 

enough, these words are used here to describe the cycle of 

atoms, which are independent from the living organisms 

in which they’re embedded.  

«It has been known for many years that the rate of 

disintegration of radioactive bodies is 

extraordinarily immutable, being independent of 

the nature of the chemical compound in which the 

radioactive body resides an d of the temperature, 

pressure, and other physical characteristics of its 

environment» [28] 

In other words, being the environment of radiocarbon 

organic material, physical time encompasses and 

overtakes biological organisms. 

Radiocarbon decay, thanks to his long half-life, is treated 

as the natural manifestation of a universal time which 

underlies all human and natural events. The existence of 

such a unifying concept of time was reassuring, after the 

earthquake of Relativity. In fact, one of the most 

disarming assumptions coming from Einstein’s theory 

was the relativity of simultaneity. 

«That light requires the same time to traverse the 

path A −> M as for the path B −> M is in reality 

neither a supposition nor a hypothesis about the 

physical nature of light, but a stipulation which I 

can make of my own freewill in order to arrive at a 

definition of simultaneity.» [29] 

For many philosophers of time, the relativity of 

simultaneity brought to “the end of time” as the linear 

and unitary notion  which was typical of western thought 

so far [30]. Libby offers a solution to this fragmentation 

of time, by means of chemistry instead of physics. He 

oversteps the problem of perception of two simultaneous 

phenomena: the time relationship between two points on 

the line of time is not  registered by synchronized 

instruments, it is instead given by the measurement of an 

inner chemical property of the points themselves. To this 

extent Libby’s nuclear clock rebuilds the reassuring 

objectivity of time. 

This scientific notion of time, however, hardly relates 

with human time and its material manifestations. Human 

time, in effect, relates with duration more than with 

punctual events and is not made of complete discrete 

periods[31]. This discrepancy between measurable time 

and non-measurable flow of human experience was 

already acknowledged by Johnson in his chapter on the 

significance of radiocarbon dates. 

«It has been customary procedure to compare 

historical, geological and archaeological 

measurements of time with the radiocarbon 

measurements. […] The problem is to find a basis 

for comparison. Historical data, that is, 

measurements of time based upon a calendrical 

system and dependent written ethno-historic 

record, appear to be comparable with the results of 

the radiocarbon method as expressed in number of 

years before the present. In other words, dates in 

both systems are referable to a single method of 

counting time. This is not true of geological and 

archaeological measurements, except in relatively 

rare instances. Measurements of time in these 

fields are inferred from processes, the rates of 

change or progress of which are not constant and 

which are, as yet, quite unpredictable.» [32] 

This problem paves the way for some considerations on 

the reciprocal influence of radiocarbon dating and 

archaeological practice. The radiocarbon method was 
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heavily influenced by the specific archaeological milieu 

in which it was born and its trends.    

IV. ARCHAEOLOGICAL MILIEU 

When early radiocarbon measurements were carried on, 

the culture-historical approach was the leading trend in 

American Archaeology. Among other things, it 

emphasized the coexistence of many different cultural 

complexes, intertwining in space as much as in time. As 

Lucas is keen to propose [33], one of the most appealing 

features of radiocarbon dating was that its ability to 

recreate the unity of the historical flow which had been 

destroyed after evolutionary theories were dismissed. In 

fact, if the culture-historical trend had built a complex 

puzzle of contemporaneous cultures, the functionalist 

stream of Anglo-American Anthropology complicated the 

picture even more. They proved cultures to be composed 

of different groups with peculiar modes of life and 

material manifestations, so that the different kinds and 

degrees of integration of those small communities can be 

considered the real distinctive feature of each culture 

[34].  

Despite the assimilation of those elaborated social 

theories, the effort of prehistoric archaeologists was still 

centered on the individuation of material cultures and on 

the construction of geographical and chronological 

correlations between them. The construction of a relative 

chronology by means of vertical stratigraphy proved to be 

an efficient method, albeit it struggled to produce 

calendrical dates. On the other hand, the individuation of 

contemporaneous sites distant in space remained a major 

problem, as Frederick Johnson admits in his chapter on 

radiocarbon dates [35]. The radiocarbon method was 

envisaged as the final solution to the problem of 

simultaneity, which had tormented archaeologists for 

decades. Gordon Hews, assistant professor of 

anthropology at the University of Nord Dakota, read a 

paper on Science in which the potentiality of the method 

was explained, but no dates were provided: his response  

is emblematic.  

«Date determination up to now has been a 

primary aim of the archaeologist working in 

prehistoric cultures where there are no 

inscriptions. If this outstanding problem can be 

solved by the use of radiocarbon, we could 

concentrate our energies on the cultural aspects 

of the subject and leave the chronological job to 

the physicists…» [36] 

This quote highlights another aspect of archaeologists’ 

response to radiocarbon method: they basically didn’t 

understand it. Thus, since the very first notice of 

radiocarbon dating techniques reached the archaeological 

community, the reaction was either one of reactionary 

skepticism or one of blind faith [37]. As may seem 

natural, the possibility of an independent absolute dating 

encouraged the raise of ever-present questions on origin 

and priority, which often carry the burden of political 

interests. In that period, when the USA were 

consolidating their economic hegemony in the continent 

[38], the issues at stake were mostly two: did the first 

men arrived in the Americas from the north? When the 

first ‘civilized’ or ‘complex’ cultures arose in Middle and 

South American? And were they descendent or dependent 

from North American migrations? [39] This problems not 

only opposed scholars from different nations, but they 

also divided US scholars, many of which had started to 

be influenced by Marxist theory.  As often happens when 

ideological stands are at stake, the aforementioned issues 

were not resolved by the magic wand of radiocarbon 

dating, exposing the fact that this was not magic at all.    

V. CONCLUSION 

In conclusion, we might observe that the major 

achievement of Libby’s theory was one of objectivity and 

unification. One might erroneously think that the academic 

and historical conditions under which dating methods were 

generated, are nowadays irrelevant for the current practice 

of the discipline. On the contrary, the contextual analysis of 

such a pervasive method can provide an useful tool for 

understanding the subsequent attitude of different scholars 

and archaeological trends towards the method itself [40]. 

This subject, however, exceeds the space of this 

contribution and hopefully will be the object of further 

research.  
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Abstract –The object of the study is to find out 

whether the building of the Temple of Divine Claudius 

in Rome was carried out on the basis on a geometric 

matrix or a design module. 
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 I. INTRODUCTION 

Analysis and interpretation of elements of 

archaeological heritage is a painstaking activity. It also 

includes a wide range of interdisciplinary subjects and 

competences. Innovative tools which are constantly being 

developed make it possible for the researcher to adopt an 

integrative approach favorable to everyone involved in 

the whole process of documentation. Close collaboration 

of architects and archaeologists made it possible to 

understand the key elements of archaeological heritage 

based on considerations extracted from historical analysis 

and to have at disposal a large quantity of information 

gathered by taking advantage of the potentialities of 

technologically advanced tools. The significance of 

constructing digital models in the domain of archaeology 

is already a well-established idea and only reinforces the 

theoretical bases of survey and representation. 

Unlike archaeologists - whose research is mainly aimed 

at reconstructing the historical process and collocating 

artifacts within a precise frame of reference - architects 

investigate the form, reconstruct the process of designing, 

and study formal, proportional laws and spacial 

aggregations of various elements. The interrelation 

between the two disciplines opens up the possibility to 

achieve complete results as far as documentation, 

analysis and interpretation of the so called archaeological 

architecture are concerned [1]. On one hand, 

archaeologist can use explorable and measurable 2D and 

3D high precision models, which realistically show 

surface qualities; on the other hand, architects can turn to 

advantage archaeologists' extensive knowledge to 

interpret correctly data in their historical and metric 

framework and to verify interpretative hypotheses. 

The objective of the present article is to verify whether 

the Temple of Divine Claudius in Rome was realized on 

the basis of a geometric matrix and a proportion module. 

Integrated survey carried out with high precision 

instruments for non-contact surveying yielded a 

possibility to conduct a correct geometric analysis of 

forms as well as an exact metrological study. The 

acquired data served to elaborate various typologies of 

models – two dimensional, three dimensional, geometric, 

architectural, texturized, thematic. These models are the 

starting point for interpreting and verifying geometric-

proportional hypotheses of the whole structure. 

 II. TEMPLE OF DIVINE CLAUDIUS IN ROME 

“…[Vespasianus] fecit et nova opera…templum divi 

Claudi in Caelio monte, coeptum quidem ab Agrippina 

sed a Nerone prope funditus destructum” [2].  

Nothing has remained of the temple built by Agrippina 

Minore in 54 A.D, destroyed by Nero and rebuilt by 

Vespasian in a dominant position on the western slope. 

Only from the Forma Urbis do we know that it was a 

prostyle hexastyle, with three columns on the each side 

and the facade facing the north. There remain however 

homogeneous ruins of the impressive substructure which 

put it in the dominant position in relation to the Palatine 

and the valley.  

It was thus able to embrace the equally impressive  

 

 
Fig. 1. Temple of Divine Claudius, Rome 
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of the Colosseum, whose construction was initiated by 

Emperor Vespasian. The massive platform on which 

stood the temple was saved from the destructive fury of 

Nero because it was incorporated in the design of his 

Domus Aurea and transformed into a Ninfeo, of which - 

as Martial reminiscences it became the extreme 

extension. What remains of it reveals a structure of 

imposing dimensions of roughly 180x200 m, sustained by 

impressive walls of containment, in large part still visible 

today.  In particular, the eastern side discovered when Via 

Claudia was opened in 1880. It consists of a brick wall 

divided into a series of niches, on the northern side of 

which are the remains of several  different environments 

set to the wall, of a brick building, a portion of the 

western side, absorbed by the cloister and the bell tower 

of the Basilica of St. John and St. Paul.  It dates back to 

the oldest phase of constructing the structure, known as 

the "portico of Claudianum". 

These remains of the western side of the substructure 

are undoubtedly the most interesting from the 

archaeological point of view. Today they consist of a 

group of two-storey communicating accomodations, with 

masonry of several layers more than six meters thick 

flanked behind by two parallel corridors. This part 

consists partly of travertine blocks and faces the plaza on 

which stands the bell tower of the Basilica, and partly of 

a double order of overlapping arcades incorporated in the 

complex of the convent, of which only eight are visible: 

seven in the upper order and one in the lower order. The 

double order of arcades is constituted by blocks of 

travertine barely outlined and worked in the typical 

"rusticated" style of Claudian period. The upper order, 

which corresponds to the contemporary ground floor, has 

a round arch defined by a travertine wall on which rests a 

heavy and strong lintel. The lower order, instead, also has 

an arch but it is surmounted by a flat arch on which rests 

a heavy cornice. The arches are separated by pilasters 

with Doric capitals but with the bases barely sketched or 

missing. The function of this gigantic substructure is not 

fully established, but it is assumed that the lower level 

was meant to contain stores, shops and accommodation 

for slaves, while on the upper level there were passages 

linking the temple to neighboring buildings. 

 III. METHODOLOGY 

The metrological/proportional aspect certainly belongs 

with the most interesting ones in the study of 

archaeological elements on the large and medium scale. 

In fact, it contributes to a better understanding of the 

object of study as well as of the rules of its construction 

and the relation between its parts, but also the relation 

between its individual parts and man, thus treating 

archaeological architecture in terms of a relation between 

the designed space and the person who makes use 

thereof. The results obtained with the operations of data 

acquisition and elaboration served to construct a 

 
Fig. 2. Acquisition data process. A complex survey: from 

the topography to the point clouds 

 

for a great number of information. They were all 

conducted based on survey carried out with rigor 

characteristic of all scientific processes [3]. The 

experiment being mostly of documentary and analytical 

nature, it was considered a priority to define such a 

strategy of data collecting that would yield a result as 

accurate as possible  that could be used as the point of 

departure for metrical-proportional analyses. The survey 

of the whole structure has been conducted by integrating 

non-contact survey techniques of utmost precision: 

topography and laser 3D scanning. 

The process of data acquisition was preceded by work 

programming, selecting tools to be used and defining 

individual procedures to carry out. The fundamental 

objective was to integrate as much as possible all these 

operations in order to work out an integrated survey 

taking advantage of the potentialities of different 

technologies: topography and 3D laser scanner. However, 

in recent years more and more use has been made of 

methods and instruments for non contact surveying with 

which it became possible to obtain results analogous to 

those gained with laser scanning. With Dense Stereo 

Matching technique, one can construct three dimensional 

models of objects form digital photographs considerably 

reducing the time required for the stage of data 

acquisition as well as the laboriousness of the procedures 

in the stage of results processing. The employment of this 

particular methodology in the domain of architecture is 

remarkably advantageous. Firstly, because photographic 

acquisition is always an excellent form of documentation; 

secondly, because the speed of the process ensures fast 

repetitions, making it particularly adapted to document 

(register) different stages of archaeological activity. 

Moreover, the laser scanner - heavy and awkward as it is 

- cannot always be easily transported and positioned but 

now can be substituted by a compact photo camera, 

reducing also the costs of buying necessary equipment. 

The experiment presented here has been conducted 
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with two objectives in view: to identify the geometric 

matrix of the design model related to the construction of 

the Temple of Divine Claudius – on the one hand, and to 

compare the results obtained by integrating low cost 

surveying techniques with the process already tried out 

and assessed as optimal (laser scanning and topography). 

Surveying operations have been divided into two 

stages: the first one envisaged a survey conducted with a 

laser scanner, the second one –    assumed applying low 

cost methodologies for data acquisition and of open 

source software for their processing. The results obtained 

were then compared in order to verify the quality of the 

survey in terms of accuracy and of reliability of the 

measured data. In both cases the data acquisition process 

was preceded by programming the work with the choice 

of instrumentts to be used all the way to the definition of 

single procedures to be carried out, juxtaposing the laser 

scansion to topography in the first case, and entrusting 

the direct survey with the role of controlling the 

measurment – in the case of photomodeling. 

In the first case, the first thing  to prepare was the 

topography profile of 26 points physically marked by 

Target  set up  on an open polygonal composed by three 

stations. The procedure was indispensable to adjust the 

point clouds within a single   Cartesian frame of 

reference.                                                                                                                                                                                                                                       

 The next stage was the acquisition of surfaces with the 

scanner 3D Leica ScanStation 2 (Flight time instrument), 

positioned on the same topographical stations. In this 

way, scanning with different levels of precision has been 

obtained and - with operations of rototranslation - was 

joined to the topographical points. This can be done 

either in a semi-manual way, but here the manual method 

was chosen, so all the visible Target centers in the 

different scans could be combined one by one with their 

topographical points.   

This allowed us also to check the error of recording at 

each point, trying to keep it below values consistent with 

the definition of the 3D scan (in our case the values of 

error registering is below 3mm), making is also possible 

to get all the basic data necessary to reconstruct the entire 

building in three dimensions. 

When this first phase of data acquisition had been 

completed and after a cleaning or eliminating excess data, 

the total point cloud was made up of approximately 

6,828,000 units exported from software Cyclone to 

Geomagic. It was then possible to create a polygonal 

mesh composed of approximately 13,435,000 triangular 

surfaces. This operation was effected with a Wrap 

Surface, optimizing all the parameters of control, thus 

setting the maximum value in the reduction of noise 

(Noise Reduction) and maintaining the values of the 

parameters sampling in such a way as to maintain a high 

quality of the final result.  

This first result showed a number of issues related to 

both the noise of the scan and the presence of some gray 

  
Fig. 3 2D Sections from point cloud, necessary to 

understand object’s geometry. 

 

areas, or areas where it was not possible to obtain 

information from the scanner. The first operation 

performed on this model was to clean the Mesh, that is, to 

eliminate all those areas that had been created during the 

generation of the surface but are not useful to our study. 

Subsequently two different operations were effected: 

flipping of vertex normal of certain surfaces, which had 

an incorrect orientation (Repair Normal, fundamental for 

subsequent application of texture on the model), and 

elimination of areas that intersect with each other (Repair 

Intersection) due to problems of modeling. Once these 

initial model "surface" operations had been completed, a 

number of editing operations - more invasive from the 

point of view of geometry - were conducted. These new 

interventions reduced slightly the accuracy of the original 

data but made it possible to obtain a final result much 

more consistent with reality. Two editing operations have 

been applied: Relax Polygons, which reduces surface 

noise, set up to achieve a result consistent as much as 

possible with reality, but not significantly deviating from 

the 3D scan. The second operation was a Fill Holes, 

closing gaps, large and small, of the surface Mesh. Since 

the 3D scans were set up to have only a few gray 

(shadow) areas, only small gaps had to be filled, leaving 

data-less areas which were inevitably left out of the scan. 

Sections of more interesting points have been extracted 

from the Mesh model. They then served as a basis of 

support for preparing plans, tables and geometric 

sections. These first bi-dimensional elaborations have 
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Fig. 4. 2D Models: the plan. 

From the point cloud to the geometric to the 

architectural rappresentation. 

 

become the basis for putting forward metric-proportional 

interpretations of the while complex. 

The second procedure assumed the application of 

Dense Stereo Marching technology. Through DSM 

technology it is possible to obtain realistic three 

dimensional rendition of architectural elements on the 

basis of 'a global and coherent integration of all survey, 

modelling and representation stages […] “by extracting 

from photographs all the information necessary for each 

of the stages: coordinates, distances, vertices and profiles 

for the reconstruction of 3D models, texture” [3], profiles 

and 2D models obtained through section planes. 

In order to verify the accuracy of the survey data as 

well as to control the level of uncertainty of the model 

scale, it is fundamental to confront the data obtained by 

making photo images with those obtained by direct 

surveying. 

The photograms were done with the reflex 

NIKOND300 camera with CMOS sensor of 12 

megapixels. The procedure followed a scheme that 

guaranteed that the whole object be covered and each 

photograph overlapped with the successive one in at least 

 
Fig. 5. 2D Models: internal elevation.  

From the point cloud to the geometric to the architectural 

rappresentation. 

 

 
Fig. 6. Comparison between the Cyclone Mesh and the 

PhotoModeler photogrammetry Mesh.D Internal 

Elevation: proportioning with the module.   

 

60-70 %. 

Data elaboration was effected by software Agisoft 

Photoscan with the aim of calculating uncertainty and the 

geometric deviation with respect to the model obtained 

by processing the point cloud of laser scanning. 

Prior to effecting metric verification – done with the 

Blender 3D modelling – horizontal section planes had 

been created. This made it possible to obtain a profile  
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Fig. 7. 2D Internal Elevation: proportioning with the 

module. 

 
Fig. 8. Detail of 2D Internal Elevation: proportioning 

with the module. 

 

thanks to which the model could be oriented and 

establish scales in order to compare the dimensions. The 

waste – in comparison to the quantities surveyed with 

traditional methods – reached maximum 20 cm. 

Considering that in any surveying operation it is 

necessary do determine the level of uncertainty also in 

relation to the representation scale, fixed preventively at 

1:100, the difference would amount to 2 mm, a value 

perfectly acceptable because it falls within the graphics 

error. Extra confirmation has been obtained by 

calculating the deviance value with CloudCompare, an 

open source software used for elaborating and comparing 

3D cloud points: also in this case the value obtained from 

the section of the surfaces that make up the model in the 

two dimensional plane, proves to fall within millimetres.  

The applied methodology demonstrates – as in the case 

under study – that the DSM technologies yielded a result 

comparable in metric/dimensional terms to that obtained 

with laser scanning, rendering this technique suitable to 

data acquisition the objective of which is to define the 

matrix underlying the design of the archaeological 

organism under study. Let us emphasize that although the 

comparison in this place was conducted on the basis of 

1:100 scale, other experiments show that the 

methedology lends itself to the definition of models 

characterized by more details, particularly when 

uncertainty is controlled by more precise methods [4]. 

 IV. FORMAL, GEOMETRICAL AND 

PROPORTIONAL STUDY 

New inquiries into the analysis of form, geometry and 

proportions have been operatively converted into a 

research of the underlying constructive/proportional 

module with the view to confirming or rejecting the idea 

of the complex having been constructed on the basis of a 

geometric matrix and a module of reference. 

A close study of the whole structure indicates that it is 

based on a barycentric rectangle formally structured by a 

longitudinal axis and a transverse one 34,50 m long and 

11,56 m wide and the facade composed of six arches 

varying in height from 5,96 m to 6,91. However, metric 

indications alone proved to be useless if not accompanied 

by a careful metrological and proportion study. Such a 

study has been conducted correctly by preparing a survey 

campaign using high precision tools. The results of the 

campaign - which included the whole structure - turned 

out to be significant: the proportions between the length 

and the width of the main space were found to be exactly 

1:3. Moreover, each part contains exactly 19 times the 

main module, identified on the composition level in the 

diameter of the pilasters. Thus there emerges the unity of   

the design basis of the architectonic complex which 

enables the constructors to establish the dimensions of 

various parts of the temple. The height of the lower part  

equals 12 modules, the span between the aisles equals 6 

modules while the capital of the lower order of the 

structure is one module high. The proportions of the 

arches correspond to two circumferences of 5,5 modules 

of the diameter intersecting at half the total height of the 

span. Likewise the design of the hypogeum corroborated 

the application of the same module. Although lower than 

the superior space, its height equals more or less 8 

modules while the height of the arches is one and a half  

of the circumference of 5,5 modules which define the 

height of the arches of the main front. The successive 

stage of the study focussed on trying to establish the unity 

of measure as the factor regulating the whole 

architectonic complex - by studying the scheme of 

proportions.  The dimension of the module proves to be 

exactly the double of the Roman foot (29,6 cm) and 

understandably corresponds to that of other architectural 

structures erected in the neighborhood, such as the Porta 

Maggiore, the arches of the Vergine aqueduct in Campio 

Marzio or the portico of the Porto di Claudio. 

As soon as the proportions and the underlying rules that 

define the architectonic structure had been verified, it was 

possible to work out its representation by characterizing 

the surface of its elements. Texture mapping has been 
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performed on the mathematical 3D models (NURBS) 

based on high resolution photographs that provide 

information on the characteristic appearance of materials 

as well as on their state of conservation.  

 V. CONCLUSIONS 

The enquiry demonstrates the way in which the object 

of study is situated within the Roman tradition of 

constructing edifices. Metrological and proportion 

analyses make clear the geometric definition of spaces by 

finding correspondences that refer to construction 

principles of Roman culture and of Roman architectural 

tradition. Survey proves to be an indispensable tool for 

analyses, documentation and critical interpretation of 

archaeological artifacts on large, medium and small scale. 

At the same time, the joint contribution of architects and 

archaeologists and the application of innovative 

technologies guarantee high quality of final product 

elaboration and makes for an interchange of objective 

data open to later interpretations. 
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Abstract – The field of Geomatics currently provides 
measurement equipment which allow massive data 
collection, enabling a detailed geospatial definition. To 
this end, it is essential the integration of Geomatics in 
Archeology. This fact makes possible its further 
dissemination, in addition to graphic and 
cartographic documenting of an archaeological site. 
However, the use of the geomatic equipment without a 
metrological control would lead to geospatial products 
with inadequate quality, or even worse, unknown. 
In this paper, we present the latest systems for 
capturing the spatial information. In addition, it is 
exposed how the activity undertaken by the Technical 
Standardization Committee 82 of the Spanish 
Association for Standardization and Certification 
(AENOR) contributes to the metrological control of 
such sensors. This way it is possible to have a 
comprehensive graphic documentation with a high 
geospatial quality in the archaeological site. 
 
Keywords: Geomatic systems, standardization, 
AENOR, archaeological site, metrological control 

 I. INTRODUCTION 
In recent years, different measurement systems in the 

area of Geomatics have been developed. All of them are 
based on massive data acquisition in real time with a high 
metrological quality. New measurement systems provide 
huge spatial information and offer significant advantages 
in a large number of applications in the field of 
engineering and architecture, monitoring control, 
documentation of the cultural heritage, etc. The use of 
these systems will depend on the requirements that the 
work or project demands but, in all cases, the 
measurement systems should regularly be subject to 
metrological control, in order to ensure the quality of the 
measurements through the estimation of its uncertainty 
[1].  

In the case of archaeological sites, the application of 
techniques of spatial information capture, offered by 
Geomatics, is essential if we intend to have a 
comprehensive graphic documentation in that 
archaeological site. This paper refers to the geomatic 
instruments most commonly used: total station 
(motorized or not), Terrestrial Laser Scanner (TLS) and 

GNSS (Global Navigation Satellite System) equipment. 
They all provide geospatial information whose accuracy 
should be controlled, and this will require a first 
equipment check. In order to achieve that scope, some 
measurement procedures are developed based on ISO 
international standards. Spain, through its technical 
committee AEN/CTN 82/SC 2/GT 7, participates directly 
in the design as a member. 

 II. GEOSPATIAL QUALITY IN AN 
ARCHAEOLOGICAL SITE 

The evolution of the instruments used in spatial data 
capture and further processing, as well as the 
development of new products with metric quality and its 
dissemination, have experienced an exponential evolution 
that continues today through the open lines of research in 
the field of Geomatics, understanding for Geomatics the 
science that integrates all the means used for spatial data 
acquisition, processing, analysis, storage of 
geographically referenced information and its 
dissemination. 

In the process of planning a geomatic project it is 
necessary to determine the equipment to be used in data 
acquisition, as well as the methodology of observation to 
be applied. In doing so, it takes into account various 
factors such as the availability of equipment and 
personnel, the morphology of the terrain, surface 
considered, existing documentation, weather conditions, 
etc. The success in the choice of equipment and 
methodology will be reached in greater or lesser extent 
depending on the clarity with which the objectives to be 
achieved have been defined and therefore, depending on 
the degree of definition of the cartographic final product 
to be obtained. 

Current measurement systems provide huge geospatial 
information to what a high accuracy is expected. In order 
to ensure this accuracy it is necessary to conduct a quality 
control of the system of measure, which means that it is 
necessary to consider all contributions to the 
measurement uncertainty of the equipment used in the 
data capture.  

The equipment for capturing the spatial information 
most commonly used are: 

- Total Stations, for the electronically measurement of 
angles and distances. They are named like that, because 
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Fig.1. Data capture with Total Station. 

they may be understood as real workstations themselves, 
see Fig. 1. Nowadays, Robotic Total Stations (RTS) is 
becoming widely used. They are total stations equipped 
with an automatic recognition of targets system. The 
operator is able to control the RTS distantly, from the 
observed point, using a wireless device or using a 
computer to follow the series of measures that have been 
previously scheduled. On the other hand, all 
manufacturers offer Reflectorless Total Station, 
automated or not, in which there is no need for a 
reflector, and using a red laser beam as emitting source 
[2].  

- GNSS equipment, assigning 3D coordinates to points 
of interest in a global reference system by observing and 
receiving signals from satellites in a known position. 
GNSS includes all the satellite navigation systems, both 
the already implemented ones, for example GPS (Global 
Positioning System) administered by the United States 
Air Force, and GLONASS (GLObalnaïa NAvigatsionaïa 
Spoutnikovaïa Sistema) administered by the Russian 
Spatial Force and the Civil Spatial Agency, and the ones 
being developed. The essential parts of the GNSS system 
are the spatial, control and user sectors. The latter 
includes all kinds of equipment no matter the solution 
they present for obtaining the coordinates of a point. In 
geomatic applications it is possible to achieve millimeter 
accuracy [3]. See Fig. 2.  

- TLS equipment is a powerful geomatic tool, which 
constitute a real time measurement system, being able to 
explore thousands of points per second and register the 
parameters that define every point of the object in the 
limits that have been fixed. TLS equipment provide vast 
spatial information, the subsequent treatment of which 
allows georeferencing the captured point clouds, its 
representation in 3D digital format, to generate digital 
elevation models, to create point cloud videos, 

 
Fig. 2. GNSS in Izat Kuli, Dehistan. 

orthoimages, etc. [4].   
The spatial information obtained from this equipment 

does not differ from traditional geodetic methods in 
relation to the implementation of quality management 
systems since in both cases apply quality management 
models in order to ensure that the required accuracy 
specifications are successfully reached [5]. Nevertheless, 
considering that the massive data acquisition can be 
considered as a new process, some changes must be 
carried out to allow us to accommodate the classic 
management to the new reality. This implies the 
developing of a new model for quality control based on a 
detailed and methodical procedure that gathers the 
specific characteristics of new technologies, especially 
GNSS and TLS, which allow massive data acquisition 
and, with a simply "push the button", the data, its 
treatment and calculation automatically flow. In general, 
the user neither knows the internal functioning of the 
equipment nor can accede to its interior and even, in 
occasions, is careless to perform checks and / or 
calibrations of the equipment regularly. On the other 
hand, the specifications of accuracy of the equipment 
provided by the manufacturers are generally vague and 
unsatisfactory, being frequent that the user thinks that the 
results of the measurements are always correct. However, 
this belief is inaccurate and, although the data acquisition 
is easier than applying classic methodologies, the entire 
process of the measure is now more complex and even 
the results are directly or indirectly influenced by the 
observer, especially when the measurement procedures 
are not made by professionals in the field of geomatics, 
[6]. 

When it comes to documenting graphically an 
archeological site and to obtain an optimal geometric 
representation, the appropriate and correct use of the new 
measurement systems enables a detailed geospatial 
definition of the area of archaeological interest. This 
requires that the elements comprising the representation 
with its characteristics are linked to a coordinate system 
on the terrestrial surface, that is to say, that are 
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georeferenced, and properly specified in a catalog of 
objects and in a data model.  

However, sometimes the spatial information has a 
questionable quality that makes an effective use of the 
representation even impossible. The appropriate 
utilization and rigorous geospatial analysis of the 
elements that define an archeological site depend on the 
quality of geospatial data which define the site. The 
quality of the data will depend on the quality of all the 
processes that are carried out to its definition; this way, 
the success of a project of graphical spatial 
documentation of a site depends to a great extent on the 
specialized personnel to apply correctly the precise 
procedures for the capture, management, analysis and 
modeling of geospatial data. In this regard, the integration 
of Geomatics in Archeology is considered essential.  

In Geomatic projects, in which massive data acquisition 
is performed, there are certain aspects that may be 
associated because, even not having a direct effect on the 
data capture process, they will have a great influence on 
the measurement results. One of the most important 
objectives in any process of measurement, regardless of 
the specificity of the considered project, is to obtain 
accurate and reliable results. Achieving this goal requires 
to know and to minimize the sources of error which may 
occur, for which it is essential that the equipment to be 
used is in perfect conditions of use and to ensure that, by 
means of verification and / or calibration, is appropriate 
and fully functional. Measurements made with GNSS and 
TLS equipment are subject to external influences that are 
difficult to control, including a so wide field that only the 
suitable professional practice enables to define and 
quantify the indicators that can be considered as the most 
appropriate to achieve the best results of measurements 
that is to say, to define and to evaluate the causes of 
uncertainty that appear in the observations whose effect is 
to decrease the accuracy of the obtained spatial 
coordinates. 

In order to control the complete measuring process with 
new technologies that achieve the required precision by 
the customer, it is important to carefully plan the different 
phases that can be considered in the overall process of 
data acquisition of the project.  

The first phase of the measurement process consists of 
field work. The responsibilities are divided between the 
director of the work and equipment operators, which must 
have the suitable formation and training and have all the 
documentary information necessary to perform the 
measurements. Experience shows that in this phase are 
committed most of the errors which, even when 
corrected, could lead to reject the results. 

The second phase is the treatment of the data. The main 
recommendation at this stage is that all the observations 
are processed as soon as possible to identify potential 
problems. Data recovery includes the transfer of the data 
captured and its verification, the backup and the 

organization of data in a database. The processing of data 
includes the validation of the results and the export to a 
CAD format. The different stages of this phase must 
ensure that the procedures of data processing can be 
repeated whenever necessary and that results are achieved 
in the same way. 

Upon completion of field operations and data 
processing, the next step is to draft a final report with all 
the information needed to assess the quality of the results. 

The implementation of quality management systems in 
organizations where measurement instruments are used 
requires that, whenever it is necessary to ensure valid 
results, the measurement equipment should be calibrated 
or verified at prefixed intervals or before being used. 
Furthermore, the standard indicates that calibration or 
verification of measurement devices shall be carried out 
with national or international traceable patterns, and in 
those places where such patterns are not available, the 
metrological level used for calibration or verification 
shall be documented. 

The massive acquisition of data in an archaeological 
site could be carried out using any of the aforementioned 
equipment and sometimes by combining all of them. In 
any case, it is important to take into account that all the 
spatial information obtained must be georeferenced, what 
will require an exhaustive knowledge of the systems and 
global reference frameworks, as well as the IT tools that 
allow the processing and editing of data, without 
forgetting the need of a deep knowledge of the equipment 
of measure and their metrological control, which 
certainly helps to ensure that the geographical data 
obtained provide useful and reliable information to 
archaeologists. 

The verification of the geomatic instruments may be 
carried out complying with the requirements of ISO 
17123 series which, in addition to determining the 
repeatability of the instrument, allows checking the 
operating conditions, and this is a first step in the 
assessment of the measurement uncertainty. 

One of the latest geomatic activities at a site run by Dr. 
F. Pareja was in the archaeological campaign of the 
Turkmen-Spanish Mission 2014 at the site Geoktchik 
Depe in the Dehistan region, Turkmenistan. During the 
campaign some of the most advanced techniques in the 
acquisition of geospatial information were used. 

The choice of instruments for field data collection was 
determined taking into account factors such as the area 
covered by the project (100 hectares), weather conditions 
(very high temperatures and dust in suspension) and other 
specific characteristics of the area of action. We opted for 
the use of GNSS equipment, which was subjected to a 
metrological control that allowed assuring the quality of 
the measurements. In the process of data acquisition is 
clearly distinguish two phases: the establishment of a 
fundamental network and the massive data capture. 
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Fig. 3. Digital Elevation Model of Geoktchik Depe. 

The fundamental network, in ITRS08 (International 
Terrestrial Reference System) on WGS84 (World 
Geodetic System) ellipsoid, serves both as reference and 
support for geomatics work in the 2014 campaign as for 
any further spatial documentation work that could be 
performed in the archeological area. This fact is 
extremely important because it will allow that any 
information obtained in future campaigns is geo-
referenced, that is to say, the three-dimensional position 
with which there is defined the location of an object or 
element, remains represented in the same system of 
coordinates and datum.  

The process of data acquisition using RTK (Real Time 
Kinematic) methodology was based on the fundamental 
network. The correct methodology carried out in the 
observation sessions and the quality of the observations 
made possible the mapping of the Geoktchik Depe site at 
scales 1/250, 1/500 and 1/1000, which will be part of the 
geoportal database that has been designed and 
implemented in this geomatic project. See Fig. 3.  

 III. QUALITY AND STANDARDIZATION 
The equipment measurement uncertainty is evaluated 

with procedures based on international standards, 
specifically the ISO 17123 series in whose development 
Spain participates. 

The Spanish committee is the mirror of the ISO/TC 
172/SC 6- Geodetic and surveying instruments. We have 
been directly and continuously participating over 10 
years. In this committee the standards that we are 
working in are related with: Geodetic and surveying 
instruments, Ancillary devices for geodetic instruments, 
Laboratory procedures for testing surveying and 
construction instruments and Field procedures for testing 
geodetic and surveying instruments, being the ISO 
17123-X series the most relevant ones. 

Our experience is that the direct participation in the 
International Committee gives us a quite important 

knowledge for the good practices in the daily working 
with the instruments. And this does not depend on the 
final application. Therefore, Spain is doing a great effort 
for keeping its participation. Thereafter, the National 
Delegates spread this knowledge throught out the 
industry or scientifical areas related.  

We briefly present the Spanish case in standardization 
and the implications for the quality of geospatial 
measurements. 

The metrological control of measurement systems used 
in Archaeology ensures the quality of the geographically 
referenced spatial information, which will allow the 
development of new and interesting products with metric 
quality. Currently, the geomatic instruments most 
commonly used are total station (motorized or not), 
GNSS and TLS equipment. The metrological control of 
these equipment requires the determination of its 
repeatability and measurement uncertainty. In order to 
achieve that scope, some measurement procedures based 
on ISO international standards are developed.  

For total stations, ISO 17123-5 standard proposes an 
interesting process in which repeatability of equipment is 
expressed by the experimental standard deviation of the 
position and height coordinates, [7]. The estimation of 
measurement uncertainty begins with the appropriate 
definition of the metrological model and the 
implementation of the law of propagation of uncertainty, 
which requires a deep knowledge of the measuring 
equipment in order to evaluate each of the contributions 
to the uncertainty of measurement.   

The repeatability of GNSS equipment can be obtained 
following the proposed ISO 17123-8 standard procedure 
[8]. This procedure consists of several series of 
observations in different sessions over a determined 
period of time. This is to minimize, or even prevent, 
contributions to the measurement uncertainty due to 
corrections whose modeling is extremely complex, such 
as the corrections due to ionospheric and tropospheric 
effects. 

Regarding the metrological control of TLS equipment, 
the Technical Committee ISO / TC 172, SC 6 is working 
on the development of part 9 of the ISO 17123 standard, 
which describes the procedure to calculate the 
experimental standard deviation and to estimate the 
uncertainty of measurement. Some researches about TLS 
equipment calibration have been published, [9] but, so 
far, there is no consensus on what the procedure to 
perform the equipment calibration would be. This is due 
to the fact that it is a complex system of measurement in 
which there are several non-independent magnitudes 
involved. 
Among the activities carried out in the Laboratorio de 
Control Metrológico de Instrumental Geodésico y 
Topográfico (LCMIGT) of Universidad Politécnica de 
Madrid, it could be emphasized the research that is being 
conducted in order to evaluate the quality of 
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measurement of TLS equipment. For that, various tests 
have been performed with TLS equipment from several 
manufacturers, both in field and laboratory conditions.  

 
Fig. 4. Equipment for determining the uncertainty of 

TLS in the LCMIGT. 

Although the research has not been completed yet, it 
might be said that the metrological model and the 
contributions to measurement uncertainty are well 
defined, and therefore, the LCMIGT is ready to evaluate 
the quality of measurement of TLS equipment, [10]. See 
Fig. 4.       

Finally, we can state that the possibility of having a 
comprehensive and accurate graphical representation of 
an archaeological site that facilitates the integration of 
archaeological documentation and its dissemination will 
begin with a metrological control of the systems of 
measure, without forgetting the need for an appropriate 
professional practice.  

IV. CONCLUSIONS 
The new techniques of capturing geospatial information 

applied in archaeological sites have obvious advantages. 
Nevertheless, if the quality of the final product needs to 
be ensured, it is essential the metrological control of 
measurement systems through the application of 
procedures described in the International Standards as 
well as the participation of technical experts in the area of 
Geomatics. It will guarantee both a rigorous use of 

equipment and the adequate geospatial information 
process. This way the management of web resources and 
the disclosure and dissemination of archaeological 
documentation is facilitated. 
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Abstract – Although the remarkable acoustical 
apparatus of Greek and Roman theatres is generally 
recognized, it is difficult to assess it nowadays with 
objective measurements. In fact, actual conditions of 
most ancient theatres do not allow objective acoustic 
characterization, since buildings are often strongly 
damaged or architecturally incomplete. Only for the 
best-preserved ones, ISO 3382-1 was used to perform 
acoustical measurements, even though it refers to 
indoor environments. Thus, ancient theatres acoustics 
needs to be evaluated with alternative methods. One 
possible option consists in using prediction models, 
which could simulate theatres’ lost acoustic 
characteristics. In this study, two kinds of prediction 
software, Odeon and CATT-Acoustic, were 
investigated comparing the reliability of their results. 
The Greek theatres of Syracuse and Tyndaris were 
chosen for a measurement campaign: uncertainty in 
measured results was established based on the GUM 
recommendations. Then, attested the compatibility of 
simulations results to in situ measurements, the 
uncertainties of both software were calculated too. 
Keywords – archaeoacoustics, prediction models, ISO 
3382-1, GUM 

 I. INTRODUCTION 
The present interest in ancient theatres design and 

acoustical characteristics pointed out the lack of 
methodologies in archaeoacoustic metrology. The ISO 
3382-1 [1] was used in previous studies [2, 3] to evaluate 
their acoustical apparatus: it refers to indoor 
environments, thus more insight is needed for 
investigation of open-air theatres, which represent a 
particular case with a specific sound field. Furthermore, 
ancient theatres were strongly damaged by anthropologic 
and atmospheric factors; therefore, today it is difficult to 
measure the original conditions and to eventually design 
acoustical correction for contemporary use.  

Since its development [4], the acoustical prediction 
software has been always used as an alternative to scale 

models and in situ measurements [5, 6]; thus, the 
reliability of simulations is continuously object of 
discussion and studies [7, 8]. The uncertainties on input 
data, such as materials’ absorption coefficient (αw) and 
scattering coefficient (s) [9, 10], could affect the 
estimation of room acoustic parameters, Reverberation 
Time (T20), Clarity (C80) or Sound Strength (G) [1]. In 
ancient theatres, these parameters are obtained from 
Impulse Responses (IR) mainly composed by the direct 
sound, between the sound source and a receiver, and two 
major reflections, coming from the orchestra floor and 
the stage building, if the latter survived. Therefore, in this 
case the IR is modeled with a limited number of specular 
reflections and a high number of scattered reflections due 
to irregularities in the steps of the cavea [11]. This 
configuration results difficult to handle using geometric-
acoustic based software, such as Odeon and CATT-
Acoustic [12, 13]. Thus, the aim of this paper is to assess 
the reliability of the prediction software results. This is 
achieved by comparing simulations and in situ 
measurements in two case studies, the ancient theatres of 
Syracuse and Tyndaris. Uncertainties of measurements as 
well of software were then assessed following GUM 
methodology [14].  

 II. CASE STUDIES 
The ancient theatres of Syracuse and Tyndaris were 

chosen as case studies of a measurement campaign 
performed by the department of Energy of Politecnico di 
Torino, 5th-7th September 2015. The theatre of Syracuse 
(Fig. 1a) is a Greek theatre from V century BC, modified 
in Roman period (thus, in this article Latin terminology is 
used). The scaenae frons (the original theatrical building) 
it is not anymore preserved except a few ruins, but the 
survived rock-cut cavea still reaches a diameter of 105 m 
(from the original 143 m at its maximum extension). Also 
the minor theatre of Tyndaris (Fig. 1b) has Greek origins, 
later transformed by Romans in arena: its cavea, more 
damaged than the one of Syracuse and partly covered by 
protective wood structures, has a diameter of 76 m; 
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fragments of the scaenae frons still exist. Both theatres 
are located in Sicily, in the South of Italy. Many studies 
referring to the acoustics of the theatre of Syracuse were 
conducted, [3, 15, 16, 17], but in bare conditions only 
one-point measurement in the orchestra was formerly 
carried out in 2003 [18]; instead, no previous measures 
were carried out for the theatre of Tyndaris and a unique 
acoustical study was found [19]. 
 

 
 

Fig. 1. Ancient Greek-Roman theatres of Syracuse (a) 
and Tyndaris (b), actual conditions: measurement set up 
 

 III. IN SITU MEASUREMENTS 
In each theatre, standard measurements in unoccupied 

conditions were performed with omnidirectional sound 
source and receiver, as stated in [1].  

Two source positions were investigated: S1 was shifted 
horizontally of 1 m from the centre of the orchestra, in 
order to avoid acoustical focus [20]; S2 was located 
behind S1, closer to ancient scaenae frons position (S1-
S2 distance equal to 7.6 m in Syracuse, 6.6 m in 
Tyndaris). Two omnidirectional sources were taken into 
account: a strong impulsive source as firecrackers (types 
“Raudo Manna New Ma1b” and “Perfetto C00015 Raudo 
New”), and a dodecahedral impulsive source (Bruel & 
Kjaer Omnipower sound source 4296). The latter was 
powered by an amplifier (Lab.gruppen LAB-300), 

connected to the laptop through soundcard (Tascam US-
144). Source height was 1.5 m: a custom-made tripod 
was used to keep firecrackers in fixed position. Receivers 
were disposed on three radial axes of both cavea in 
similar setup, 1.2 m high: an omnidirectional microphone 
(Shoeps CMC 5-U) connected to the laptop was used to 
record the IRs. Figure 2 shows the measurement chains. 

 

 
 

Fig. 2. Measurement chains with two source types.  
 

Environmental conditions were monitored during the 
measurement sessions: wind speed (anemometer Testo 
450-V1), Relative Humidity (RH) and temperature 
(hygrometer/ thermometer Testo 608-H1). 

The use of two different sound sources is acoustically 
and metrologically relevant. Firecrackers allow 
maximizing the Signal-to-Background noise Ratio 
(SNR), which usually result a significant drawback in 
outdoor measurements, but on the other hand they are 
also more subject to casual variables compared to 
dodecahedral source. Background Noise Levels (BNL) 
measured in Syracuse and Tindarys were respectively 45 
dB(A) and  34 dB(A) in unoccupied conditions: thus, in 
Syracuse was possible to use only firecrackers, while in 
Tyndaris both source types. Measurements in Tyndaris 
were then analysed from a metrological point of view to 
assess the difference between source types. The following 
analysis was performed on source and receiver positions 
S1 and R6 (distance equals to 16.81 m); the data set was 
the acoustic parameters calculated with software Dirac 
version 5: IRs obtained with firecrackers are F1 and F2 
(wind speed = 1.30 m/s, HR = 70% temperature = 29°C), 
while with dodecahedral source are D1 and D2 (wind 
speed = 0.30 m/s, HR = 77%, temperature = 26°C). 

 A. Data analysis and systematic effect evidence 
Data were analysed with the consolidated 

methodologies in metrological field. The research of 
systematic effect evidence was done jointly to the 
identification of possible outliers. In order to conduct the 
analysis on a significant data set, differences due to 
frequency variation were considered a priori systematic, 
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thus the data were equalized on their median values for 
each frequency. Thereby, it was possible to evaluate with 
simple normality tests (χ² and normal probability plot) if 
the data set could be considered homogenous. A further 
evaluation considered the samples homoscedasticity at 
different frequencies. In case these tests rejected the null 
hypothesis, the presence of systematic effect was 
highlighted, which could be identified with the 
hypothesis test or ANalysis Of VAriance (ANOVA). 

On the measured data set obtained, this analysis was 
done on the acoustical parameters T20, C80 and G (Fig. 3a, 
b and c), as they are the most significant for the 
acoustical characterization of the open-air theatres [3]. 

 

 

 

 
 

Fig. 3. T20 values (a), C80 values (b) and G values (c) 
versus octave band centre frequencies from 125 Hz to 8 
kHz calculated from firecrackers IRs (F1, F2) and 
dodecahedral IRs (D1, D2), S1-R6 measurement path in 
the ancient theatre of Tyndaris 

 
For T20 results, the supposition of systematic effects due 

to frequency was immediately confirmed by the 
hypothesis test and ANOVA, thus the values were 
equalized. Subsequently, the analysis showed that the 
hypothesis of normality was not rejected, but the 

hypothesis test and ANOVA pointed out systematic 
effect due to the source type. In Figure 3a, the difference 
is evident mostly on the central frequencies, at 500 Hz 
and 1 kHz, but also in minor extent at 250 Hz and 2 kHz.  

In C80 case, after the equalization, some outliers were 
found using the Chauvenet’s criterion. After removing 
them, the hypothesis test evidenced a systematic 
difference for F2, which pointed out the necessity of 
homogeneity between the firecrackers used as source. 
Instead, the average comparison between the use of 
firecrackers and dodecahedral source did not show any 
systematic difference.  

Considering G value, equalized data stressed an effect 
of strong dispersion, with many outliers found with 
method of InterQuartile Range (IQR) and a great 
difference of variance; thus, in order to proceed in the 
analysis, the elimination of data corresponding to 125 Hz 
was necessary. Subsequently, the Chauvenet’s criterion 
was correctly applied, and it evidenced some others 
outliers. The cause of greatest residual variability was 
indicated as the difference between the firecrackers, 
while in the whole data set no systematic difference was 
detected between results averaged with firecrackers and 
dodecahedral source. In fact, Figure 3c shows that this is 
true for the central frequencies, from 250 Hz to 2 kHz, 
while at 125 Hz and at 4 kHz a significant difference due 
to the source type is evident. At 4 kHz also a strong 
difference between the dodecahedral tests is present. 

 B. Uncertainty expression 
From the previous analysis the evident sources of 

uncertainty are due to systematic effects and to random 
variations of results. Systematic effects are corrected and, 
thereafter, a quite acceptable homoscedasticity at the 
different frequencies allow evaluating the general 
standard deviation as reproducibility. Thus, the results 
obtained for T20 were given by the relevant standard 
deviation: σT20 = 0.02 s, therefore, following [14], an 
expanded uncertainty of UT20 = 2 · σT20 = 0.04 s.  

Moreover, in the acoustic domain, it is important to 
remember that parameters are finalised to evaluate the 
perception of the acoustic signal, namely the average 
capability of a “conventional” listener to hear. An 
important factor that correlates the subjective field to 
objective measures is defined as Just Noticeable 
Difference (JND), the smallest perceivable change in a 
given acoustical parameter, defined in [1] for central 
frequencies (500 Hz and 1 kHz), but acceptable also with 
lower and higher frequencies [21, 22]. Since for T20 it is 
conventionally equal to relative 5% of measured averaged 
value, JND corresponded to about 0.03 s. Thus, the 
uncertainty due to measurement reproducibility was 
compatible with the conventional value of JND, which 
means that it is not practically perceived by a listener.  

C80 analysis showed σC80 = 0.6 dB, therefore an 
expanded uncertainty of UC80 = 2 · σC80 = 1.2 dB. Since 

  

108



JND for C80 is defined by standard as 1 dB, also in this 
case UC80 and JND were compatible.  

Finally about the G value, only frequencies from 
250 Hz to 2 kHz were considered, and the resulting 
standard deviation was σG = 0.2 dB, therefore an 
expanded uncertainty of UG = 2 · σG = 0.4 dB. With 
respect to a JND equal to 1 dB, in this case the 
instrumental capacity of measurement resulted greater 
than listener perception.  

A similar evaluation (on corresponding measurement 
path: R6-S1; wind speed = 0.30 m/s, HR = 65% 
temperature = 33°C) was made using Syracuse data 
calculated on firecrackers IRs and it produced compatible 
values for the standard uncertainty.   

 IV. ACOUSTIC PREDICTION MODELS 
Once attested the uncertainty of in situ measurements, 

they were used as references to assess the reliability of 
two room acoustic software, Odeon version 13.02 and 
CATT-Acoustics version 9.  

Odeon version 13.02 is based on a hybrid calculation 
method: early reflections are calculated by a mixture of 
Image Source Method (ISM) and Ray-Tracing Method 
(RTM) with stochastic scattering process using secondary 
sources; late reflections are calculated by using a special 
RTM, where the secondary sources radiate energy locally 
from the surfaces and they are assigned with a frequency-
dependant directionality.  

CATT-Acoustic version 9 is composed by two 
modules: CATT-A, which is the main program handling 
modelling, surface properties and directivity libraries, and 
TUCT (The Universal Cone Tracer) is the main 
prediction and auralization program. TUCT uses three 
cone-tracing algorithms: first algorithm is based on 
stochastic diffuse rays, while second and third algorithm 
on actual diffuse rays split-up; the difference between 
them is that latter one takes the ray split-up a step further 
with lower random run to run variation.  

 A. General settings 
The study was conducted on the Syracuse theatre 

model, analysed by the two acoustical software under 
identical conditions. Software MATLAB version R2015b 
was used to create a parametric open-air theatre script; 
the script outputs are two 3D cavea models, one suitable 
for Odeon (.dxf file) and the other for CATT-Acoustic 
(.geo file). In order to reduce the simulation time, the 
theatre geometry was simplified and designed as 
symmetric. In each software the same material 
alternatives were performed considering different type of 
cavea stone, from more reflective, (αw = 0.05; s = 0.25) 
to more porous, (αw = 0.2; s = 0.85). Then, other elements 
were added: the rests of the ancient entrances to the 
orchestra area (aditi maximi), considered as aperture (αw 
= 0.9; s = 0), and the floor, which includes the ruins of 
the scaenae frons (αw = grass absorption; s = 0.8) and the 

more conserved orchestra area (αw = concrete absorption; 
s = 0.2). Finally, it was necessary to insert Odeon model 
in a boundary box [12], with αw = 1 absorbing walls to 
simulate the open-air conditions. In the prediction 
models, omnidirectional source and omnidirectional 
receivers were defined as in the measurements, 
considering the theatre as unoccupied. Only source S1 
and receiver R6 combination was considered in this part 
of analysis. Figure 4 shows the 3D model configuration.  

 

 
 

Fig. 4. Syracuse 3D theatre’s model inserted in the 
boundary box and source-receiver set up 

 
In order to enable comparison between the two kinds of 
software, the same settings were considered for all the 
simulations: 100 dB source sound power level, 1500 ms 
of impulse response length, 4 millions of rays. 
Specifically, in Odeon the Transition Order (TO) was 
limited to 1 to eliminate further image sources except the 
floor reflection [23]. In CATT-Acoustic the third 
algorithm of calculation was chosen, as the most 
indicated for the simulation of open-air cases; diffraction 
edges option was disabled, even if suggested in this case 
[24], in order to take into account the deep damages of 
the steps in actual conditions.  

 B. Comparison of measured and calculated results 
Best simulations results matching the measurements 

data are reported in Figures 5a, b and c respectively for 
T20, C80 and G acoustical parameters. Measures are 
indicated with M, while simulated results are generally 
called A and B. For software A best results were obtained 
with αw = 0.10 and s = 0.55, for software B with αw = 
0.05 and s = 0.55. This comparison allows estimating the 
cavea’s material acoustical characteristics that in reality 
are present inside the theatre.  

Considering the expanded uncertainties determined 
before for the three acoustic parameters, it is evident from 
Figure 5a that for T20 there is a clear systematic difference 
at frequencies of 8 kHz and suspect systematic difference 
at 4 kHz. Figure 5b shows that for C80 the pattern is 
mostly compatible, but for software B at 125 Hz. At 4 
kHz software A value shows a suspect systematic 
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difference, while in software B it is certain. For G values 
in Figure 5c, an acceptable agreement can be considered 
only over 1 kHz.  

 

 

 

 
 

Fig. 5. T20 values (a), C80 values (b) and G values (c) 
versus octave band frequencies from 125Hz to 8 kHz  
calculated from measured IR (M) and simulated IRs from 
two kinds of software (A, B), S1-R6 measurement path in 
the ancient theatre of Syracuse 

 C. Uncertainty analysis 
The previous comparisons were conducted on the 

values of material acoustical characteristics αw and s, 
concurring to a good matching with real measurements. 
Usually the use of prediction software consider estimated 
values of these characteristics as input variables; thus, it 
is necessary to evaluate the uncertainty of calculated 
values due to the uncertainty of the input characteristics 
assessment, Uαw and Us. Evaluating these acoustical 
characteristics on the basis of theatre’s materials and 
morphology, uncertainties could be estimated as Uαw > 
0.05 and Us > 0.15 (as expert guess). Therefore, in order 
to analyse these uncertainties with [14], αw and s should 
be described with a mathematical model, but those used 

by the software owners is kept reserved. To define the 
models, twenty material alternatives were performed in 
both software, considering a variation of αw on values 
0.05, 0.10, 0.15, 0.20, and then, for each absorption 
alternative, a variation of s on values 0.25, 0.40, 0.55, 
0.70, 0.85 (Fig. 8).  

 

 
 
 

 
 

Fig. 8. Simulations material set up 
 

On the base of the simulated results obtained for each 
acoustical parameter, an appropriate mathematical model 
was defined and identified throught linear regression. 
Thus, the calculation of the uncertainty following [14] 
was possible. Uncertainties of software A and B (UA and 
UB), calculated with respect to Acoustical Parameters 
(AP), are shown in Table 1. The analysis was conducted 
on average for values for frequencies 500 Hz and 1 kHz, 
in order to make possible the comparison with JND.  

 
Table 1- Uncertainties of software A and B  

 

AP JND UA UB 
T20 5% ≈ 0.03 s 0.07 0.1 
C80 1 dB 0.4 1.2 
G 1 dB 0.17 0.4 

 
Since UA and UB are considered constant for both the 

software, their propagation should produce relevant 
effects when the sensitivity of the result to the variation 
of αw and s is high. Thus, low values of uncertainty are 
due to the software algorithm, which assign a limited 
effect to variations of αw and s.  

 V. CONCLUSIONS 
This article deals with uncertainty referred to ancient 

theatres’ acoustics, with respect to in situ measures and 
prediction models results. The case studies chosen were 
theatres of Syracuse and Tyndaris: measurements were 
conducted in both of them to assess the actual acoustic 
conditions through parameters T20, C80 and G [1].  

In the ancient theatre of Tyndaris, measurements were 
realized with two different impulse source types: with 
firecrackers and a dodecahedral source. The parametric 
results were analyzed from a metrological point of view, 
and this study showed that only for some acoustical 
parameters the use of different sources could lead to 
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significant differences in the results. In T20 analysis the 
difference between the use of the firecrackers or 
dodecahedral source was attested as relevant, while for 
C80 and G values only the differences between 
firecrackers repetitions resulted as systematic: in these 
cases, it was not possible to affirm a systematic 
difference with respect to the dodecahedral source. Thus, 
in case of use of firecrackers as impulsive source, 
replications of the same measurement are opportune in 
order to obtain a robust and significant average value. 
Moreover, the evaluation of UT20, UC80 and UG on 
reproducibility resulted compatible to each relevant JND, 
and to uncertainties calculated on Syracuse data for same 
source-receiver positions.  

In situ measurements, once attested their uncertainties, 
were used as reference for testing acoustic prediction 
software models. The ancient theatre of Syracuse model 
was analysed by two kinds of prediction software: Odeon 
version 13.02 and CATT-Acoustic version 9. The 
analysis of simulations method showed behaviours 
considerably different between the two software used: 
this is mainly due to the sensitivity at αw and s variation, 
clearly different entities and sometimes also following 
different trends. The results, calculated on the average for 
values for central frequencies, showed that the 
assessment on αw and s as input values was critical for 
T20, whose uncertainty effect reveals variations over the 
double of JND. For the other parameters C80 and G, the 
decision a priori of input data was less critical, thus 
variations were generally lower or compatible to JND.  

Future works will include the analysis of measured 
results from other source-receiver positions and further 
studies on influence of HR and temperature in software.  
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Abstract – In the last years, Ground Penetrating 

Radar (GPR) technology has been used extensively in 

different fields of heritage investigation. The use of 

other technics that integrate GPR technology as 

Global Positioning System (GPS) together with 

Inertial Measurement Unit (IMU) can effectively 

improve the precision of buried object location, by 

means of an efficient control of route and attitude of 

the GPR. This article aims at investigate on some 

technics oriented to the issues solution, as those that 

are consequence of used specific detection methods, 

e.g. GPR pulled by a terrestrial vehicle or carried by 

an aerial platform. Moreover, we present a basic 

structure of our low cost design, which integrates 

functionalities of GPS and IMU dedicated to GPR’s 

use. 

 I. INTRODUCTION 

GPR is a non-invasive geophysical method that allows 

investigating the structure and composition of the 

subsurface. This technique is finding applications in 

fields as diverse as architecture, archaeological 

investigation, environmental management, and mineral 

prospecting. In the last years, GPR technology has been 

used more and more in different fields of heritage 

investigation. Both the detection of archaeological sites 

and state evaluation of ancient artifacts have often seen 

significant usage of GPR. In the realization of stratified 

maps of archeological sites, the GPR technology offers 

many advantages for the detection of buried ruins [1]. Its 

non-invasive technology has direct consequences on the 

detection speed and on reduction of total cost. In fact, the 

GPR can be used for preliminary investigation, for 

assuring a more targeted excavation. In alternative, it can 

be the principal instrument of investigation for a virtual 

3D reconstruction of a concealed ancient site [2], and for 

identifying buried cultural heritage [3]. Considering that 

penetrating radar is a non-invasive technology it is used 

for investigating, without damage, the internal structure 

masonry of building to locate and measure reinforcement 

bars, defects and voids and improving activities of 

diagnostics and restoration. This characteristic has 

allowed, for example, to suggest and to realize the 

investigation of concealed layers of a famous paint by 

Leonardo da Vinci [4]. Reasons of the growing usage in 

archaeological activity of the GPR technology reside 

principally on the following: selection of the depth that it 

wants to detect by means of the radar frequency choice; 

high-resolution images that are obtained when in 

particular only the superficial layers are investigated. 

More recent developments add to GPR other instruments 

and sensors, GPS together with IMU can effectively 

improve the precision of buried object location, by means 

of an efficient control of route and attitude of the GPR. 

This article aims at investigate on some technics oriented 

to the issues solution, as those that are consequence of 

used specific detection methods, e.g. GPR pulled by a 

terrestrial vehicle or carried by an aerial platform. 

Moreover, we present a basic structure of our low cost 

design, which integrates functionalities of GPS and IMU 

dedicated to GPR‟s use. 

 II. ARCHAEOLOGICAL APPLICATIONS 

GPR technology shows evident advantages compared 

for example to magnetometer survey, allowing detailed 

3D information about the approximate depth, shape and 

location of archaeological structures. So, GPR is widely 

used for archaeological prospecting and searching of 

cultural heritage, due its ability to provide high-resolution 

images ranging normally from centimeters to some 

meters underground, but there are some critical issues. In 

this context, the concerns related to the use of GPR 

regard the low interpretability of raw data, and 

sometimes-complex data processing approaches, based 

on physical models of the electromagnetic scattering.  

Other issues of GPR concern errors in localization of 

buried objects, which are generated by the measurement 

conditions, i.e.: GPR carried by terrestrial or aerial 

platform, low or high velocity, and so on. Mechanical 

odometers, used for recording the traveled distance along 

a path, are nowadays often replaced by GPS for 

determining more accurately the actual geographical 

position of GPR, integrating this position with its data, 

and allowing determining static positioning of buried 

ISBN-15: 978-88-940453-3-8 

  

112



object with more precision. Considering the aim of the 

production of detailed archeological detection maps that 

are geo-referenced and superimposable on geographic 

maps themes, GPS provides data to determine static 

positioning and to track the mobile detection system path 

on the land [5]. Obviously, detection method by means of 

GPR uses a navigation frame to define the coordinates of 

objects: three orthogonal axes, with z-axis directed 

towards the ground's depth, the same direction of 

transmitting antenna. Therefore, measured location of 

GPR differs from that of buried object in case of axis z no 

coincident with the nadir direction. This situation occurs 

for example when the GPR, in the case of ground-

coupled radar, pulled by a terrestrial vehicle, is located 

along a land with evident slope, or when the GPR, 

mounted on an aerial platform, such as helicopter or 

unmanned aerial vehicle (UAV), no shows horizontal 

trim. In order to solve this problem, it must integrate 

system with other sensors, like an IMU [6]. The last one 

allows determining the relative displacements with 

respect to an initial position on the territory. 

Consequently, the integration of both GPS and IMU 

systems can increase GPR applicability especially in the 

case of a GPR mounted on an unmanned aerial vehicle, 

due the higher update rate of IMU compared to that of 

GPS, typically 10 Hz. Some inertial-system applications 

for GPR tracking have been presented in recent studies 

[7]. Furthermore, IMU system measures the trim of a 

body where it is mounted, solving issues concerning the 

trim of UAV and data gathered from IMU, and can be 

useful to improve 3D positioning of a buried object 

detected by GPR. In the case of GPR mounted on UAV, 

it is necessary to analyze the influence of distance and 

orientation of the object with respect to the flight 

direction, and of the properties of the medium.  

 III. ATTITUDE DATA ERRORS   

Although the new productions of low-cost IMUs 

include different sensors, such as accelerometer, 

barometer, gyroscope, and so on, useful for a more 

complete motion control, you can focus exclusively on 

the gyroscope sensor.. This is reasonable in the case of 

archaeological investigation, when we use e.g. a GPR 

sensor at direct contact with the soil, since an error in the 

measurement of attitude affects considerably on location 

precision and geometrical size evaluation of buried 

object.  The attitude differential equations are coupled, so 

errors in the measurement of each Euler angle, e.g. roll 

angle, will produce errors in the remaining others (in this 

example, pitch and yaw).  The origins of the gyro errors 

are both deterministic and stochastic. Fig. 1 shows a 

typical output error result for a low-cost rate gyro, like 

the one we used: L3GD20H by STMicrolectronics 

Company. It shows in particular the pitch angle 

measurements. Experimental data have been acquired at 

23°C of environmental temperature. Final pitch angles 

have been reached from zero degrees by means of a linear 

transition, characterized by an angular rate value within 

the range 5÷95 deg/sec, and the reached final value has 

been maintained fixed for tens of seconds or more, with a 

sampling rate equal to 50 Hz.  The round markers identify 

the average values of collected data. The size of segment 

centered on each average value specifies standard 

deviation of the time-dependent component of angle 

measurement. In effect, rate gyro output differs from true 

value in accordance of the following equation (1) 

describing a gyroscope error model introduced by Gebre-

Egziabher et al. [8]. In particular, the authors apply this 

model to quantify roll Euler angle error, due to gyro 

output errors. 

       
)()1( tAAe otruesfgm             (1) 

Where: gm is the measured output of gyroscope, true 

is the true value of physical parameter, esf is a scale factor 

error, Ao is a constant null-shift, and A(t) includes all 

errors that are time-dependent. 

 
  Fig.1. Typical output error detected by using a low-

cost IMU in the measurement of the attitude pitch angle. 

The segment size defines standard deviation value. 

Dashed line shows the calculated linear regression of 

average data. 

 

The dashed line in the figure describes linear regression 

of sampled data and it indicates how the measured angle 

differs from the true value for the effect of a scale factor 

and a constant null-shift of the time-dependent 

component of angular rate measurement. Normally, for 

this last one it distinguishes two terms: the time varying 

and sampling noise respectively. They are characterized 

by specific values of variance and correlation time. 

Standard deviation shown in the figure includes all two 

integral contributions, with their average value around 

0.24 deg.  This result is in accordance with above-

mentioned error model. Easily we can correct the 

deterministic error and in general the error revealed by 

the linear regression. So, final measurement accuracy is 

limited by variance of stochastic error. The angle 

difference due to the uncertainty of measurement must be 

converted into error of geographical location. This error 

of course depends on the detected depth by means of the 

radar signal, and consequently by the used frequency of 

GPR together with the properties of the medium.  
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 IV. EFFECT OF GROUND SLOPE ON 

LOCALIZATION 

Figure 2 shows a simplified, but realistic situation of a 

GPR placed over a ground inclined by a certain angle α, 

and it suggests the formula to obtain the amplitude of 

error e as a function of the angle of inclination α. Table 1 

shows typical values of depth reached by using of a radar 

signal. This depth is dependent by specific GPR 

frequency, and by the properties of the medium. 

 
 

Fig.2. Geometric pattern for evaluating exact 

geographical data of a buried object by using of GPR’s 

location measurement. T is the target, α is angle of 

inclination from the plane, and d is the depth of buried 

object. 

 

Table 1. Typical values of GPR resolution, wave 

velocity, and threshold of inclination angle in different: 

boundary conditions, properties of medium, and GPR 

bandwidth. Relative permittivity (ɛr) is equal to four and 

six for dry sand and limestone respectively. Wave speed 

is equal to 0.15(m/ns) and 0.12(m/ns) through dry sand 

and limestone respectively. 

 

 In particular, a column of table 1 shows the threshold 

of inclination angle. If angle value is upper than 

threshold, geographical location of the buried object 

differs from geographical position of GPR of an error that 

must be evaluated for the proper correction. If angle is 

lower, the error can be assumed lower than the spatial 

resolution of GPR.  

We find the value of wave speed through selected 

material with the equation (2). 

                                     
 

√  
                                      (2) 

Where c= light speed and r relative permittivity of 

material.  

Theoretical vertical resolution (r) or range resolution is 

a function of wave speed in the medium (v) and 

bandwidth (B). The range resolution more used in the 

practice differs from theoretical value by a multiplicative 

coefficient equal to 1.39. So we able to find range 

resolution by using of the equation (3).  

                             
 

  √  
                                      (3) 

The spatial resolution s instead depends on the angle of 

illumination θ than that from the wavelength  . We use 

approximate equation (4) for finding the value of spatial 

resolution. 

                         (
    

 
 
    

    
 

 

)                           (4) 

In our experimental measurements we used UWB UHF 

GPR-antenna with an angle of illumination θ equal to 

77.5°@-3dB.  

Equation (5) defines the error e as function of the angle 

of inclination α, and the depth d, as it is evident from the 

figure 1. 

                                                                        (5) 

 

It is actually a three-dimensional problem. The attitude 

control of GPR system by means of the IMU device 

determines the effective direction of the vector of 

positioning by allowing the evaluation of the error vector. 

Another problematic for GPR surveys is derived from 

an incorrect evaluation of the geometric dimensions of a 

target.  

 

This comes from the fact that the detection, and 

geographical location individuation of a buried object is 

obtained by the interpretation of the diffraction hyperbola 

in the resulting radargram. In particular, vertex of the 

hyperbola defines the detection instant when the distance 
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of target from sensor reaches the minimum value.  

This one is realized in a flat land when the GPR is over 

the target. Orography modifies this detection condition, 

by introducing the effects of radius curvature of ground 

surface in combination with the trajectory, and attitude 

angles of GPR system. For example, lobe of illumination 

of the GPR antenna could reach continually the target in 

consequence of an attitude change of GPR that travels on 

a path along the ground surface with important value of 

radius curvature. This leads to a view of the object in the 

radargram output, as if it were much wider of actual size. 

 V. BOARD SOLUTION AND CONCLUSIONS 

Based on an Arduino microcontroller board, we 

designed an electronic board that includes GPS, such as 

GPS-622R by RF Solutions Ltd, and IMU unit with a 3-

axis gyroscope, a 3-axis accelerometer, a 3-axis 

magnetometer, a digital barometer as pressure sensor and 

an altimeter, then tested it in our laboratory.  

The scheme of Fig. 3 shows the hardware data 

connections from Arduino board toward sensors and 

computer.  

Considering GPR mounted on UAV, some sensors 

present in IMU realize an alternative inertial navigation 

system (INS) where movement and rotation are measured 

by accelerometers and gyroscopes, respectively. The 

orientation with respect to the navigation can be 

evaluated by applying a suitable matrix rotation. We 

solve a nonlinear differential equation that describes the 

kinematics of the rotation of a rigid body by applying 

sequentially matrix compositions. There are different 

approaches based e.g. on Euler angles or on quaternions. 

Euler angles realize total rotation by rotating 

consecutively around each of the three independent axes. 

Quaternions form a four-dimensional vector space. We 

used Direct Cosine Matrix (DCM), a matrix written in 

terms of rotation matrix that describes the orientation of 

coordinate‟s body-frames with respect to navigation 

frame. 

 

 
  Fig.3. Scheme of the hardware data connection. 

 

Rotation order is around axes z, y and x (originals), 

corresponding to Euler angles yaw (ψ), pitch (θ), and roll 

(ϕ). For our GPR application, we have considered for 

INS/GPS integration the uncoupled and loosely coupled 

integration. Our electronic board represents a suitable low 

cost solution, with an enough precision, that can be 

refined by using differential GPS, by improving the 

calibration phase and the module of drift control. 
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Abstract –This paper describes the results of a geo-

archaeological survey of the underwater extension 

(maritime annexes) of Roman villa located on the 

shore of the Rivo d’Arco alluvial plain. The three 

building phases recognized there (1 predating and 2 

post-dating the eruption of Vesuvius in A.D. 79), read 

in their relations with the local stratigraphy, and 

geomorphology, permit to reconstruct the coastal 

change that were induced by the mentioned eruption. 

In particular, this paper reports the results of a GIS 

analysis of off shore data obtained by an integrated 

geophysical survey. It permitted not only the precise 

mapping of the harbour ruins (part of which covered 

by sediments), but also to recognize remnants of the 

fandelta that formed there soon after the A.D. 79 

eruption and was subsequently destroyed by wave 

erosion. 

 I. INTRODUCTION 

In the bay of a Marina di Equa (Vico Equense, Napoli, 

Italy) and exactly at the place named Pezzolo, there are 

ruins of a Roman villa [8, 10]. Said ruins, together with 

the nearby Seacliff and outcrops, form a very interesting 

geo-archaeological site, but still now, only the ruins and 

sediments resting above s.l. were investigated and 

interpreted in terms of landscape evolution since the first 

years a. C. [1, 2].  

The ruins at issue belong to three different building 

phases. The first erection occurred at the beginning of 1st 

cen. a.C., and then damaged by Vesuvius eruption in 79 

A.D. [15] and almost totally buried by following alluvial 

events that aggraded the coastal plain with meters of 

debris flow and hiperconcentraded flow deposits 

(reworked pyroclastics of the same eruption) causing also 

a strong advancement of the coastline [1, 2]). The villa 

was then re-erected on top of the mentioned alluvial 

deposits during the 2nd century a.C., (suggesting that the 

alluvial crisis had ended or almost so). The 3rd building 

phase – loosely dated within the 3rd century - occurred 

when the site became once again unstable, but for a 

different reason: the retreat of the sea cliff by which the 

sea was destroying the coastal alluvial body and the 

resulting sea cliff had reached close to the villa itself. 

This imposed the need of new re - adaptations and 

reinforcements works (an inclined tunnel as a new sat 

down from the house to the beach and robust walls 

against the sea cliff). 

The presence of submerged ruins in front of the 

emerged ones was only hypothesized based on a few 

diving explorations committed by the local 

Sopraintendenza ai beni Culturali (Superintendence of 

Cultural Heritage).  

 II. METHODS 

In this paper, we present the results of a 

multidisciplinary study based on an integrated 

geophysical marine survey. It was carried out 

immediately off the shoreline in very shallow water (0.5 

– 7 m) to define the geology and geomorphology of the 

bottom and to identify possible artificial structures, to be 

related to the Pezzolo Villa [4, 5]. 

Survey operations were conducted within a 300 m 

(parallel to the shore) × 200 m (orthogonal to the shore) 

area near Pezzolo Beach, Marina di Equa, Italy (Figure 

1).  

A morpho-bathymetric survey was conducted using a 

single-beam echo sounder (SBES) and a side scan sonar 

(SSS). Seismic reflection investigations were performed 

by means of a sub-bottom profiling (SBP) system to 

investigate the sub-bottom and any artefacts buried 

beneath sediments. 

The bathymetric survey was conducted using a Trimble 

DSM 232 GPS and an Ohmex SonarLite SBES, which 

provided positional accuracy of ±0.6 m and depth 

accuracy of ±0.025 m (RMS). The GPS antenna and 

echo-sounder transducer were mounted on a vertical bar 

attached to the side of the vessel. 

The SSS survey was performed to identify underwater 
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structures and determine their elevations [4, 9]. Lines 

were run parallel to the shoreline with a 50-m spacing. A 

GeoAcoustics dual-frequency (114/410 kHz) SSS system 

(MOD259) was used. Positional accuracies were ±0.6 m. 

The SSS was used in conjunction with a Trimble DSM 

232 receiver for towfish positioning. The SSS fish was 

towed behind the vessel, and the offset from the GPS 

antenna was calculated accurately. 

The SBP survey was performed for a seabed 

penetration up to 30 m, or up to depths that were 

adequate to penetrate bedrock. Lines with an average 

spacing of 20 m were run parallel and perpendicular to 

the shoreline. An EG&G Uniboom system (Figure 1) and 

DSeismic acquisition system were used for this purpose. 

The resulting positional accuracies were ±0.6 m 

(horizontal) and approximately ±0.25 m (vertical). 

D-Seismic [3] is a two-channel hardware/software 

platform developed by the Istituto di Matematica, Fisica e 

Applicazioni of the Università “Parthenope” di Napoli in 

collaboration with the Università di Genova, within the 

Programma Nazionale di Ricerca in Antarctica (PNRA). 

It allows acquisition, real-time processing, and post-

processing of seismic reflection data. 

 

 
Fig. 1. Marine geophysical suvey in Seiano (Naples, 

Italy) 

All phases of this research have been supported by the 

realization of a GIS project [7] structured in modules that 

managed both planning and processing data of the three 

surveys. 

 III. RESULTS 

Our geophysical survey off Villa Pezzolo ruins has 

provided substantial morphological information regarding 

the archaeological remnants occurring in the area on the 

geomorphology of the bottom and the stratigraphy of the 

20 m sub-bottom. 

As a result of the interpretation of the SSS mosaic, a 

total of 8 principal targets were identified as being 

relevant for the present study. Two of them have been 

visually inspected and confirmed to be a pier (T13) and a 

man-made defense structure (pila in ancient Latin) (T03, 

Figure 2a).  The latter is placed to the E of the pier to 

protect it from western storms (Figure 2B).Similarly, 

targets T14 and T12 (Figure 2c) are interpreted as ruins 

of a pier and of a defense structure, respectively. Targets 

T02, T03, and T04 are remains of a damaged defense 

structure (Figure 2b). 

 

 
Fig. 2. a) underwater photo of a Pila; b) SSS 

archaeological targets of SW survey area; ; c) SSS 

archaeological targets of NE survey area. 

 

From the interpretation of seismic profiles [5, 14], two 

main acoustic signatures have been identified. They 

appear fairly well characterized in terms of graphic 

response and they have been associated with, rocks and 

large artefacts (Figure 3). 

 

  

117



 
Fig. 3. Acoustic responses in superficial layer (the 

thickness is 0,8 ms - about 1,2 m) of Line 6.  C) Signal 

analysis of the ping 134 archaeological pillar (A); the Y 

axis is the amplitude of signal, the X axis is the 

milliseconds. D) Signal analysis of the ping 706 debris 

and rock(B); the Y axis is the amplitude of signal, the X 

axis is the milliseconds. 

 

The GIS overlay of all geo-archaeological datasets has 

confirmed the presence of a Roman harbour related to the 

Pezzolo Roman villa and has allowed defining the spatial 

distribution of the related maritime annexes (Figure 4). 

 
Fig. 4. Perimeter of Villa harbour 

 

The processing of all the seismic profiles has allowed 

the identification of five seismic facies. Close to the 

shoreline, the seabed is covered by recent fine sediments 

(F5 facies - sand) formed after the II century AD. 

Immediately beneath this layer, a strong continuous 

reflector with a chaotic acoustic response (F4 Facies) 

represents the deposits related to the alluvial events 

subsequent to the 79 AD eruption and it presents a lateral 

decrease in the thickness, moving away from the mouth 

of the small bedrock river with torrential regime Rivo 

d’Arco. These deltaic bodies represent the subaqueous 

components of the alluvial fans that developed in the 

narrow Pezzolo pocket beach [2]. Above F4, the seismic 

profiles show a strong continuous reflector that is likely 

to be Pompeii tephra Vesuvius 79 AD extends along the 

entire profile (F3 facies). [6, 9, 12, 13]. Moreover, 

inclined reflectors can be seen approximately 200 m from 

the shoreline (F2 facies). These may represent a 

prograding wedge formed post 79 AD eruption. Finally, 

F1 could be the limestone substrate, as mentioned by 

[13]. 

 

 
Figure 5. Interpretation of a significant seismic profile 

perpendicular to the coast 

 

As shown in Figure 5, the interpretation of seismic 

profiles, constrained by previous studies in adjacent areas 

of the Gulf of Naples [6, 9, 11, 13] has allowed 

identifying the main acoustic faces post 79 AD eruption 

and also  establishing that the seaward extension of the 

alluvial delta was about of 200m. 

 IV. CONCLUSION 

The use of non-invasive techniques such as the 

adopted acoustic geophysical instruments (SBES, SSS 

and SBP) provided substantial information on both the 

morpho-bathymetry and the stratigraphy of the 

submerged area at issue, permitting to better reconstruct 

the coastal change occurred here since the 1st century a. 

C.. 

Moreover, the obtained SSS mosaic and SBP profiles 

allowed identifying – among others - some artificial 

elements to be interpreted as ruins of the harbour that 

served the Villa during the first and third stages of its 

history. 

Another relevant result of, this study regards landscape 

evolution. In particular, the evolution stages described in 

the Introduction can be now enriched with data regarding 

the size of the delta that grew –in few decades – at the 

mouth of the Rivo d’Arco. In fact, by means of the 

seismic data interpretation the maximum dimension of 

the alluvial delta was evaluated in 200 m. 

In conclusion, this study demonstrates that the stronge 

Plinian eruptions of the Vesuvius had dangerous 

consequences on the mountainous areas surrounding the 

Campana Plain, not only because of damage deriving 

directly from the distal fallout, but also because of 

subsequent events of rapid downwasting of the 

pyroclastic mantles. (Figure 6). 
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Figure 6. Evolution phases of Marina di Equa Bay 

related to Harbour construction phases 
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Abstract – Numerous banded and partially glazed 
vases come from the Etruscan-Samnitic ‘frontier’
settlement of Pontecagnano. Those productions were 
prevailing between 550 and 450 b.C.; they were
traditionally considered imports influenced by Ionic
tradition. Now the massive quantity of this pottery
known from all over the Peninsula and the discovery
of kiln wastes allow deeper considerations about its
production and circulation. Banded and partially
glazed wares from Pontecagnano have received an
initial chrono-typological overview, but they have 
never been object of specific production studies. Clay
and glazes analysis of a huge number of vases coming
from closed contexts and archaeometric analysis on
samples chosen by differences identified by autoptic
observation could clarify the existence of one or more
local productions. It would be possible also to
illustrate the circulation of those products inside the 
web of relationships existing between Pontecagnano
and the neighbouring settlements.

Key-words: pottery, banded, partially glazed,
Pontecagnano, vases, classification, productions.

I. INTRODUCTION

Banded and partially glazed wares are one of the most
widespread pottery in the Late Archaic period all over
Etruria and Magna Graecia.

Those wares were traditionally considered influenced
by Ionic tradition and also classified as imports. The 
gradual discovery of more and more of those vases and
the finding of kiln wastes have redirected researchers’
debate towards identifying local productions.

This paper originates from a PhD project in Methods
and methodology in the archeological and art historical
research (University of Salerno, Department of Cultural
Heritage Sciences). This research intends to face the
study of those wares coming from the Etruscan-Samnitic
‘frontier’ settlement of Pontecagnano. The intention is to
define a chrono-typological classification and to identify
productions, in order to formulate new considerations
about trades and commercial relationships between
Pontecagnano and the neighbouring settlements.

It has to be stated first that this research is at its
beginning. Therefore, a methodological model will be 
provided starting from some preliminary remarks, and the
design of further paths will follow, in order to provide a 
theoretical model to similar researches.

II. STATUS QUAESTIONIS

Current status quaestionis is very far from a complete 
definition of the question, due to the fragmentary nature
of known contexts and to the low representativity of the
samples at the basis of published studies.

At the beginning, researchers brought into focus the
commercial carriers of this pottery and their trades with
the above-mentioned places. Afterwards, specific 
attention was paid on the identification of likely local 
workshops: in Campania Fratte and Velia [1], Cairano
[3], Vico Equense [4], Poseidonia [5], Treglia [6], Cuma
[7] and Capua [8]. Researchers considered the existence
of local productions together with ‘external’ ones which
were not identified.

Some technical, stylistic or morphological similarities
between vases coming from different sites are, now as
then, cause for reflection on traditions and circulation of
those wares in the Late Archaic period.

In the case of Pontecagnano in 1991 A. D’Andrea [9],
after studying funerary contexts in Via Sicilia, Via
Campania and Via Firenze, proposed a classification of
pottery that seemed to be ‘traditional’ and ‘local’,
including banded and partially glazed vases (fig. 1).

Another field of research, which has never been
systematically investigated, is the group of banded and
partially glazed vases which are morphological different
from the uniform set of well-known pottery. Those vases
seem to be connected with different traditions, like the
Enotrian one, or clearly derive from local bucchero and
italo-geometric tradition. Examples are in the first case
the partially glazed neckless jug, in the second the banded
careened cup (fig. 2).
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III. TARGETS, VALIDITY AND RELIABILITY

The classification of banded and partially glazed wares 
from Pontecagnano is followed by a seriation which aims
to define relative chronologies. In order to do this,
classification is processed on the basis of a regular survey
of vases-kits coming from different necropolis of the
ancient site.

Funerary contexts, which are closed and homogenous,
facilitate the elaboration of tight chronological schemes.
The presence of imports, especially Late-Corinthians
pottery or Attic figured vases, helps to connect relative to
absolute chronology.

Chrono-typological classification provides the basis for
the identification of groups of uniform clay and glazes
specimens, selected after either autoptic and microscopic
observation. Afterwards, samples will be extrapolated,
and will undergo archaeometric analysis. All those
operations will identify the specific productions which

were present in Pontecagnano between 550 and 450 b.C.
with a scientific support behind.

IV. PRELIMINARY REMARKS

These operations require in the first place a long
cataloging procedure concerning all the vases
overviewed. Currently 259 evidences from Piazza 
Risorgimento necropolis [12] have been filed (Propp.
Caramando, Caramante, Chiesa, De Chiara-Bellofiore,
De Simone, Del Mese, Erra, Malangone, Noschese).

A. Evidence Form

An important preliminary process has been the design
and the creation of an Access database containing an
Evidence Form for each vase to be analyzed. The
Evidence Form consists in two parts which offer two
different kind of information. The first one recalls all the
data which are necessary for the identification of the vase
related to its context (Inventory Number, Necropolis,
Property, Tomb number) and to the other objects of the 
funerary kit (Chronology, Other vases). Other important
data for the definition of the evidence (Ware, Form, State 
of conservation, Photo) are also given.

Additional details which are unusual for the common
cataloging procedures are provided by the second level of
information revolving around three entries:
Measurements, Clay, Glaze and Decoration.

Measurements is structured in order to record not only
the dimensions which are fundamental for the
reconstruction of the significant parts of a vase (Rim
diameter, Foot diameter, Maximum height), but also the 
dimensions of all the other secondary parts (Maximum
diameter, Height without handles, Rim height, Neck
height, Shoulder height, Body height, Foot height,
Hadle/s length). The purpose of this process is to
correlate every single part of the vase to the decorations, 
which are described ourselves according to this
perspective of measurements fragmentation, through
mathematical proportions.

Clay considers a first naked eye observation of freshly
broken sections and surfaces in order to define clay colors
to be expressed in Munsell code [13]. A synthetic
description of clay’s macroscopic characteristics, and a 
microscopic second observation for the identification of
hardness, texture, porosity, sorting and inclusions follow.

Glaze and Decoration complete the overview: first, 
peculiarities of glazes are macroscopically described
(color, shininess, glare, flaws); then, decoration is
analyzed, associating it with Measurements as specified
beforehand (fig. 3).

Fig. 1. Banded and partially glazed wares: 
traditional ceramic forms from Pontecagnano
(CUOZZO-D’ANDREA 1991)

Fig. 2. Non-traditional forms: an example
(GOBBI 2010- 2011 [10]); PELLEGRINO-
ROSSI 2001 [11])
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B. Observations about the decoration: and example

Partially glazed gutti represent an interesting case study
which could be explicative of the answers offered by the 
comparison of Measurements and Decoration. Gutti are 
not so much common in Piazza Risorgimento necropolis: 
they account for 16% out of a total of 73 vases (12
specimens). 9 of them are useful for the case study, while
3 specimens are excluded, in so far as they have sketchy
rims.

Associating Decoration data, where the presence of the 
glaze is measured on vase height and distinguished
between rim, neck, shoulder, body, foot and handle/s, 
with Measurements ones, where those parts are 
individually measured, the following results are provided
(Tab. 1):

Table 1. Percentage of glazed surface per each individual

Sample Proportion Percentage

1 3,15 / 6,1 51,63%

2 2,3 / 5 46%

3 3      / 6,3 47,61%

4 4,7 / 7,1 66,19%

5 2,5 / 5,3 47,16%

6 4,9   / 6,6 74,24 %

7 0,5 / 7,1 7,04 %

8 4,50 / 7 64,28%

9 7,1  / 8,4 84,52%

Table 1 indicates that 4 samples (1, 2, 3, 5) have a
percentage of glazed surface which is about 50% (46-
51%), whereas the percentage grows considering samples
4, 6, 8, 9, 10, whose glazed surface is about 66-85%. In
one case (sample 7), glazed surface is paltry (7%) (fig. 4).

Considering the morphology of those vases, according
to A. D’Andrea typological classification [9], guttus 42A
(fig. 1) is characterized by flared rim, disc foot and
oblique spout with circular section. Body and handle/s
morphologies are not considered as specific typological
elements.

With a quick observation of the 9 samples above we
can link all of them, excluding number 7, to A. D’Andrea
Type 42A. Even though in Type 42A group the shapes of
the samples have noticeable differences, this topic will
not be faced here. Therefore, remaining on a superficial
level, sample 7 is the only one which is not referable to
Pontecagnano traditional repertoire.

On a chronological point of view, Type 42A appears in
the first quarter of the 5th century b.C., but a more
specific overview of the vases from Piazza Risorgimento
necropolis allows to structure that chronological scheme
in a more accurate way. Partially glazed gutti appear
already in the last quarter of the 6th century b.C., as
proved by samples 2 and 7, respectively associated to a
bucchero kantharos with short foot and a Ionic B2 Cup.

Samples 1 and 5, in association with other objects such
as a “Bloesch C” black glazed kylix, are dated 500-475
b.C.; sample 9 is dated 475-450 b.C. and is associated
with a black glazed lekythos with palmettes on the
exterior. Eventually, remaining samples are not 
associated with any well-known pottery (fig. 5).

Fig. 4. Samples.

Fig. 3. Evidence Form
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Given that, it can be assured that sample 7, a non-
traditional type, exists while existing sample 2, which is
attributable to “traditional” Type 42A.

Another in-depth examination is autoptic “naked eye”
clay analysis. Sample 2’s clay is reddish-yellow (Munsell
7.5YR 6/6), sufficiently consistent and rather hard, and it
has been observed in a freshly broken section. On the
outside, clay gets brownish (Munsell 7.5YR 5/4). Sample 
7 has got pink (Munsell 7.5YR 8/3), semi-tender and
“soapy” clay; on the outside, it gets very pale brown
(Munsell 10YR 8/3).

Between all the partially glazed vases examined, the
ones whose clays have similar colour, texture and
hardness to sample 2 are the most frequent (49%). They
are known from the last quarter of the 6th to the middle of
the 5th century b.C., lasting for 75 years. Clay
peculiarities recorded for sample 7 are found in other
specimens which are not really representative, since they
are just 4% of the total. They are connected to specific
shapes (guttus and jug) and they come under a group of
non-traditional pottery which is characterized by a 
decoration which is limited to the rim and sometimes
partially to the neck. Therefore, those vases are not
traditional because of their shape, clay and decoration,
but they are however included into the partially glazed
ware.

The few vases of this “outside” group exist while
existing the traditional ones, persisting, in some cases,
until the end of 5th century b.C.

C. Summary

Outlining all the information emerged from this brief
examination about partially glazed gutti, crossing
Measurements and Decoration data and comparing
percentage of glazed surfaces, three groups have been
detected. The first one contains vases which are glazed
around half of the surface; under the second one come
vases whose surfaces are glazed over 50%. Third group
consists in just one vase which is very partially glazed
(7%).

Focusing on sample 7, which is the only “discordant
voice”, it has been highlighted that it doesn’t match the 
description made by A. D’Andrea about local partially
glazed guttus type (42A), but still it coexists with at least 
one of the “local” gutti.

Clay description from samples 2 and 7, juxtaposed on
the basis of chronology, allowed to identify colour,
texture and hardness differences through naked eye
observation.

Those considerations, which undoubtedly suffer from
observer’s subjectivity, require another level of scientific
and objective analysis in order to be legitimated. In that 
respect, a very important support come from
archaeometry.

The only former case study which is related to local 
Pontecagnano pottery has been put forward into an article
currently in press [14]. It is about fine wares from
Pontecagnano, in particular 4th century black glazed ware,
and their comparison with similar pottery from Fratte and
Paestum. This research started from the observation of
macroscopic characteristics of selected samples,
providing afterwards polarized light microscopy and XRF 
analysis on samples. Results are really interesting, and
they concern clay supply areas.

This kind of data are very important and they are 
wished to be obtained also for the PhD project presented
here using similar methodologies. In fact, they are 
fundamental in order to confirm remarks and hypothesis
which are formulated on archeological basis, capitalizing
on archaeometric sciences.

V. CONCLUSION

Information provided through this twofold approach –
autoptic/subjective and scientific/objective – will allow 
clarifying and ordering the whole of notions, today
limited, of Pontecagnano material culture for the Late
Archaic period.

Furthermore, with the archaeometric data probably will 
be possible to illustrate also the circulation of those
products inside the web of relationships existing between
Pontecagnano and the neighbouring settlements.
Therefore, it will be possible to add new tiles in the
knowledge of trades and commercial relationships in
Late-Archaic Campania.

Fig. 5. Samples chronology
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Abstract – The project TECH aimed to document an 
Egyptian monument for Egyptological studies and 
researches but, at the same time, to check new 
methodological opportunity for conservation,  
valorisation and enhancement. In particular, the CNR 
mission has focused the attention on the tomb of 
Harkhuf, a high official of the VI dynasty (XXIII 
century BC), who led trading and military expeditions 
into Nubia. The hieroglyphic texts inscribed on the 
façade of his tomb are very important and famous 
documents. The team has checked an integrated 
methodology. Photogrammetry has been used to 
generate an accurate 3d model and to facilitate the 
epigraphic work. Moreover climatic measurements 
have been carried out. Finally the data have been 
crossed in order to check the environmental impact 
and the decay. 
 

I.   INTRODUCTION TO THE PROJECT 

The CNR – Multidisciplinary Egyptological Mission 
(CNR – MEM) has worked in the tomb of Harkhuf in 
order to document its important hieroglyphic inscriptions. 
The mission has been carried out in the framework of the 
project TECH (Technologies for the Egyptian Cultural 
Heritage) funded by the National Research Council of 
Italy (CNR) and the Academy of Scientific Research and 
Technology of Egypt (ASRT). 
Aswan is the southern gate of Egypt: in ancient times 
caravan routes left the Nile Valley from this site to reach 
far away territories and different populations, carrying 
back exotic and precious goods. 
The ancient city of Elephantine, the river island in the 
modern town of Aswan, was the gateway to Africa, the 
bridgehead towards unknown lands as dangerous as rich 
in exotic treasures. 
Between the late Old Kingdom and the early Middle 
Kingdom, the tombs of the nobles at Qubbet el-Hawa 
testify of ancient journeys, far south explorations, trades 
and cultural exchanges, in particular, the tomb of 

Harkhuf, a high official of the VI dynasty, who led 
trading and military expeditions into Nubia [1]. The text 
inscribed on the façade of his tomb is a very important 
and famous document (Fig.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Harkhuf led at least four expeditions to far away 
countries in the southern or west-southern territories. His 
tomb testifies of his life, his career, his journeys and 
explorations towards south, in the Nubia and in the 
Lybian desert. Harhkuf was a noble of Upper Egypt, he 
served the kings Merenra and Pepi II, during the VI  
dynasty in the XXIII cent. BC [1]. 
This tomb was at first noticed by an Italian scholar, 
Ernesto Schiaparelli, famous Egyptologist who 
discovered f.i. the tomb of Nefertary and other important 
monuments. Schiaparelli, who was Director of the 
Egyptian Museum in Florence and of the Egyptian 
Museum of Turin, published the inscriptions in the 
Memorie dell’Accademia dei Lincei in 1892 [2]. 
Schiaparelli was a pioneer of the inter-disciplinary 
Archaeology and Egyptology, and he used the 
photography as an instrument for documentation on the 
archaeological field. 

Fig. 1. The famous Tomb of Harkuf in Aswan. 
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In the 1975, Miriam Lichtheim, who published a famous 
work on Ancient Egyptian Literature, wrote in her book: 
Cut in soft, flaking stone, the inscription (of Harkhuf) is 
now in a very poor condition. In fact, the wind, the sun 
and some rainfalls contribute to the decay [3]. 
TECH Project aimed to check a non invasive 
methodology for documenting Egyptian monuments and 
above all Egyptian epigraphy. The tomb of Harkhuf has 
been chosen because of its importance, its status and for 
the old documentation provided by E. Schiaparelli, which 
represented the starting point for the work.  
The project aimed at a very good documentation by 
digital photogrammetric system in order to obtain data on 
its conditions, to check the decay and the influence of the 
environmental factors. 

G.C. 
 
 

II.   THE SURVEY ON THE INSCRIPTIONS 

The work presented in the paper is a preliminary note of a 
wider project on Harkuf’s Tomb. Since the first survey on 
the site, in 2014, several and damaged inscriptions 
preserved on the facade and the pillars inside the tomb, 
have been noticed. Most of them are in different 
conditions, probably due to the intrinsic characteristics of 
the stones and to the weathering phenomenon. From the 
observations made during the mission emerged the 
importance of documenting the inscriptions, that actually 
risk to be lost forever. The most important inscriptions 
are visible on the main façade. They represent an 
important document of the Harkuf’s life (Fig.2). The four 
pillars inside show reliefs and inscriptions with funerary 
formulas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The first step was the documentation of the existing texts 
with a methodology that was able to record the signs and, 
at the same time, was able to evidence the differential 
degradation. Every inscription was accurately 
documented through the use of photogrammetric systems 
(image based 3d modelling). Digital photogrammetry can 
be considered a valid instrument of investigation and 

analysis to improve the knowledge in the archaeological 
field. In recent years the development of digital 
photogrammetric systems allowed to define a very 
accurate working protocol of data acquisition and 
processing in the archaeological discipline. The 
extraordinary development of camera sensors, the 
manufacturing of the lenses and the more accurate 
algorithms for the recognition of the homologous points 
on images, actually allow to reconstruct the whole 
investigated subject [4]. 
The methodology was focused on the use of 
photogrammetric system despite other different 
approaches to problem exist, such as the use of laser 
scanner (triangulation) or polynomial texture mapping. 
The use of digital photogrammetry is justified by the 
possibility to use a simple device (such as a camera) in 
every condition, collecting important information and 
data about cultural heritage [5]. Furthermore, due to the 
history and evolution of the photogrammetry, we are able 
to evaluate its potentiality and expansion to other 
application fields. 
The first step of the research focused mainly on the 
external facades, probably subjected to a greater stress. 
The survey was performed using two reflex cameras 
(Canon 5D mark II, Canon 60D) with different optic 
lenses (Canon 28mm/ 50mm). The following modalities 
have been used: 
- Visual Structure From Motion (Agisoft Photoscan); 
- Stereoscopic photogrammetry (MenciSoftware); 
The first system, well known as Visual Structure From 
Motion (VSFM), allows to perform photogrammetric 
acquisition starting from unordered images. We used a 
28mm optic lens with a tripod at 0.50 m from the facade, 
moving the camera along the whole surface (Fig.3). We 
took more than 400 picture for the Harkuf’s letter at very 
high resolution and with 80% of overlapping among the 
pictures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Simultaneously we used the same camera with the other 
system, based on the stereoscopic acquisition of three 
images. We mounted the camera on a little aluminium bar 
(0.70 m) on the tripod at 2 m from the inscription. 

Fig. 2. The inscription preserved on the main facade 
of the Tomb represents an important document of 
Harkhuf’s life 

Fig. 3. Acquisition step performed with a Canon 5D 
Mark II mounted on a tripod. 
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Knowing the distance among camera positions, it is 
possible to achieve spatial coordinate of inaccessible 
points. The system is often used in topography and is 
known as “space forward intersection”. In the same way 
of the human sight, from two camera images (central 
projection) it is possible to define accurately each single 
point. The geometrical model explain how it is possible 
to achieve the coordinates (Fig.4). However the accuracy 
of the model depends on the angle of the collimation 
straight lines and on the distance of the cameras from the 
object. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is however possible to demonstrate that the collimation 
straight lines are twisted lines, so that it is necessary an 
interpolation to find exactly the point [6]. 
The VSFM was used to create an high resolution 3d 
numerical model (point clouds) even if the main problem 
consists in a not scaled result. The second system 
(stereoscopic) generated an accurate and scaled 3d point 
clouds. We used both the models. The second model 
allowed us to calculate the coordinates of the letters and 
transfer them to the not scaled model. The only limit of 
the stereoscopic system consists in the orientation of the 
reference system that is in the origin of the perspective 
pyramid of the camera. In order to solve this problem and 
perform the final graphic restitution it is necessary to 
transform the UCS in the specific software. 
However the error between the two numerical models and 
the coordinates is 0.008 mm. This error depends mainly 
from the correct recognition of the points between the 
two models, the different definition of the images taken at 
different distance and the resolution step of the point 
clouds. 
 
 

III.   THE PROCESSING STEP 

As mentioned above the photogrammetric survey was 
carried out on the entire archaeological complex but only 
the letter preserved on the main entrance completely 
elaborated. 
A specific elaboration procedure was developed for the 
inscriptions and the results are very interesting. The 

processing step was performed with different software of 
point clouds management. The aim of the study was to 
create a numerical model of the inscription at high 
resolution and able to give information about its 
condition. From the high resolution 3D model (point 
clouds) it was possible to carry out all the measurement 
about length, width and deepness of the engraving and to 
get information about the geometry, morphology and the 
global visualization of the object. With the integration of 
different point clouds management software was possible 
to make a series of elaborations in order to get a better 
organization and comprehension of the data (Fig.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is also possible to fit the model with other points and 
afterwards interpolate them with surfaces through the 
meshing techniques. This transformation is very 
important for the results. Normally this transformation is 
based on Delaunay triangulation of the points in the 
space. Some interpolation occurred in a second step to 
light the model but preserving the shape of the 
inscriptions [7]. 
In order to read the information about the conditions of 
the inscriptions, we decided to create maps useful to the 
investigation and analysis. Point clouds carried out from 
photogrammetry are unstructured point clouds. We 
processed the data with a software, JRC Reconstructor, to 
transform them in structured point clouds. In this way it 
is possible to give to the photogrammetric data the same 
characteristics of a laser scanner data. The tool used is 
named virtual scan. Once established an orthographic 
camera that includes the numerical model (unstructured) 
it is possible to acquire the whole surface at a specific 
resolution, such as a laser scanner information. Despite 
the resolution depend also from the hardware graphic 
card, it is possible to create a new structured 3d model of 
the inscription with the same characteristics of a point 
cloud taken with laser scanner. In this way it was possible 
to generate different outputs such as Digital Elevation 
Model (DEM), normal map and other elaborations useful 
for the final results (Fig.6). 
 
 
 

Fig. 4. Geometrical model used in topography and 
adopted in photogrammetry. 

Fig. 5. From the numerical model is possible to divide 
the chromatic characteristics from the shape of the 
engravings 
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IV.   THE REPRESENTATION OF THE DATA  

The aim of the work is not only to have a numerical 
model but also how we can use the model to draw the 
hieroglyphics in a bi-dimensional restitution for the 
epigraphists. The research group is experimenting 
different solutions able to solve the dichotomy between 
innovative acquisitions and graphic representations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Usually bi-dimensional representations of the inscriptions 
are based on direct survey, supported by a photographic 
restitution on a specific plane (Fig.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Unfortunately this kind of representation does not 
characterize correctly signs and shape of the engravings. 
Aim of the project was to find a form of representation 
suitable for the epigraphic signs. We experimented a 
system derived from cartography and above all in the 
sculpture. The approach is based on the representation of 
the contour lines. Contour lines represent free shape of an 
object beyond contour outlines and edges of the 
engravings [8]. The equidistance of the contour lines 
depends on the representations scale of the graphic 
restitution. The equidistance normally is set to 1/1000 of 
the representation scale of the object declared in meter. 
The results evidenced the differences between the old 
drawings and the new approach. Certainly also in this 

approach it is necessary to establish a reference plane 
where projecting the representation. The signs are well 
defined by the lines and simultaneously the shape and the 
curvature of the stone material are described (Fig.8). 

A.A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V.   THE INFLUENCE OF THE CLIMATE 

The tomb of the Nobles are carved in the rocks on the 
west bank of the river Nile in Aswan, an area 
characterized by hot and dry weather conditions [9], 
which are typical of a desert climate. In this region the 
total rainfall amount per year is about 1 mm, and heavy 
precipitation is a very rare event occurring once every 1 
or 2 years, often resulting in flash flood. These rare, but 
heavy rainfall episodes have important, and sometimes 
catastrophic impacts, due to the high intensity and short 
duration, on population, buildings, infrastructures, 
ecosystems [10], including wadis discharge [11], and 
cultural heritage. 
The meteorological factors affecting the tomb of Harkhuf 
at Qubbet el-Hawa are air temperature, its diurnal 
excursion, and wind, and, to some extent, relative 
humidity. In fact, in Aswan, night time relative humidity 
can be more than 30% during the winter months, which 
rise rapidly during heavy rainfall episodes. The 
experiment, designed using portable meteorological 
instruments, permitted to define if the microclimate 
around the Harkhuf Tomb has the same characteristics of 
the larger Aswan area, which can be derived by the 
meteorological station located at the Aswan airport, and 
to determine the microclimate inside the tomb. In 
particular, it contributed to: 
- determine the temperature gradient along the façade of 
the tomb in order to understand if the different parts of it 
are under the influence of physical stress of different 
intensity; 
- determine if temperatures excursion together with the 
right level of relative humidity of the air could favor the 

Fig. 6. Normal map of the inscriptions. It is possible 
to evidence the difference between casual signs and 
engravings 

Fig. 7. Inscriptions drew with manual recognition of 
the signs and probably the aid of photographic survey 

Fig. 8. The equidistanceis set to 0.0005 mm. This 
adaptation allows to draw adequately the 
inscriptions. 

  

129



1st International Conference on 
Metrology for Archaeology 
Benevento, Italy, October 22-23, 2015 

formation of dew at dawn and if the air can reach high 
dew point values. 
Preliminary analysis of data collected between 8:00 am 
and 4:00 pm local time (Fig.9) permitted to detect a 
differential heating of the façade, with the right part 
reaching temperatures warmer (few degree C) than the 
left and for a longer period, being under the direct 
sunrays until early afternoon. 
In the interior, during the day, the temperature excursion 
is much more moderate. 
In addition, some measurements of wind intensity and 
direction show a persistent wind blowing from N-NE 
starting mid-morning, around 10:30 am until late 
afternoon.  
Relative humidity outside the tomb is not a big issue 
during the day, however it is important in the interior 
where it can reach larger values and maintain a risky 
level during nighttime which can favor the formation of 
mold on the ceiling. 

M.B. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VI. CONCLUSION 
The integrated methodology applied to the Harkhuf's 
tomb has given good results. The team is elaborating the 
data in order to render an accurate documentation, and to 
plan a conservation and restoration project. 
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Abstract – The paper presents the first results of a 
programme of archaeometric research focused on the 
characterisation of the Serra d’Alto ceramics, from 
the area of the Temple of Ceres at Paestum, in order 
to better understand the raw materials used, the 
production techniques and the phase transformations 
occurred during firing, in the context of a recent re-
examination of the dynamics of the occupation of the 
Paestum area and, more generally, the presence of the 
Serra d’Alto culture in Campania. 

 I. INTRODUCTION 
In August 1960, the Soprintendenza alle Antichità of 

Salerno, seeking a solution to the problem of connecting 
the Porta Aurea to the urban network, decided to conduct 
test excavations about 80 m northwest of the Temple of 
Ceres (fig. 1). These revealed a prehistoric site occupying 
an area of around 200 sq m. On-site examination of the 
materials by G. Voza  immediately revealed a Serra 
d’Alto phase Neolithic occupation [1]. 

 

 
Fig. 1. The Neolithic site at the Temple of Ceres at 

Paestum: the excavation area [2]. 
 
Recent re-examination of the data from that period, 

together with analysis of the more recent finds from the 
area of the Agorà, has allowed us to clarify the nature and 
dynamics of the Neolithic occupation of the Piana del 

Sele area and, more generally, the southern part of 
Campania.  

Notwithstanding the difficulties posed by the lack of 
precise stratigraphic information the settlement in the 
area of the better-known prehistoric tombs around the 
Temple of Ceres actually represents, even today, a very 
special area of study, being one of the most important and 
complex manifestations of the Serra d’Alto culture in the 
region.  

The material recovered (in large quantities) seems 
homogeneous and typologically uniform, repeating the 
same forms and rare decorative motifs. However, it 
reveals interesting contacts with the world of the Aeolian 
Neolithic, particularly with the people of the Lipari 
settlements, where excavations have uncovered a large 
amount of whole pieces. 

The assemblage of vase types comprises light-coloured 
figulina pieces (fig. 2) with the very particular handles 
and grips of “cartoccio” type with multiple rolls, “spool” 
type with double spirals, and triple rolls. The fragments 
with painted decoration have the characteristics of the 
most recent phase of the culture with the well-known 
“tremulo sottile” motif, with motifs of brown parallel 
lines and zigzag motifs framed by lines. 

 II. AIMS OF THE RESEARCH 
A programme of archaeometric research focused on 

determining the places from which the Serra d’Alto 
ceramics came and the production technology used [3] 
was developed in order to better understand the dynamics 
of the occupation of the Paestum area and, more 
generally, the presence of the Serra d’Alto culture in 
Campania. The project represents a collaboration 
amongst the Soprintendenza Archeologia della 
Campania, the Università degli Studi di Napoli 
“L’Orientale”, the Soprintendenza Archeologia della 
Puglia and the Dipartimento di Scienze della Terra e 
Geoambientali dell’Università degli Studi di Bari “Aldo 
Moro”. 
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Fig. 2. Ceramic: 1-2. Fragments of pots with painted 

decoration in brown; 3. Grip of spool type with incised 
decoration double spirals and bipartite tape horizontally; 
4. Grip of spool type with tape wrapped; 5. Grip of spool 

type with incised decoration (1:1) (Drawings by M. 
Moretti). 

 
In this paper, we present the first results obtained from 

samples from the prehistoric site (table 1). In order to 
understand the raw materials used, the production 
techniques and the phase transformations occurred during 
firing, 18 samples were subjected to the traditional 
archaeometric analytic methods used to address such 
issues. The analyses confirmed a broad scale macroscopic 
division into four main macroscopic groups: figulina 
ceramics, ceramics with siliceous inclusions, ceramics 
with volcanic inclusions and ceramics with fossil 
inclusions. 

 III. POTTERY FABRIC 
The petrographic observations were carried out on thin 

sections, with a Carl Zeiss ‘‘Axioskop 40 Pol’’ polarised 
light microscope (OM). The petrographic description 
took into account non-plastic inclusions (NPIs), matrix 
and porosity. Two main groups were distinguished among 
pottery fabrics. One is characterised by calcareous matrix 
(fabric K, KF, KB), the other by non calcareous matrix  

Table 1: Archeological and petrographical features of the 
analysed samples. 

 
Sample Thick

ness Ware Fabric Matrix Non plastic inclusions 

PAE01 1,1 F KF calc. 
Unimod. (fs), Qm, 
Cal, Ms, Fe agg., 

VRF, Cpx. 

PAE02 1 F KF calc. 
Unimod.,(fs), Qm, 

Cal, Kfs, Ms, Fe agg., 
VRF, foram. 

PAE03 1,5 F K calc. 
Unimod. (fs), Qm, 

Cal, Kfs, Ms, Fe agg., 
VRF. 

PAE04 0,7 F KF calc. 
Unimod. (fs),  Qm, 

Cal, Kfs, Ms, Fe agg., 
foram. 

PAE05 1 F KF calc. Unimod. (vfs), Qm, 
Ch, Ms, foram. 

PAE06 0,8 F K calc. 
Unimod. (fs), Qm, Ch, 

Kfs, Pl, Fe agg., 
foram. 

PAE07 1,3 C QO non 
calc. 

Unimod. (ms), SRF, 
Qm, Qp, ch, Kfs, Pl, 

Ms, Fe agg., Qo, SRF, 
VRF, Veg., HM. 

PAE08 n.d. C QV non 
calc. 

Seriate (cs), Qm(well 
round.), Kfs, Pl, CP, 
Fe agg., VRF, Cpx, 

HM. 

PAE09 1 C QV non 
calc. 

Seriate (cs), Qm, Qp, 
VRF, Kfs, Fe agg., Pl, 

Ch, Cpx. 

PAE10 0,9 C QF non 
calc.? 

Unimod. (fs), Qm > 
Qp, Kfs, Pl, Ch, CP, 
Fe agg. (pisolith), 

CRF. 

PAE11 2,5 C KB calc. 
Bimod. (silt+granuls), 

bioclasts (mollusc), 
Qm, Ms, Fe agg. 

PAE12 0,6 C QO non 
calc. 

Qm >Qp, Kfs, Pl, ch, 
SRF (FeOx), Veg. 

PAE13 n.d. C QF non 
calc. 

Unimod (ms), Qm > 
Qp, Kfs, Pl, 
SRF(FeOx) 

PAE14 1 C QM non 
calc. 

Seriate,(cs), pisoliti, 
Qm, Qp, Qo, Kfs, Pl, 

Ms, SRF, VRF. 

PAE15 0,8 C QM non 
calc. 

Unimod. (fs), Qm > 
Qp, Qo, Kfs, Pl, Ms, 

Fe agg., VRF. 

PAE16 0,6 C QM non 
calc.? 

Bimod. (fs + cs), Qm 
> Qp > Qo, Kfs, Pl, 

Ms, SRF. 

PAE17 0,6 C QM non 
calc. 

Unimod. (cs), SRF, 
Qm > Qp, Ch, Kfs, Pl, 

Ms, Fe agg. 

PAE18 n.d. C QM non 
calc. 

Unimod. (fs), Qm > 
Qp, Kfs, Pl, Ms, CP, 

Fe agg. (pisolith), 
Veg, Cal2. 

 
Table key: vfs = very fine sand; fs = fine sand; ms = medium sand; cs = 
coarse sand; Qm = monocrystalline quartz; Qp = polycrystalline quartz; 
Qo = quartz with ondulose extinction; Kfs = K-feldspars; Pl = 
plagioclase; Ms = muscovite; Fe agg. = iron aggregates; CP = clay 
pellets; CRF = calcareous rock fragments; SRF =sedimentary rock 
fragments; VRF = volcanic rock fragments; Ch = chert; Veg = vegetal 
inclusions; Cal2 = secondary calcite. 
 

  

132



and prevalent monocrystalline quartz (fabric QM, QF, 
QO, QV). 

As regards the six samples of figulina ware, four were 
identical (PAE 01-02 and 04-05), characterised by a 
dominant calcareous matrix and inclusions with unimodal 
distribution which include monocrystalline quartz, 
muscovite, iron oxides and foraminifera (fabric KF). The 
samples PAE 03 and PAE 06 stand out only in having less 
iron aggregates (fabric K). Birefringence is medium/low 
and shrinkage cracking is all but absent. 

Although sample PAE 11 is characterised by a 
homogeneous calcareous matrix, it is isolated from the 
rest, because of the presence of carbonaceous materials 
and bimodal texture. Silty quartz and muscovite coexist 
with iron aggregates and bioclastic granules (fabric KB). 
Hypocrystalline trachyte, with feldspar microfenocrysts 
and magnetite, other than clinopyroxene are rarely 
present (fig. 3). 
 

 
Fig. 3. Thin section photograph of PAE2 (XP) 

 
The four non calcareous fabrics have NPIs in the range 

of fine to coarse sand. Fabrics QF and QO – the former 
comprising samples PAE 10 and PAE 13, the latter PAE 
07 and PAE 12 - are characterised as prevalently 
sedimentary with fragments of sedimentary rocks and, in 
the case of group QO, organic inclusions. The fabric QM 
(PAE 14 - 18) is distinguished by the presence of 
fragments of mono- and poly-crystalline quartz, K-
feldspar, plagioclase, muscovite, iron aggregates and 
volcanic and sedimentary rock fragments. Few clasts of 
trachyte and vesiculated volcanic glass occur in PAE14 
and 15 (fig. 4). Samples PAE 08-09 have a particularly 
strong volcanic component (VRF and Cpx) and so are 
allocated to fabric QV (fig. 5). 

 IV. DISCUSSION AND CONCLUSIONS 
The petrofacies of the analysed potsherds point to 

different clayey sediments as raw materials. Whilst fine 
calcareous clays are typical for figulina pottery, sandy 
non calcareous clays are prevalent for the coarse ware. 
The texture is unimodal or seriate, except for PAE11 and 

16. The NPIs of the calcareous fabrics are 
monocrystalline quartz, calcite sand, muscovite and 
foraminifers. The siliciclastic NPIs of the non calcareous 
fabrics varies from fine to coarse sand size. The presence 
of clay pellets, iron aggregates and volcanic tephra, point 
to alluvial deposits as origin. 

 

 
Fig. 4. Thin section photograph of PAE15 (XP) 

 

 
Fig. 5. Thin section photograph of PAE9 (XP) 

 
The different lithologies outcropping in the Apennine 

side of the Sele plain are compatible with the petrofacies 
observed on thin section. During Quaternary, Paestum 
area significantly changed as consequence of tectonic 
subsidence and the deposition of travertine. Holocene 
formation of dune ridges closed the plain and led to 
fluvial-palustrine and lagoonal environments [4]. The size 
and the abundance of volcanic inclusions in the potsherds 
point to tephra in the clays used to produce the vessels. 
The trachytic rock fragments occur in calcareous and non 
calcareous fabrics. Such volcanic products are compatible 
with the tephra of the Campi Flegrei eruptions already 
attested in the Sele plain [4]. However, the tephra 
dispersion of Campanian Volcanoes reached the Adriatic 
region [5-6] and then is possible the foreign provenance 
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of pottery with the same volcanic inclusions. In the case 
of figulina pottery the provenance from Basilicata and 
Apulia is probable, because of the diffused presence of 
fine calcareous clays [7] and the well-known large 
distribution of Serra d’Alto figulina pottery ware [8-9]. 

Summarizing, while we await the results of further 
analyses in progress, we suggest that the raw materials 
were local, although perhaps involving some special 
effort in procurement. For the other coarse ceramics, on 
the other hand, alluvial sediment was the source. The 
various contributions of particular places will be more 
exactly identified, perhaps on the basis of the inland zone 
petrofacies. For the figulina pottery, a provenance from 
Basilicata and/or Apulia is suggested. 

Concerning pottery technology, the choice of a fine 
calcareous clay for figulina pottery and non calcareous 
clays for coarse pottery show deliberate use of specific 
raw materials for different vessel function. Although 
sample PAE 11 is characterised by a homogeneous 
calcareous matrix, it is isolated from the rest, because of 
the presence of carbonaceous materials and bimodal 
texture. The presence of bioclastic granules (fabric KB), 
is intended as temper (fig. 6). The textural and 
compositional features of the other samples let exclude 
tempering/levigation procedures. In PAE09, oblique 
secondary porosity compared to the wall surfaces, point 
to coiling as forming technique. 

 

 
Fig. 6. Thin section photograph of PAE11 (XP) 

 
Birefringence in figulina pottery is medium/low and 

shrinkage cracking is all but absent, both suggesting a 
high sintering (>850°C), presumably in a kiln. A further 
indicator is the light colouration and homogeneity of the 
matrix with only rare zoning. The absence of calcite - a 
useful indicator of temperature - renders the identification 
of firing temperature of coarse pottery less precise. 
However, the presence of secondary porosity and 
medium/high birefringence of the matrix confirmed the 

medium/low levels of sintering (<750°C). 
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Abstract – After recalling that Agerola has a certain 

archaeological potential (spanning from the Bronze 

Age to the Roman period) this paper gives some 

simple but essential geological contributions to the 

matter by signalling useful geo-materials of the area 

(clay and limonite) and the noticeable thickness here 

attained by the blanket of pumices due to Vesuvius 

eruption in A. D. 79 (up to 2 m of primary fall out plus 

sometimes other meters of similar materials down 

wasted from the surrounding slopes after the 

eruption). As the pumices of A. D. 79 play a role in the 

preservation of ruins and other traces of the Roman 

period, a map proposing a zoning of its lateral change 

in thickness is also proposed. 

 I. INTRODUCTION AND PREVIOUS KNOWLEDGE 

 Agerola is a municipality composed of several hamlets 

that are sparse inside a tectonic basin  of about 15 km
2
, 

nested in the Lattari Mts. Said basin was tectonically 

formed during the Pliocene and then uplifted and re-

dissected during the Early and Middle Pleistocene. The 

basin floor – which shows sub-horizontal terraces 

alternating with gorges – is at 580 - 670 m a. s. l., 

surrounded on three sides (W, N and E) by mountains that 

reach up to 1,400 m a. s. l.    

 

 

Fig. 1. Location map. The study area is indicated by the 

white circle. The active volcanoes of the Campana plain 

are also shown (V: Vesuvius; FF: Phlegrean Fields). 

 

Most of the basin extent is drained by the Penise River, 

while only a small SW sector of it is drained by a 

tributary of the Praia torrent. Both streams descends to 

the nearby coast of the Gulf of Salerno and they have cut 

two deep canyons across the coastal fault escarpment. 

Although no archaeological campaign was ever taken in 

Agerola, a number of fortuitous findings occurred there 

since the 19
th

 century [1, 2, 3], suggest that the place was 

frequented during the whole Bronze Age (probably by 

semi-nomadic shepherds), while a village with its 

necropolis rose there during the Iron Age. Moreover, in 

Roman times, the basin floor was punctuated by farms, 

some of which of the villa rustica type. 

Therefore it seems that - generally speaking - Agerola has 

an appreciable archaeological potential (AP) that  could 

reveal new interesting data about early phases of human 

settlement in the mountains facing the Tyrrhenian coast of 

S. Italy. However, that AP is still to be better quantified 

and spatially defined, in order to support both the 

planning of future excavations and the enact of fitting 

measures of heritage protection.  

For my graduation thesis [4] I prepared a GIS analysing, 

among others, the spatial distribution of some 

environmental factors  that are to be taken into account 

when dealing with ancient land uses and their distribution 

within the Agerola basin (geomorphology, soils, 

microclimates, potential vegetation, water resources, 

caves, etc.). 

Drawing on sections of my thesis, devoted to the late 

Quaternary formations overlaying the bedrock (marine 

Mesozoic limestones and continental conglomerates of 

Pliocene-Pleistocene age), in this paper I present new 

data regarding (i) two exploitable geo-materials (clay and 

limonite) occurring within the valley fill succession and  

(ii) the  aggradation/degradation events occurred since A. 

D. 79, considered as a factor that influences the AP 

regarding at least the Roman period.  

 

 II. APPROACH AND METHODS  

Fundamental to the study were, of course, the phase of 

field work aimed to collect input stratigraphical data. To 

overcome limitations imposed by the widespread soil 

cover, data from natural outcrops and artificial cuts were 

supplemented with tens of logs, of drillings and 

penetration tests, taken from previous geotechnical 

reports. 

The interpretation of SPT data started from sites having 
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also nearby drillings and/or outcrops, allowing 

correlations between stratigraphical units and 

corresponding value-ranges and curve shapes in SPT 

(Fig. 2). After such calibrations it was possible to gain 

litho-stratigraphical and stratimetrical information even 

for places with only SPT data available. 

 

 
Fig. 2. Stratigraphic log of one of the analysed drillings (right) and graph of a nearby SPT (left). Lines with arrows  

indicate correlations between  penetration  features and main litho-stratigraphic units (see the text for a description of 

units  WP, YP and RC). Note the different vertical scales adopted. 

 

The upper part of the stratigraphic sequence, which 

records the eruption of Vesuvius in A. D. 79 and 

following events, has a great influence on the AP 

regarding the Roman period. For it an attempt to 

generalize the data collected at control points was carried 

out. To the purpose, the observed lateral variations of 

stratigraphy (which depend largely on post-eruption 

erosion and re-deposition) were spatially analysed  to 

recognize  their relations to geomorphological factors 

such as slope angle, distance from divides, presence of 

young depositional landforms, etc. Then the study area 

was classified  by using morphodynamic criteria (i.e. 

units based on the dominant geomorphological trend 

shown since A. D. 79) and, finally, the available 

stratigraphical data were extended from control points to 

the morphodynamic units they belong to. 

 III. THE PYROCLASTIC COVER: GENERAL 

STATIGRAPHY AND ASSOCIATE USABLE 

MATERIALS 

Within the Agerola basin, over the substrate rocks lies a 

multi-layer cover of pyroclastic origin (Fig.  3) which is 

10 to 18 m thick on the terraces of the basin floor and 

thins out rapidly moving toward the surrounding 

hillslopes. Wherever the slope angle exceeds some 30°, 

bare rock prevails and terms of the pyroclastic cover are 

found mainly inside karstic pits and pockets. 

 

 
Fig. 3. Generalised stratigraphical column of the 

pyroclastic cover carried by the Agerola terraces. 

  

Similar karstic depressions characterise also the bedrock 

top surface underneath the cover, so that the latter shows   

metrical change in thickness even over distances of  

meters (see Fig. 2 for an example). 

The bulk of the cover at issue derives from the 

accumulation of pyroclastic coming from the volcanoes 
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of the nearby Campana Plain (Fig. 1). The top part of the 

sequence is made of the products of  A. D. 79 eruption of 

Mt. Vesuvius (WP unit; see # IV) which generally 

constitute the parent material of the present soil cover, but 

on steep slopes, where the  WP cover is removed by 

erosion and the soil develops on older units. The eruption 

units  occurring in YP (in alternation with palaeosols and 

reworked materials) probably belong to the Late 

Pleistocene. For the youngest of them (which is >1 m 

thick) an age greater than 18 ka is proposed, based on the 

fact that none of the youngest eruptions of the nearby 

volcanoes (excepted that of A. D. 79) dispersed its fall 

out toward the study area [5]. As to RC, an origin from 

deep and long lasted weathering of pyroclastics is proved 

by the presence of sanidine crystals and halloysite [4]. 

The frequent presence of a coarse sandy fraction suggest 

that the parent pyroclastic material was supplied mainly  

by volcanoes of the Campana Plain. The age of RC is still 

uncertain. It could fall in the first part of Late Pleistocene 

and/or in the Middle Pleistocene. 

The fact that ruins of ancient furnaces were found in 

Agerola, immediately below the pumices of A.D. 79 [1] 

strongly suggests that the clay in RC was used in Roman 

times to produce kitchenware and bricks. 

Merely hypothetical is – on the contrary – the use in 

ancient times of another geo-material worthy to signal to 

archaeologists: a thin crust of limonite (yellow ochre) and 

other Fe and Mn oxides, which occurs at the basal contact 

of RC on the carbonate bedrock  (“L”  in Fig. 3).  Being 

both discontinuous and largely masked by younger 

deposits, this interesting formation is ignored by the 

recent geological literature, but during the Italian 

Autarky, it was cored and positively evaluated [6], even 

though no mine was ever open  in Agerola because of the 

small thickness of the ore body. 

 

 

 

 

 

 

 

 

 

 
 

 IV. THE WP UNIT AND THE DEPTH OF ROMAN 

PALAEO-LANDSURFACE 

Very important to the WP for Roman times, is the 

eruption of  Vesuvius in A. D. 79.  As well known, that 

explosive eruption dispersed its fall out toward SSE 

(Sigurdsson et al., 1985), that is just the direction from 

Vesuvius crater to Agerola. Based on the new 

measurements made at points of minimum post-eruption 

disturbance, the amount of fall out was about 200 cm on 

the southernmost portion of Agerola. For the N part of the 

basin, where the A. D. 79 cover appears extensively 

thinned by erosion, an original thickness of at least 230 

cm was estimated taking into account the thickness 

gradient shown in the isopachous map of Sigurdsson et 

al. [7].  The weight of such cover was surely sufficient to 

cause the sudden collapse of most roofs, while conditions 

were created for the preservation of daily life objects 

inside the buried ruins, as deducible also from  some of 

the excavation descriptions in M. Camera [1].  

Nowadays, at point where Roman buildings existed, the 

possibility that taller or lower ruins still remain 

underground varies from case to case, depending on the 

present thickness of the pumice cover.  

For this reason, the collected stratigraphical data were 

used to construct  the map in Fig.4, which was obtained 

through  the procedure discussed in # II and proposes the 

following classification:  

a) zones dominated by steep slopes (>20%) where - 

because of erosion - the pumices are either 

remarkably thinned (reduced to very few dm) or 

totally absent (often with also the Roman palaeosol 

and older layers removed); 

 b) concave inner edges zones of the Agerola’s terraces, 

having steep mountain flanks or catchments at the 

rear. The A.D. 79 bed (WPa) is frequently covered by 

reworked pumices (WPb) deposited mainly from A. 

D. 79 to the 3
rd

 century [8]. Depth of the Roman 

palaeo-landsurface between 3 and 5 m or more;  

c) zones of flat to very gently inclined topography (<7 %) 

where WPa (weathered at the top) is either intact or  

little touched by erosion and reworked pumices are 

absent because the distance from mountain flanks. 

Depth of the Roman palaeo-landsurface between 1.5 

and about 2 m; 

d) zones of low to medium  gradient (7÷ 20 %) where the 

erosion suffered by WP is less severe than in “a”. The 

Roman palaeo-landsurface is expected below the 

plowing depth, prevailingly at 0.7 to 1.5 m. 
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Fig. 4. Classification of Agerola basin area in terms of presence and thickness of A.D. 79 pumices and younger 

deposits. Reduction of the 1 : 5.000 original map. The meaning of the four adopted classes (a, b, c, d) is given in the 

text. 

It is important to signal that, for a matter of scale, this 

mapping did not consider the thickness variations that 

occur at the site scale wherever a hillslope is terraced for 

agricultural purposes. Said terraces, which are very 

common and ancient in the area,  were often obtained by 

transferring ground from the upper to the lower half of 

each plot.  The consequence is that near the outer edge of 

a terrace the Roman palaeo-landsurface rests deeper than 

near the inner edge. Depending on how steep was the pre-

existing natural slope and how large are the plots realized 

on it, the above difference varies between about 0.5 and 

1.5 m: enough, in some areas of “a” and “c” classes, to 

create cases in which the Roman palaeo-landsurface has 

come to the surface or in the plowing zone.  

 

 
Fig. 5. Upper parts of three SPT diagrams from Agerola terraces. Note the clear evidence of the vertical passage from 

the fall out deposits of A. D. 79 (WP) to the underlying Roman palaeosol (Rpls), where the number of blows per unit 

advancement (15 cm) abruptly falls from around 10 to the range 0 – 2. 
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However, the influence of artificial terraces on near-

surface stratigraphy (and, consequently, on archaeological 

potential) is clearly a matter that future investigation will 

have to analyse case by case at site scale. Both for this 

particular need and – more in general- for improving the 

“first approximation” map presented here (Fig. 4), many 

more points of controlled stratigraphy should be added in 

the future.  

Preferably they should consist in new drillings and test 

pits, but also the  less expensive  penetration tests can be 

very useful, as the experience made during the present 

study demonstrates that the transition from the A. D. 79 

pumices to the underlying Roman palaeosol has a clear 

penetrometric signature: number of blows falling from  5 

-10 to 0 -2 (Fig. 5). 
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Abstract – The archeological site of the city of Santa 

Maria de la Antigua del Darién is located in 

Colombia, within the municipality of Unguía, in the 

Chocó Department, on the western coast of the Gulf of 

Urabá. In 1510, Santa Maria de la Antigua del Darién 

was the first Spanish city to be founded on the 

American mainland. About 900 archaeological test 

pits were realized with the purpose to delimit the area 

of the city. Evidences gathered by on-site prospections 

were supported by the study of high-resolution 

satellite imagery and the analysis of soils. Moreover 

geophysical prospections were realized in two 

principal areas with a great density of archaeological 

materials and results revealed important anomalies 

useful to understand the sites and program the future 

activity of excavation. 

 I. INTRODUCTION 

The site of Santa Maria de la Antigua is situated within 

a system of hilly highlands to the west of the alluvial 

basin of the Atrato River and to the east and southeast of 

the Darién highlands, at an elevation between 20 and 35 

m a.s.l. (Fig. 1). The course of the Tanela River (formerly 

the Darién) currently passes between 300 and 500 m to 

the west of the archaeological site. In correspondence 

with the site itself there is a small village, called 

Santuario, constituted of about 20 houses. 

In 1510, Santa Maria de la Antigua del Darién was the 

first Spanish city to be founded on the American Tierra 

Firme [1][2]. Its importance for the study of the first 

phase of the conquista is evident. The previous 

archaeological works have been basic: the expedition of 

King Leopold of Belgium in 1956, from which we have 

no scientific information; the expedition of the 

Universidad Santa Maria de la Antigua of Panama in 

1966; the work of Graciliano Arcila Velez published in 

1986 in the book Santa Maria de la Antigua del Darién 

[3], undoubtedly the most relevant study regarding the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Gulf of Urabá and Santa Maria de la Antigua 

 

site; the project of the Universidad Nacional de Colombia 

of 2006-2008 [4], conducted by the departments of 

Anthropology and History, Faculty of Human Sciences, 

who undertook an important approach to the subject and 

opened a first relationship with residents. Despite the 

significant results obtained by some of these 

investigations, the precise location and identification of 

the city and its limits was not detected. 

In 2013, the ICANH (Colombian Institute of 

Anthropology and History) has started a project directed 

by the archaeologist Alberto Sarcina. The research was 

funded by the Colombian Ministry of Culture which 

aimed to create a Management and Protection Plan of the 

site. In the course of the project, several different 

investigative methodologies were applied in order to 

realize the main goals of the research, utilizing various 

and complementary techniques: on-site archaeological 

survey, study of satellite imagery and geophysical 

prospections. The entirety data were collected in a 

Geographic Information System that allowed the creation 

of thematic maps and the realization of spatial analysis. 

Works are still ongoing.  
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 II. ON-SITE ARCHAEOLOGICAL SURVEY 

Given the non-arable nature of the terrain under 

examination, fieldwork was carried out through the 

placement of small-sized, hand-dug test pits which 

covered an area of about 8 km
2
. The principal zone of 

investigation comprised the territory surrounding the 

village of Santuario and reached the areas of the church 

of Santa Maria de la Antigua (founded in 1992, for the 

fifth centenary of the discovery of America, by the 

Catholic Diocese of Apartado in honour of the first 

Episcopal see of the American continent), Tanela Viejo, 

the area of the modern-day cemetery, the La Francia 

estate, the Hoyos estate, the Villegas estate, and an area 

to the west of the Tanela river (Fig. 2). 

A total of 878 test pits were dug, each of which was 1 

m deep with a diameter of approximately 0.80 m. All 

anthropic material was gathered, indicating its 

provenance by test pit number and layer of discovery on a 

standardized form prepared especially for this project. 

After this preliminary registration of data, all findings 

were systematically studied and catalogued, 

distinguishing indigenous materials from Spanish ones. 

In figure 3 the results of the archaeological 

prospections are rendered graphically with coloured 

circles that show the density of the findings, according to 

the quantity of pottery shards/artefacts found per test pit. 

Test pits which resulted negative (lacking archaeological 

material) are marked as black triangles, indigenous 

materials are coloured in orange and Spanish materials in 

green. 

Indigenous archaeological material was present with a 

great degree of density in whole areas in which surveys 

resulted positive. Spanish material instead appeared to be 

concentrated in a well-defined area immediately to the 

southeast of the church of Santa Maria de la Antigua. 

There was also a sporadic yet significant presence of 

Spanish material to the northwest of this first site, in an 

area which corresponds to the village of Santuario. 

The notable quantitative difference between Spanish 

and indigenous materials (the minimum and maximum 

numbers of shards/artifacts found per test pit range from 

1 to 100 units for the Spanish culture and from 1 to 521 

for the indigenous culture) is a clear reflection, on the one 

hand, of the differing durations of the two cultures’ stays 

in the area in question, and, on the other hand, of the 

obvious presence of locally-made ceramic ware on the 

tables and in the kitchens of the Spanish. 

For all the above, the main result of investigations by 

test pits turns out to be the effective individuation of the 

city of Santa Maria de la Antigua del Darién. The 

outstanding element being its division into two parts 

ethnically distinct, the first of which would correspond to 

the Cueva village of Darién (n. 2 in Fig. 3), where the 

expedition led by Balboa and Fernández de Enciso would 

have established after the victory over the natives in 

1510, and the second to the city founded by Pedrarias  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 The areas covered by archaeological surveys 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Density of Spanish (green) and pre-Hispanic 

(orange) artefacts in the Main Area. Archaeological sites 

discovered:1.Santa Maria de la Antigua; 2.Darién; 

3.Cementerio; 4.Tanela Viejo; 5.Las Minas; 6.Hoyos; 

7.Muribá; 8.Tisló 

 

Dávila in 1514 (n. 1 in Fig. 3). 

It is clear, from the reading of all the chronicles of the 

time, that the second could have never sustain itself 

without the existence of the former and its inhabitants 

(such as the network of other villages in the region). S.ta 

Maria de la Antigua-Darién had to be, in the years 

between 1514 and the abandonment of the city, around 

1524, a single entity, with continuous exchanges, 

probably almost in only one direction in which the labour, 

food, utilitarian pottery, among other things, came from 

the Indian village towards the Spanish city. About these 

exchanges we have at the moment, at least, an evidence 

in the study of the ceramic density. 

In conclusion, as the city of Santa Maria de la Antigua 

del Darién (1 and 2 in Fig. 3), we can clearly distinguish 

other archaeological pre-Hispanic sites in the analyzed 

territory: 

- the area surrounding the present cemetery, a site with 

a high concentration of materials that, considering 

geographical proximity and typology of the ceramic 
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material, we assume to be related to the site of Darién 

(3). 

- the Las Minas area, in the territory of the La Francia 

Estate, a site probably related to a settlement (5). 

- the Muribá area, in the territory of the Villegas Estate, 

with a very high materials concentration, almost 

certainly related to a pre-Hispanic settlement (7). 

- a vast area in the territory of the Hoyos Estate, in 

which the findings were more scattered, evidence of 

small housing units strewn on the heights of the zone 

(6). 

- the area surrounding the Tisló river, on the western 

bank of the Tanela river, where a layer of 

anthropogenic origin, deep about 0.94 m deep and 

thick 0.4 cm, was found (8). In the rest of the western 

area of the Tanela river, surveys have had little effect, 

probably because of the high levels of relatively 

recent alluvial origin. 

- the rather large area of the old village of Tanela Viejo, 

although with a low concentration for test pit (4). 

 

III. STUDY OF SATELLITE IMAGERY 

Panchromatic (0.5 m World View 1 and 2; 0.6 m 

Quickbird) and multispectral (1.8 m World View 1 and 2; 

2.4 m Quickbird) high definition satellite images were 

acquired, studied, and interpreted in order to individuate 

archaeological remains. 

Over an area of about 45 km, particular attention was 

given to the mapping of: 

- principal paleohydrography: the study has permitted 

to make some reconstructive hypotheses, particularly 

regarding the original course of the Darién River 

(today the Tanela) (Fig. 4). 

- agricultural divisions and in particular the regular grid 

patterns which are still visible on the surface of the 

land (Fig. 5). 

- soil and crop marks present across the area: the most 

of the polygonal and circular anomalies observed are 

currently being studied and have yet to be compared 

with the results of the project’s fieldwork. 

 

IV. GEOPHYSICAL PROSPECTIONS 

Electrical Resistivity Tomography (ERT) and Ground 

Penetrating Radar (GPR) prospections were realized in 

the two principal areas with a great density of material, 

one is southeast of the Catholic church (1 in Fig. 3), and 

the other coincides in part with the inhabited area of 

Santuario (2 in Fig. 3). 

 

A. ERT methodology, instruments and data processing 

ERT is based on the measure of the resistivity, 

parameter that has a so large variability as to allow the 

great majority of the structures and bodies of 

archaeological and architectural interest to be readily 

distinguished, in principle, from the hosting material. 

In order to estimate the intrinsic resistivities of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Reconstructive hypotheses of paleohydrography 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 Agricultural divisions in the Santa Maria/Darién 

area 

 

media composing the subsoil under investigation, a four-

electrode array was applied. The ADD-01, a prototype 

realized in the framework of a research agreement 

between the University of Molise and the Institute for 

Technologies Applied to Cultural Heritage, Italian 

National Research Council, was used for data acquisition. 

It consists of two separated light portable boxes, the 

measuring and control unit and the current generator, 

respectively, interconnected via a wireless radio 

frequency device. Designed primarily for archaeological 

investigation down to a few tens m of depth, at most, it is 

characterized by a 50 W low power generator. A current 

sine wave is generated at a frequency selectable between 

8 and 33 Hz. The intensity of the exciting current can be 

selected on the control unit in the range 1 to 400 mA. To 

eliminate unwanted noise, the acquisition board is 

provided of a band pass filter. 

In this application the dipole-dipole (DD) array was 

implemented thanks to its ability to let better delineate 

lateral resistivity changes. One dipole, with the electrodes 

A and B a distance a apart, was used to inject current, 

while the other dipole, collinear with the previous one, 
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with the electrodes M and N the same distance a apart, 

was used to detect the potential drop. The DD profile 

technique is a convenient way to acquire data. The 

convention is that the dipole length, a, remains the same 

(0,5 m in this application) and the spacing between the 

dipoles is always an integer multiple k of a (5 was the 

value assigned to k). The DD apparent resistivity, ρa, 

expressed in Ohmmeter (m) in the SI system of units 

was thus calculated as 

 

ρa=πak(k+1)(k+2)(Δφ/I),                          (1) 

 

where I is the intensity of the injected current and Δφ  is 

the potential drop. 

However, due to the spreading of the exciting current 

from the current electrodes all over inside the solid half-

space, the apparent resistivity generally differs from each 

of the intrinsic resistivities because, in an inhomogeneous 

subsoil, the global influence of different volumes with 

different intrinsic resistivities is detected. The result is 

that the apparent resistivity is a volumetric average of all 

of the intrinsic resistivities underground, calculated 

through a complex weighting function dependent on the 

four electrode device and how it is used. 

A numerical inversion procedure is needed to convert 

the measured ρa values into real resistivities. We have 

applied the probability-based ERT inversion (PERTI) 

method [5], which is a fast, reliable inversion tool directly 

derived from the principles of the probability tomography 

[6]. The main features of the PERTI method are: (i) 

unnecessity of a priori information; (ii) full, 

unconstrained adaptability to any kind of dataset; (iii) 

drastic reduction of computing time of even two orders of 

magnitude with respect to standard deterministic 

inversion tools; (iv) independence from data acquisition 

techniques and spatial regularity; (v) capability to resolve 

complex continuous resistivity variation. 

 

B. GPR methodology, instruments and data processing 

The use of GPR for the study of human activity areas in 

archaeological contexts is possible because human 

settlements inevitably change the natural cycle of soil 

formation, produce physical and chemical changes and 

accumulate cultural remains [7]. These kinds of 

alterations can be detected by transmitting an induced 

electromagnetic field (reflection, diffraction), that then is 

viewed through a contour map of the subsoil. Certain 

anomalies shown in such maps reflect changes of basic 

properties of the electromagnetic field, in its conductivity 

(σ), electric permittivity (ε) and magnetic permeability 

(μ); parameters that are interrelated and therefore 

correspond to alterations caused by accumulations of 

objects and/or are products of the interfaces between 

different soil types. 

Measurements were performed using a SIR-3000 GPR 

model made by the GSSI and owned by the Colombian 

Institute of Anthropology and History (ICANH).  

The vertical parameters amplitude of all radar 

reflections were recorded digitally in the field as 16 bit 

data and 512 samples per radar scan. 

The spacing between parallel profiles was 1 m and they 

were collected in both directions (using a zig-zag pattern 

for recording X and Y axes) in the survey grids 

characterized by varying sizes. Radar reflections on each 

in horizontal line were recorded at 50 scan s
-1

 (1 scan 

approximately 0.05 m) for a total 50.000 scans /unit(m). 

During data acquisition local soil conditions and geo-

morphological parameters were taken into account. 

Specifically, dielectric constant of the soil was estimated 

through GPR calibration in 9 k which corresponds to a 

velocity of about 100-113 m/ns [8]. As the time t that 

takes the wave to complete the route from the 

transmitting antenna to the surface of discontinuity and to 

return to the surface (two way time) depends on the travel 

speed v with which the wave propagates in the materials, 

we can easily calculate the depth h of the reflectors 

thanks to the relationship: 

 

h=vt/2                                      (2) 

 

The obtained profiles, called radargrams, were 

processed using the Radan 7 software applying standard 

procedures [9] [10] [11] such time zero routine, low and 

high pass filters and migration in order to have, 

respectively, the real starting point according to the time 

of arrival of the first emitted wave, the removal of the 

background noise generated by rough or irregular 

surfaces and the correction of wave distortions produced 

during data collection. Thus, using the sequence of 

radargrams for each grid of measurement, a three-

dimensional matrix of averaged square wave amplitudes 

of the return reflection was generated and slices were 

realized at various depth. Data were then gridded using a 

moving average routine and a radius of interpolation 

equal to 1 m. Within the slices, low amplitude variations 

express small reflections from the subsurface and, 

therefore, indicate the presence of fairly homogeneous 

material. High amplitudes denotes significant 

discontinuity in the ground and often show the presence 

of buried objects. A definite change between high and 

low amplitudes may indicate the presence of a buried 

interface between two media. 

 

C. ERT and GPR results 

In 2015, in the site of Darién (2 in Fig. 3), data 

acquisition was conducted in an area where traces of a 

pre-Hispanic level of frequentation have been found in 

2014 on the basis of a stratigraphic excavation [12]. The 

test pit (dimensions 9 x 9 m) brought to light different 

pits of pole of a probable indigenous structure.  

A grid 23 x 23 m was investigated using the GPR 

technique: profiles were collected using a ziz-zag pattern 
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with a line spacing equal to 1 m. Slice were realized each 

0.1 m from the surface until 0.7 m in depth (Fig. 6a). In 

this representation diagonal anomalies and different 

punctual nuclei are visible. The most representative slice 

is the one relative to 0.6 m in depth (Fig. 6b).  

Moreover a total of 31 DD parallel profiles, equally 

spaced at 1m, inter electrode distance was 0,5 m, were 

acquired. A total of nearly 1600 DD apparent resistivity 

values were collected at a depth of 0.5 m. The electrical 

resistivity tomography relative to 0.5 m depth is shown in 

Fig. 6c. 

The preliminary archaeological map of the ongoing 

excavation (Fig. 6d) has put in evidence traces of 

canalizations at different depth that correspond with the 

diagonal anomalies showed in the GPR slices. 

Furthermore numerous nuclei seems to correspond with 

pits of pole of pre-Hispanic structures found in the 

superficial layers. The ERT result is similar to the GPR 

one but the boundary of anomalies are defined with a 

worst resolution because of the little electrical contrast 

between the small objects and the surrounding media. 

The second site investigated with geophysical 

prospection is located at southeast of the Catholic church 

(1 in Fig. 3), where is supposed to be the Spanish part of 

the city, founded in 1514, and where in 2014 the 

archaeological excavation brought to light two courtyards 

in pebble stones. 

ERT prospection were realized in an area of about 700 

square meters. Figure 7 show the tomography relative to 

0,5 m in depth. In the north portion a rectangular anomaly 

is well evident and is connected to another square 

dishomogeneity in the south.  

GPR prospection where performed in an area of about 

2100 square metres (Fig. 8). Series of square and 

rectangular anomalies are evident along the area from the 

north west to the south eastern side.  

Both methods have brought to good results considering 

that the soil condition was not optimal because of the 

presence of roots of the tree and moisture. All elements 

described above probably represent brick and pebblestone 

pavings of wooden Spanish structures. This hypothesis is 

supported by the evidence on the surface of bricks, rocks 

and ceramic materials similar to that found in the south 

east part in 2014.  

 

V. CONCLUSIONS 

The preliminary results of this first systematic 

archaeological campaign in the areas subjected to study 

have been considerable. Consolidating all of the 

information gathered, we have been able to determine the 

location and the limits of the Spanish city of Santa Maria 

de la Antigua, and of the Cueva village of Darién where 

the Spaniards lead by Balboa and Enciso settled. In these 

areas georadar and electrical tomography results revealed 

important anomalies useful to understand the sites and 

program the future activity of excavation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Site of Darién: GPR slices (a), GPR depth-slice 

relative to 0.6 m in depth (b), ERT slice relative to 0.5 m 

in depth (c), preliminary map of archaeological 

excavation (d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7 Site of Santa Maria de la Antigua, ERT slice 

relative to 0.5 m in depth 

 

Moreover the test pit prospections and complementary 

investigations carried out over the course of the 

archaeological campaign have provided the identification 

and location of 8 possible pre-Hispanic settlements. 
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Fig.8 Site of Santa Maria de la Antigua: GPR slice 

relative to 0.5 m in depth 

 

Furthermore, through to the study of satellite imagery, 

traces of additional likely settlements over a much vaster 

area have been found. 

Judging by the new collected data, we can imagine a 

densely populated region, at least in the period prior to 

the arrival of the Spaniards. Inhabited areas included 

highland zones, with a particular density in the vicinity of 

inland waterways, and coastlines. This development leads 

the way for the prospect of a regional archaeological 

investigation aimed not only at the study of the 

settlements connected to the economic system of trade 

and exploitation at which Santa Maria de la Antigua del 

Darién was the centre, but also those settlements which 

belong to eras of an even more remote chronological 

horizon. 
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Abstract – An integrated approach to assess the 

erosion risk for a 2 km long beach stretch that 

includes the archaeological area of Kaulonia, a 

Magna Graecia colony located on the Ionian 

Calabrian coast (southern Italy), is presented. 

Geologic-geomorphologic investigations, concerning 

beach characteristics, shoreline evolution and beach 

dynamics along with a wave climate analysis and a 

Coastal Vulnerability Assessment (CVA) were 

carried out.  

Obtained CVA indexes assume maximum values 

along the beach in front of the archaeological area of 

Kaulonia. This beach has registered also significant 

short-term shoreline changes and shows an elevated 

sensibility to storm attack as highlighted by the 

catastrophic effects of a storm surge occurred in 

February 2014.  

Obtained results highlight the avail of the used 

integrated approach, and the need to account also for 

shoreline dynamics and short-term changes in order 

to outline a more definitive solution for shoreline 

stabilization and salvation of the archaeological site. 

 I. INTRODUCTION 

A. Study area 

The archaeological site of Kaulonia is a modest-sized 

Magna Graecia colony located along the Ionian 

Calabrian coast in southern Italy (Fig. 1a) in the territory 

of Monasterace (RC). It is positioned just some tens of 

meters from the present shoreline (Fig. 1b) on a narrow 

alluvial terraced plain hanging ca. 10 m above sea level 

which separates the hilly coastal hinterland from the 

beach.  

Kaulonia was discovered in the 1910s [1] and is above 

all famous for its Doric temple remains (Fig. 1b) and its 

beauty mosaics [2]. However, the importance of this 

Greek settlement goes beyond its urban area as 

documented by the archaeological researches conducted 

within the surrounding territory [3] and the discovery of 

archaeological findings even offshore Kaulonia [4].  

The investigated coast is ca. 1.9 km long and limited 

northwards by the Assi River (Fig. 1a). The beach is 

mixed-textured and made of coarse-grained materials 

(sands, granules and pebbles). Considering 

morphological and anthropic aspects, it can be divided 

into three sectors.  

Within the first, northern sector, which is 

approximately 0.65 km long and includes P1 and P2 

(Fig. 1a), the beach is limited landwards by a modest, 

discontinuous dune system that borders seaward the 

low-lying alluvial coastal plain of the Assi Torrent. This 

beach sector has fairly preserved its natural conditions 

and the anthropic load is very modest. 

 

Fig. 1. Location of the study area (a) and the 

archaeological area of Kaulonia (b). P1-P6: locations 

of shore-cross beach profiles surveyed in 2015. 

Within the central, approximately 0.75 km long sector 

which includes P3 and P4 (Fig. 1a), the dune system is 

completely lacking. This sector includes the urban area 

of the Magna Graecia colony Kaulonia which is located 

immediately behind the beach on the terraced plain. A 

steep escarpment, a sea cliff whose height increases 

towards south up to approximately 5 m, borders the 

plain.   
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Finally, the southern sector extends from 

approximately P5 towards south for approximately 0.5 

km. This sector is characterized by a high anthropic load 

due to tourism activities and the presence of the urban 

center of Monasterace Marina which extends up to the 

seafront that borders the beach. 

 

Fig. 2. The cliff in front of the archaeological area 

after the storm event of February 2, 2104 (a), some 

rests of wells discovered at the base of the cliff after the 

storm (b), the cliff covered by the gabion wall erected 

in winter 2014 (c). 

During the last decades, the coast of Monasterace 

Marina has been object of various interventions to 

mitigate ongoing shoreline erosion and damages due to 

wave attack during storms. Particularly, within the 

southern sector, a retaining wall was constructed to 

protect the seafront and, towards the end of the 2000s, 

boulder barriers were placed on the beach in order to 

protect the retaining wall and the seafront from further 

wave attack and failure. The boulder barrier was 

extended further north for approximately 150 m in order 

to protect the northern margin of the urban area, limited 

by a cliff that was already affected by erosion.  

Instead, within the remaining central sector, therefore, 

also in front of the archaeological area, no systematic 

interventions were done, and the beach and the cliff 

continued to be exposed to wave attack.  

Particularly, during a recent storm event, occurred in 

February 2, 2014 (see also below), the beach in front of 

Kaulonia was pratically entirely eroded and the cliff was 

severely attacked by wave action that provoked its 

undercutting and local collapse with a consequent retreat 

of up to 15 m (Fig. 2a). 

The cliff retreat led to the discovery of 14 ancient 

wells used for the collection of water (Fig. 2b).  

To protect the archaeological site and the cliff with its 

archeological material from further storm events and 

waiting for a definitive solution, in winter 2014 a ca. 150 

m long gabion wall was constructed (Fig. 2c) that is 

planned to be extended in the near future further north 

for ca. 150 m. 

B. Geomorphological and archaeo-stratigraphic 

aspects 

Some of the main structures of the archaeological site 

of Kaulonia, such as the Doric Temple basement and the 

Spa complex, (Fig. 3) due to recent shoreline erosion are 

now in direct contact with the cliff.  

 

Fig. 3. Plan view of major archeological structures 

of Kaulonia. The red points indicate the positions of 

wells. The wells located along the cliff were brought to 

light by wave attack during the storm event in 

February 2, 2014. 

This cliff is made up of loose, prevailingly fine-

grained materials of fluvial-palustrine and colluvial 

origin, with intercalations of organic-rich strata and soil 

horizons. Due to its overall low consistency, the 

sediment sequence that outcrops along the cliff offers 

only very low resistance to erosion. In fact, the cliff is 

widespread affected by erosion due to running water and 

by gravity-induced phenomena such as falls and topples 

(Fig. 4) which are obviously favored by the undercutting 

of the cliff due to storm surge. 
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Along the cliff a thick archaeo-stratigraphic 

succession crops out that is presently under study by the 

Archaeological Superintendency of Calabria. This 

succession is actually still visible along the unprotected 

portions of the cliff. 

The recently discovered wells are prevailingly 

constructed with overlying rings of terracotta (Fig. 5) 

and are all located outside of the boundary walls that 

limit the ancient town towards the sea.  

 

Fig. 4. The cliff near the P4 transect in 2015, visibly 

affected by rill erosion (a) and falling (b). 

These wells are placed within slightly cemented sands 

present beneath the alluvial strata. Just enough time to 

excavate and document them, they were rapidly 

obliterated by the sands accumulated due to wave and 

wind action. 

A preliminary analysis of the outcropping archaeo-

stratigraphic sequence, starting from the bottom, 

highlights an important phase of fluvial sedimentation 

that has preceded immediately the first Greek settlement 

(by the end of the VIII century B.C to the VII century 

B.C) and then continued at least until the VI century 

B.C. This phase was followed by a period of 

morphological stability well evidenced by the presence 

of soil horizons whose age is still uncertain and has to 

be constrained by the study of associated archaeological 

findings.  

II. DATA AND METHODS 

A. Beach features and shoreline evolution 

Surveys carried out in April 2014, July 2014 and July 

2015 allowed for topographic and grain-size 

characterization of the backshore-foreshore system, the 

reconstruction of beach profiles (P1-P6, Fig. 1a) and that 

of the shoreline’s position dating to April 2014, July 

2014 and July 2015, respectively.  

 

Fig. 5. One of the wells found at the base of the cliff 

after the storm event. 

The long-term shoreline evolution was analyzed by 

using aerial photographs of various data starting from 

1955 and DGPS data acquired in 2014 and 2015. 

Shoreline changes were quantified for periods 1955-

2015, 1996-2015, 1996-2011, 2011-2014 and 2014-

2015.  

B. Wave climate characterization  

The wave climate characterization was based on wind 

and wave data coming from the Crotone buoy (RON, 

National Sea Wave Measurement Network) which can 

be considered representative for the offshore wave 

conditions in the study area [5].  

Wave climate analyses focused on two aspects. First, 

the delineation of the offshore climate and the sea state, 

aimed at obtaining the parameters needed for the coastal 

vulnerability assessment (CVA, see below). Second, the 

reconstruction of extreme wave climate conditions by 

analyzing historical wave date in relation to storm 

events and relative peak wave heights (considering a 

threshold wave height of 2 m), and their recurrence over 

time (recurrence periods 1 and 50 years). 
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C. Coastal vulnerability assessment 

The coastal vulnerability of the study area was 

assessed by using a methodology [6] based on a new key 

parameter for coastal vulnerability evaluation, the CVA 

index. This index accounts for wave climate, beach 

morphology and grain size, shoreline erosion/accretion 

rates and defense works, and particularly depends on the 

wave run-up height, the multi-year beach erosion rate, 

the maximum beach erosion potential and the efficiency 

of existing coastal protection structures.  

It was calculated with the following equation: 

 

TEIIICVA DRRu   

where IRu is an index associated with the wave run-up 

distance, IR is the maximum beach erosion potential 

index for the shoreline, ID is the backshore coastal 

protection structure stability index, E is the multi-year 

beach erosion rate index, and T is the tidal range which 

is negligible in micro-tidal environment. 

Based on the customary ranking of IRu, IR and E 

parameters, CVA values are distinguished into four 

categories [6], coming up to the final ranking: stable 

(CVA ≤ 3), low (3 < CVA ≤ 6), moderate (6 < CVA ≤ 

9) and high (9 < CVA≤ 12) coastal vulnerability. 

 

  1955-2015 1996-2015 

 Beach 

width 

2015 

Total 

SV (m) 

Annual 

SV (m) 

Total 

SV (m) 

Annual 

SV (m) 

P1 38.0 -33.85 -0.56 -2.19 -0.12 

P2 25.7 -43.65 -0.73 -6.39 -0.34 

P3 32.5 -38.52 -0.64 7.35 0.39 

P4 41.6 -25.78 -0.43 -23.96 -1.26 

P5 21.1 -13.93 -0.23 2.98 0.16 

P6 25.8 -28.85 -0.48 4.28 0.23 

Table 1. Comparison between total and average 

annual shoreline variations (SV) along beach profiles 

P1-P6 during periods 1955-2015 and 1996-2015 and 

present beach widths (2015). 

II. RESULTS  

 A. Shoreline evolution over the last 60 years 

The shoreline evolution of the study coast from 1955 

to 2015 (Table 1) consisted in an overall moderate to 

strong shoreline retreat. The latter caused significant 

reductions of the original beach width that was variable 

from place to place and ranges between ca. 40 % (P5) 

and approximately 63% (P2). Due to shoreline retreat, 

the present beaches are rather narrow, between 

approximately 20 to 40 m wide. 

During the period 1996-2015 (Table 1), the shoreline 

remained substantially stable, with positive and negative 

variations of some meters only, with the exception of the 

beach in front of the archaeological area (P4, Table 1) 

that was affected by strong shoreline retreat. Such 

shoreline retreat is pratically equal to that occurred in the 

overall period 1955-2015, therefore, indicating a recent, 

serious destabilization of the shoreline.  

The prevailing positive trend during period 1996-2015 

can most likely be related on one side to the protection 

measures realized in the southern sector (P5 and P6), on 

the other side to the increase in sediments delivered to 

the sea by the Assi Torrent and by the Stilaro Torrent, 

whose mouth is located approximately 1.5 km south to 

the study area. 

Conversely, the negative trend within the central 

sector, particularly around P4, highlights its extreme 

sensibility to wave attack and the lack of sediments to 

provide natural beach nourishment. 

Focusing on period 1996-2015 (Fig. 6), some more 

interesting data are provided on the shoreline’s 

oscillations during the last two decades. 

Figure 6 illustrates the significant negative and 

positive oscillations that have affected the shoreline 

within a few years during the short periods August 2011-

July 2014 and July 2014-July 2015, showing that both 

beach erosion and accretion have rapidly migrated along 

the study coast. Such oscillations highlight an elevated 

shoreline dynamics that seems to be clearly under the 

control of wave climate and, particularly, storm events 

during winter. 

 

Fig. 6. Shoreline oscillations during periods 2011-

2014, 2014-205 and 1999-2015. 

One of the most damaging recent storm events is the 

one that occurred on February 2, 2014. This event 

significantly contributed to the shoreline retreat 

registered from 2011 to 2014 by the coast stretch located 

between P3 and P5 (Fig. 6).  

After this event, the shoreline newly prograded and 

from April 2014 to July 2015 (Fig. 7) advanced 

approximately 20 m in correspondence of transect P4. 

However, although the shoreline consistently re-

advanced and the beach width progressively increased, 

the cliff remained under the threat of possible wave 
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action. Due to this, in winter 2014 the part of the cliff 

that had been most damaged during the storm event in 

February 2014, was subject to an emergency 

intervention by the Superintendence of Calabria and a 

ca. 150 m long gabion wall was constructed.   

 

 

Fig. 7. Comparison of the three profiles carried out 

along the P4 transect in April 2014, July 2014 and 

July 2015 

B. Coastal vulnerability assessment 

The wave climate analysis has highlighted that the 

extreme wave heights on the Ionian Calabrian coast with 

a 1 year-return period are similar to the peak wave height 

during the storm event on February 2014. Such storms, 

hence, are likely to occur frequently, on average once a 

year. 

 

  P1 P2 P3 P4 P5 P6 

IRu 
2014 3 4 3 4 4 2 

2015 3 4 3 2 4 4 

IR 
2014 2 2 2 2 4 2 

2015 1 1 1 2 3 2 

E 
2014 1 1 1 3 2 1 

2015 1 1 1 3 1 1 

CVA 
2014 6 7 6 9 10 5 

2015 5 6 5 7 8 7 

Table 2. Partial indexes and resulting CVA indexes 

obtained for profiles P1-P6 for years 2014 and 2015. 

In Table 2 are reported the coastal vulnerability 

assessment (CVA) indexes obtained along transects P1-

P6 for 2014 and 2015 by summing the values attributed 

to the inundation index (IRU), the maximum beach 

erosion potential (IR) and the multi-year beach erosion 

index E. For both years, the obtained CVA indexes reach 

maximum values within the central-southern sector of 

the study beach, along profiles P4 and P5, evidencing 

the relative high coastal vulnerability of this part of the 

investigated beach.  

Table 2 also shows that the situation in 2015 has 

slightly improved with respect to 2014 due to the 

changes of some parameters as for example the 

backshore width, the foreshore slope and the foreshore 

grain size features. These parameters, in fact, directly 

influence the afore mentioned indexes, particularly the 

inundation index (IRU), the maximum beach erosion 

potential (IR).  

In other words, leaving aside the complex calculations 

that are the bases of the CVA procedure, the comparison 

between 2014 and 2015 highlights particularly two 

aspects. The first concerns the local differences in 

coastal vulnerability along the study beach, but 

maximum within the central sector in both years, the 

second the extreme sensibility of the system to short-

term shoreline changes and beach dynamics.  

This result points out that particularly the short-term 

shoreline changes provide a kind of geomorphological 

index that gives important information on the sensibility 

of the beach to possible near future wave dynamics and 

related morphological changes.   

III. DISCUSSION AND CONCLUSIONS 

The integrated geo-archaeological and 

geomorphological investigations, the wave climate 

analysis and the coastal vulnerability assessment carried 

out for the coastal sector including the archaeological 

area of Kaulonia led to the following considerations: 

The calculated CVA values assume maximum values 

in correspondence of profiles P4 and P5 highlighting a 

moderate coastal vulnerability for the beach in front of 

the archeological area of Kaulonia. 

The cliff that separates the archaeological site from 

the beach is made of prevailingly loose, fine-grained 

materials. Due to the overall scarce consistency of these 

materials, the cliff offers only very low resistance to 

erosion. Widespread erosion phenomena due to running 

water and landslides, prevailingly falls and topples, 

affect the cliff and witness its ongoing destabilization. 

The cliff is rich in archaeological material that has yet 

to be studied adequately and, therefore, needs to be 

absolutely protected from further erosion; 

The study beach is exposed to a high-energy wave 

dynamics that is particularly severe when compared 

with the majority of the Italian coastal areas [7]. Storm 

events as the one that occurred in February 2914 are 

likely to occur once a year, on average, and can provoke 

huge cliff erosion and damage to the archaeological 

structures. 

The study beach is sensible to rapid short-term 

changes of the shoreline, both in terms of erosion and 

accretion, which have to be taken into account when 

evaluating the results of the coastal vulnerability 

assessment. 

The salvation and fruition of the rich archaeological 

heritage of Kaulonia (considering not only the urban 

area but also the surrounding territory and the area 

offshore) closely depends on the stability of the 

shoreline and requires its adequate protection and/or 

nourishment. 

In synthesis, the study highlights a complex 

interaction between shoreline dynamics and human 

needs.  

In order to address in an adequate manner the 

described critical issues, the overall evaluations in terms 

of coastal vulnerability and consequent erosion risk have 

to account also for short-term shoreline dynamics and 

instability.  

The used integrated approach and a careful monitoring 

of local shoreline dynamics and changes can represent 

an important contribution to the individuation of 

efficient interventions in the frame of a more definitive 

solution aimed at the stabilization of the shoreline and 

the salvation of the archaeological site. 
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Abstract – The settlement of Arpi (Foggia, Apulia), ca. 
1000 hectares of extension, was occupied from 
Protohistory to the Roman period, thus comprising 
main difficulties in terms of knowledge, protection 
and control of the territory as well as problems in 
archaeological diagnostic. Therefore, a major project 
was launched for the reassessment of previous data 
and for new geo-environmental analysis. We intend to 
present the first geophysical applications on a sample 
of inhabited multilayered and complex building types 
(since the archaic period the technique of construction 
with raw earth was the most often used). 
In “Arpi archaeological project”, geomagnetic and 
ground penetrating radar were carried out in order to 
highlight buried structures. 

 I. INTRODUCTION 

The establishment of Arpi, at 8 km northeast of Foggia, is 
located in the alluvial plain of the Tavoliere of Puglia. It 
occupied a strategic position halfway between sub-
Apennine mountains and the coast, and near a navigable 
river, the Celone, which, with the Candelaro river, 
provided access to the sea, to the south of the current 
Siponte. The current landscape retains few traces of 
ancient establishments. 
Arpi played a leading role over the centuries in the 
historical landscape of ancient Daunia. The developed 
programs and the research conducted for more than two 
decades by Marina Mazzei, of the Archaeological 
Superintendence of Puglia, have profoundly renewed 
knowledge of this Daunian settlement [1]. 
Since 2014, a new program on the forms of the city, is 
coordinated jointly by the Centre Jean Bérard (USR 3133, 
CNRS - EfR) and the Department of Cultural Heritage of 
the University of Salerno, in collaboration with the 
Center for Daunian archeology of the Superintendence of 
Puglia, the Department of Biosciences and Territory of 
the University of Molise and the Institute of 
Methodologies for Environmental Analysis, CNR-IMAA 
(Tito Scalo) [2]. Research focuses on the articulation, the 

relationships and the functions of space in the long run; 
by the means of a multidisciplinary approach, we intend 
to provide a global overview of the territory for a better 
knowledge and protection of a cultural heritage of 
enormous dimensions, which is continuously violated. 
 

 
Fig. 1. Plan of Arpi with indication of the “Montarozzi” 
zone and the ONC 28 (Reelaboration by G. Chapelin, 
Centre Jean Bérard, after Guaitoli 2003, fig. 352, p. 190 
and Mazzei 2010, p. 10). 

 II. METHODOLOGY 

The project includes two main operational axes. The first 
aim is to produce an integrated system of knowledge of 
archaeological and geo-environmental data. The system 
integrates the verified, formalized and aggregated 
information, including already existing data as well as 
what is produced by the in-progress research. All is 
collected in a unique, standardized, and GIS-oriented 
information system. Structuring and managing 
information by levels provide a basis on which it is 
possible to program the archaeological diagnostic as well 
as topographical and archaeological study. 
The second aim of the program is the study of a specific 
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sector of the city, the Hellenistic aristocratic houses of the 
Montarozzi area, located in the south-east area, bounded 
by the ancient walls of the city, the aggere, The analysis 
includes evidence excavated and published in the past 
("peristyle house" partly brought to light in 1953, the 
house known as the "mosaic of griffins and panthers" 
ONC 28 excavated in the 90’s, etc.) as well as new and 
unpublished material. 
The study will provide clarification of the phases of 
occupation and abandon inasmuch as to deal with the 
organization of space, the axes of circulation and 
relations between the houses, sacred areas and the 
necropolis contexts. 
The research is completed with in-the-field analysis, 
carried out with archaeological field-walking, 
geomorphological and archeomorphological survey 
integrated with geophysical surveys. 
The most suitable geophysical investigation techniques 
employed for archaeological purposes are the 
geomagnetic, GPR and resistivity/conductivity (DC and 
EM) methods. These techniques are not invasive and 
allow us to obtain high-resolution images of subsurface, 
even if their use is dependent on site and resolution. In 
general, the geomagnetic and EM are more adaptive for 
large surveys, in order to obtain relative fast results with 
low resolution. On the other hand, involving heavy data 
process, GPR show high-resolution information but it is 
more adapted for small survey areas. In this perspective, 
the integration of different geophysical methods was 
largely used in archeogeophysical investigations in order 
to detect buried remains. Each geophysical technique has 
the ability to define a physical parameter, which enables 
highlighting some patterns of the hidden, buried object 
[3] [4]. However, the geophysical contrast between 
archaeological features and surrounding soils are 
sometimes difficult to define due to problems of 
sensitivity and resolution, both related to the 
characteristics of the subsoil and the geophysical 
methods. Therefore, the use of geophysical methods 
should be careful and aware.  

III. ARCHAEOLOGICAL CONTEXT 

The early stages of the research concerned the study of 
the area called ONC28, where lies the domus known as of 
“the lions and panthers” which, in the second half of the 
third century, marks the strong socio-cultural change that 
took place in the Montarozzi area, occupied in previous 
phases with funeral and housing or worship contexts. 
The discovery of the mosaic representing lions and 
panthers that gave its name to the domus occurred in 
1992, during work on the irrigation systems performed by 
the Consorzio di Bonifica di Capitanata. It was then 
followed by excavations conducted in 1994, 1995 and 
1997 under the direction of Marina Mazzei. 

 
 
Fig. 2. Schematic plan of the ONC 28 with the 
archeogeophysical investigations (Elaboration by V. 
Soldani, Centro Operativo per l’Archeologia della 
Daunia, Soprintendenza Archeologia della Puglia, and A. 
Terribile, Università degli Studi di Salerno). 
 
In her many publications, the scholar pointed out the 
special features of this large dwelling that answers 
precise needs of life and representation of an aristocratic 
family at Arpi in the second half of the Third century BC. 
The resumption of the study of the evidence brought to 
light, from the excavation documentation to the material 
culture unearthed, has allowed us to sharpen the 
stratigraphic palimpsest and to give a more accurate 
chronological sequence, proposing a new subdivision in 
phases for the use of the area. 
The stratigraphy at the ONC28 has a variable thickness of 
about 1.50 to 2.00 m between the actual ground level and 
the natural soil characterized by lenses and / or layers of 
caliche (calcrete or carbonate crusts). The thickness of the 
lenses and / or layers of caliche (calcrete or carbonate 
crusts) vary from a few centimeters up to about 5 meters. 
An early form of occupation may be identified with some 
structures in raw clay, situated in the northwest corner of 
the investigated area, probably dating to the Fifth century. 
The walls were built directly on top of the carbonate 
crust. The structures appeared east of a gap in altitude 
constituted by rising the circulation level on which, 
probably already at this phase, runs a well-trod road 
oriented north-south that borders the area to the west. 
Unfortunately the function of this first complex is 
uncertain. 
Between the end of the Fifth and the middle of the Fourth 
century, the area change destination and becomes a 
funerary space, as evidenced by the twenty grave-pits 
excavated between 1992 and 1997. In general, those 
graves were dug into the limestone bench (the so-called 
“crusta” or carbonate crust) with uniform orientation 
NW/SE, presenting deceased buried in a crouched 
position and furniture placed around the head or feet. The 
tombs, when not stolen in ancient times, retain the cover 
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slabs of limestone. 
During the second half of the Fourth century, the area 
undergoes transformations and new structures are placed 
to the east of the north-south road. In connection with the 
new buildings, is constructed in terracotta an important 
channel system used to collect and convey wastewater. 
The walls are also in this case constructed in clay with 
coatings of coarse plaster and thick layers of limestone 
powder typically compose the soils. At present, it is still 
difficult to affirm whether the site was only one large 
building or different units, as well as unclear is the 
intended use of the facilities. 
In the last quarter of the Fourth century, the area is 
abandoned. The abandonment of the structures is 
accompanied by a ritual documented with at least two 
votive deposits. Almost at the same time or shortly 
thereafter, some areas are occupied by new burials. 
During the second half of the Third century, probably in 
the last decades, a large domus is built partially covering 
the existing building structures that seem to have 
undergone significant transformations over time. The 
planimetric articulation and its decorative system on its 
walls and floor qualify the high social level of its 
inhabitants. 
The domus is bounded to the west by the north-south 
route and to the north by a second axis of dirt route 
oriented east-west. Four areas of the house were 
recognized. The masonry technique in raw clay continues 
to be predominantly used. All the walls showed coatings 
of plaster, either in structural style made with plaster and 
stucco or simply plain white. Some of the rooms still had 
the mosaic floors or received a more simple coating of 
“plaster”. Only rarely, the walls had bases of foundation 
made in stones with the elevation in clay. 
During the first half of the Second century, the area 
experienced a new period of change. During this phase, 
the rooms of the residence and the representation spaces 
of the domus undergone several transformations. In 
different rooms the “plastered” pavements were removed, 
while the mosaics remained in place; some accesses were 
obliterated and new spaces of passage between rooms 
were created. 
In the second half of the Second century, the domus at the 
ONC28 is completely abandoned. 
So far, an area of about 780 square meters of the domus 
of lions and panthers has been explored, which is only a 
part of its original extension. Whereas to the north and 
west the area is bordered by two dirt roads, the eastern 
and southern limits are not known. It should be noted the 
state of damages, done by agricultural interventions and 
by the occupation of the central body of the dwelling by a 
shed. 
The excavations took place over several years and were 
conducted under conditions of the utmost urgency. Today 
the area, in private ownership, is completely covered. 
A first campaign of geomagnetic and geo-radar surveys 

allowed the creation of a hypothesis for the development 
plan of the domus and its inclusion in a broader context. 
It also permitted to calibrate the validity of geophysical 
methods, in relation to the geological stratification and to 
the remarkable complexity and overlap of materials and 
construction techniques adopted. 

IV. GEOPHYSICAL METHODS AND RESULTS 

Therefore, in order to highlight the buried archaeological 
features at Arpi, large magnetometer map and 3D-GPR 
analysis were carried out. The magnetometer approach 
allowed us the possibility to obtain a fast and large 
investigation on the studied area with a short-time 
consuming and a high-detection check. The magnetic 
measurements were performed using an optical pumping 
magnetometer G-858 (by Geometrics) in gradiometric 
configuration, with two magnetic probes set in a vertical 
direction (1m each other). The large magnetic map was 
obtained by several parallel profiles with an interspaced 
line of 1m and a sampling rate of 5Hz. The rough 
magnetic data were filtered to obtain the best S/N ratio 
providing pass-band filter, spikes elimination, zigzag 
effect and destripe. The data were further processed using 
a kringing interpolation and visualized as a shaded relief 
image [3] [4]. One of the geomagnetic elaborated maps is 
visible in figure 3. The map highlights several linear 
anomalies (yellow arrows), which should be associated to 
archaeological linear features. Moreover, the large 
geomagnetic anomaly (red circle) should be associated to 
a tomb, which was highlighted in the past. Other similar 
anomalies in the area could be interpreted in the same 
direction. 

 
Fig. 3. Interpreted Geomagnetic map. 

 
The GPR is an electromagnetic (e.m) method used for 
archaeological targets. The GPR radiates short e.m. 
pulses into the ground and detects the signals reflected 
from subsurface structures. In order to investigate some 
areas, the GPR measurements were performed by the 
means of the SIR3000 instrument (GSSI), which was 
connected to a monostatic antenna (400 MHz, GSSI). The 
ReflexW software was used to process the data. The 
employed process was: dewow, gain, static correction, 
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bandpass frequency, background removal, average filter. 
Moreover, an estimation of the electromagnetic velocity 
and a migration tool was applied on the radargramms 
(Vem=0.09 m/ns). In order to observe the archaeological 
geometry of buried structures, a 3D-GPR approach was 
adopted. Similar anomalies with the same geometry and 
the same depth were found in some other areas 
investigated (fig. 2). 
 

 
Fig. 4. GPR time slice. Vem= 0.09 m/ns 

 
The GPR profiles were carried out along parallel lines on 
both directions with an interpolation line of 0.5m. Figure 
4 shows two time slices coming from a 3D-GPR. It 
shows a large and well-defined reflection zone at about 
0.5m and 1.25m deep, which should be associated to 
buried archaeological structure (walls, cavity, etc.). 

IV - CONCLUSION 

Today, except for the Medusa’s tomb (Ipogeo della 
Medusa), almost nothing is visible of the ancient 
establishment. The area delimitated by the city walls 
(aggere) is still private land and it is systematically 
subject to clandestine excavations. The integrated use of 
different geophysical technologies shows the importance 
of multisensor data set [3] [4], which can significantly 
contribute to provide data useful for the archaeological 
excavations and to improve the archaeological plan of the 
already excavated structures (walls, tombs, etc.). 
 

 
Fig. 5. Sector excavated in 1994 and recently analyzed 
with the GPR (Photo M. Marchesino, Centro Operativo 
per l’Archeologia della Daunia, Soprintendenza 
Archeologia della Puglia). 
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Abstract – In this work the applicability of active and 
passive measurement techniques for the Radon’s 
concentration level (222Rn) evaluation in historical heritage 
buildings is studied. In particular, for a given lithology of 
the ground and material of construction, the measurement 
techniques evaluate the different variations of indoor 
concentration of 222Rn. The measurements are performed 
in three old churches located in San Giovanni in Fiore 
(Cosenza, Italy). The monitored sites are erected on the 
common granite massif of Sila by using the local granite 
stone, that contains heavy metals producing Radon gas 
during their degradation. The analysis of the 
measurement results are used to determine the most 
effective solution to be used in this type of buildings and to 
have a wide view about the accumulation of Radon gas, in 
the various monitored spaces. 
 

 I. INTRODUCTION 

Gas Radon is one of the most important natural pollutant in 
the context of indoor environmental risk. Therefore, the 
monitoring of Radon is an important issue in the monitoring 
of the air pollution [1],[2]. Uranium (U) and Thorium (Th) are 
the progenitors of all Radon on Earth. The genesis of the 
bedrock plays, therefore, a fundamental role as the 
concentration of 238U and 232Th varies depending on the type 
of rock [3],[4]. As a consequence, the presence of Radon in a 
specific area mainly depends on the geological features of the 
area itself, whereas the concentration in indoor environments 
depends on the materials and the construction technologies 
adopted [1-2], [5]. 

In Calabria, in South of Italy, the accumulations of 
significant quantities of heavy metals in the 
granite/metamorphic crystalline basement of the Calabrian 
Peloritano, produces anomalies in the normal radioactive 
background. The Sila Massif is included in the Northern 
sector of the Calabro-Peloritan Arc, that is section of the 
Western Europe Alpine orogenic chain, where allochthonous 
crystalline rocks outcrop in the uppermost tectonic unit of the 
Apenninic chain [6]. 

The Sila Massif is characterized by different metamorphic 
and plutonic rocks Hercynian (Sila Unit), consisting of rocks 
of medium-high, medium-low and low metamorphic grade, 
with intrusions of plutonic rocks of the late Hercynian Sila 
batholith [7]. The granite outcropping in San Giovanni in 
Fiore and the composition of the outcropping rocks are 
showed in Fig.1 [1]. 

In the paper the passive and active measurement techniques 
for the Radon’s concentration level (222Rn) evaluation are 
compared. This comparison permits to study the applicability, 
in historical heritage buildings, of these measurement 
techniques. In particular, the level of indoor Radon 
concentrations observed with passive and active 
measurements, is interestingly compared first to have a 
boarder vision of the accumulation of Radon gas in the 
various confined spaces and second to evaluate the most 
effective solution to be used in this type of buildings. 

The paper is organized as follows: initially, the 
environmental monitoring is described introducing the 
description of the monuments object of investigation and the 
measurement techniques; then the experimental results with 
passive and active monitoring systems are discussed. At the 
end some conclusions are drawn. 

 

 

Fig. 1. Schematic tectonic map [8]. In the circle the area of 
San Giovanni in Fiore. 
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 II. ENVIRONMENTAL  MONITORING 

The indoor Radon gas concentration is evaluated in the 
three old churches of San Giovanni in Fiore, the largest 
municipality in the granite massif Silano, located at an 
altitude of about 1000 meters (Fig.1). The choice of such 
monitoring area is carried out according to the geological 
type that characterizes it. The considering churches, built 
in granite, have been subjected to both a passive and active 
monitoring techniques. 

The passive monitoring technique is obtained by using 
nuclear tracks detectors CR-39 (SSNTD, Solid State 
Nuclear Track Detectors) of Radosys Enterprises Ltd. 
Instead, the active monitoring technique is implemented by 
using ionization chamber Alphaguard PQ2000 PRO. 

 A. Description of  monuments objects of investigation 

The three monitored churches of San Giovanni in Fiore 
(CS) are shown in the pictures of Fig.2: a) the abbey of  
San Giovanni in Fiore, b) the church of Santa Maria delle 
Grazie, and c) the church of the Padri Cappuccini. All the 
churches are open for worship. 

The abbey of San Giovanni in Fiore is the oldest church 
and the most important monument of San Giovanni in 
Fiore, established in 1189 by the abbot Gioacchino da 
Fiore. The body of the church, built of granite stone, 
consists of a nave and two aisles, ending in the apse with 
two chapels. From the right chapel it leads in to the crypt, 
made by two large basement rooms. 

The church of Santa Maria delle Grazie or Chiesa 
Matrice was completely rebuilt in 1770 with three naves. 
The front of the church has three portals in sandstone, and 
the central portal is decorated with Renaissance motifs. 

The church of the Padri Cappuccini, is placed in the 
highest part of the town at an altitude of about 1100 m 
above sea level. Its construction began in 1639, and the 
original building consists of two original aisles. 
Successively, a third adjacent structure was added and is 
used as convent. The architectural style is typical of the 
churches of the Capuchins monks. 

For the abbey of San Giovanni in Fiore, the underground 
crypt is monitored. The crypt is a large ambient, with two 

windows always closed, in direct contact with the upper 
floor via a staircase. For the church of Santa Maria delle 
Grazie a small closet of the sacristy without window is 
monitored. For the church of the Padri Cappucini a 
basement used as a cellar, with the presence of a window 
always closed is considered. These halls are selected in 
order to have static and reliable measurement. Indeed, the 
other halls of the historical buildings are too windy so the 
measurement results can be altered. As concerning the 
active monitoring, the same rooms are monitored together 
with others as described in the subsection 3.2. 

 B. Measurement techniques 

The measurements of the concentration levels of Radon 
have been made following the Italian guidelines and 
regulations reported in [9] and [10]. The monitoring time 
prescribed by the guideline is one year. 

Moreover, in the passive monitoring, some adjunctive 
detectors are used to perform three months monitoring: 
January-March, April-June; others six months 
monitoring: January-June, July-December. These 
adjunctive monitoring time intervals permits to evaluate 
the reliability of the passive measurement method also in 
a short time interval, to consider the effects of different 
environmental conditions on the indoor Radon 
concentrations, and to perform comparison between the 
results obtained with the active measurement method. 

The passive monitoring was performed by using 
detectors CR-39 (SSNTD, Solid State Nuclear Track 
Detectors) [9],[11] in-polyallyl diglycol carbonate by 
Radosys Ltd. The CR-39 or polyallyl diglycol carbonate 
is developed by the Columbia Resins project in 1940, its 
properties and procedure of production are very well 
studied and describe elsewhere [12]. 

One film CR-39 with size equal to Ø 10mm × 10mm is 
contained in each dosimeter (Fig.3) that was positioned at 
a height of ~ 1.30 m from the floor and about 0.5 m from 
the wall [9], [10], [13]. 

The Radon gas penetrates inside the diffusion chamber 
of the dosimeter, through the over-gap opening of the 
order of ~ 20-30μm. This over-gap allows the entry of the 
α particles of the 222Rn, only. The α particles interacts 
with the CR-39 film causing a damage to the chemical 

 

Fig. 2. Images of the three churches under investigation. a) Abbey of San Giovanni in Fiore (Abbazia Florenze),  
b) the church of Santa Maria delle Grazie (Chiesa Matrice), c) the church of the Padri Cappuccini. 
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bonds of the polymer, with the subsequent formation of 
latent tracks on its surface. The geometrical structure of 
the dosimeter, the position of the CR-39 film inside it, the 
storage system to isolate the dosimeter from other 
pollutants, and the grid used for the film development are 
reported in Fig.3. 

After the monitoring period the dosimeters are 
collected and each one are stored in a plastic bag that did 
not permit any contact with the external environment. 

Once the dosimeters reached the laboratory, each of 
them is opened in controlled environment and the CR-39 
films are positioned in the grid (Fig.3), having the same 
size of the films. Then, the films are treated with a 
solution of NaOH at 25%, for 4 hours at a constant 
temperature of 90°C. This procedure is optimized as a 
function of the environmental condition of the laboratory 
in order to better highlight the tracks produced by  
particles on the film. The tracks are automatically 
counted through an optical microscope connected to a 
PC. The microscope acquire the image of the film and 
send it to the PC that, running a proper software, analyses 
the image [14]-[17] and automatically counts the particle. 
This automatic technique permits to increase the number 
of detectors used in the monitoring and then increases the 
reliability of the measurements itself. Indeed, for each 
hall four detectors are positioned in each corner requiring 
the analysis of a large number of film. It is worth to note 
that the analyses of all the CR-39 films are performed 
simultaneously in order to minimize accidental errors due 
to little variation of temperature and concentration of the 
bath. 

Finally, using a suitable calibration factor [13], by 
counting the number of tracks per unit area of the film, it 
is computed the concentration of Radon exposure in 
Bq/m3. The measurement procedure pointed out gives a 
concentration of Radon integrated in time (RAC). 

In particular, it is: 

 ⁄ ∆⁄  (1) 

where, γ/mm2 is the density of the tracks, fc is the 
calibration factor [13], and t is the time.  

Therefore, the integral effect makes the measurement 
procedure robust to the short time variations of 222Rn 
concentration due to day-night temperatures and 
atmospheric parameters changes. The uncertainty on the 
measurements is equal to 4.35% as stated by the 
manufacturer for each batch of detectors CR-39 [18]. 

During the monitoring period with the passive 
detectors, it is performed active monitoring in order to 
carry out a more detailed analysis, including several halls 
of the same churches. In particular, the following 
adjunctive halls are monitored: 
- For the church of Santa Maria delle Grazie the 

sacristy (that leads to the closet) and the two side 
chapels of the aisles left and right; 

- For the abbey of San Giovanni in Fiore the two side 
chapels left and right (the left chapel leads to the crypt 
below through a side staircase); 

- For the church of the Padri Cappuccini the sacristy 
and the confessional in the church. 

For such monitoring it is used a detection system α, 
Alphaguard PQ2000PRO of Genitron Instruments, that 
consists of an ionization chamber of cylindrical shape 
with an active volume 0.56 l [19]. As declared by the 
constructor [20], the characteristics of the measurement 
instrument are: Instrument calibration error 3% (plus 
uncertainty of primary standard); System linearity error < 
3% within total range; Transient response function (time 
delay) signal > 30% after 10 minute, signal > 70% after 
20 minute, signal > 90% after 30 minute; Sensitivity of 
detector 1 CPM at 20 Bq/m³ (0.55 pCi/l); background 
signal due to internal detector contamination (delivery 
status) < 1 Bq/m³ (0.03 pCi/l); operating range [-10; 
+50] °C, [700; 1.100] mbar, [0; 99] %rH. 

The measurements are carried out continuously, by 
performing for each considered environment 5 cycles of 
measurements with integration time equal to 10 minutes. 

During acquisition, and in 10 minutes before, it is 
decided to close any type of opening that would allow 
ventilation such as to disperse the Radon gas, not 
allowing, therefore, the accumulation. The waiting time 
of 10 minutes is suggested by the Italian guideline [10]. 

The alpha-guard is placed at the center of the 
monitored halls at a height from the floor slightly lower 
than the location of CR-39 detectors. 

 III. RESULTS AND DISCUSSIONS 

 A. Passive monitoring 

Fig. 4 shows the results of the passive monitoring in the 
periods described above. The results highlight higher 
concentration of 222Rn in the abbey of San Giovanni in Fiore, 
and in the church of Santa Maria delle Grazie. The annual 
amounts of Radon gas detected in these two churches is 
comparable and it is equal to (739.54 ± 32.16) Bq/m3 and 

 

Fig. 3. Geometrical structure of the dosimeter, the 
position of the CR-39 film inside it, the storage system to 
isolate the dosimeter from other pollutants, and the grid 

used for the film development. 
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Fig. 4. Distribution of Radon in the three churches under  
investigation by using passive monitoring system in 5 periods 

 of exposure: 3 months, 6 months, 1 year. 

(734.75 ± 31.96) Bq/m3, respectively. The annual amounts of 
Radon gas detected in the church of the Padri Cappuccini is 
equal to (115.22 ± 4.98) Bq/m3. These differences can be 
justified by the different locations and exposition of the 
churches. The reliability of the passive measurement system 
for long monitoring is assessed by the compatibility of the 
measurements of the different detectors for each church and 
by the fact that the standard deviation of the measurements 
performed by each detector is lower than the uncertainty 
declared by the detector manufacture. 

As concerning the results of short time monitoring 
(January-March), the results show a maximum peak 
concentration of (2058.57 ± 89.55) Bq/m3 in the church of 
Santa Maria delle Grazie. This peak is not present for the 
abbey of San Giovanni in Fiore. This different behaviour in 
the short time monitoring does not depend from the passive 
measurement system, but it can be justified by the big amount 
of snow that has accumulated on church of Santa Maria delle 
Grazie during the monitoring period. This is confirmed also 
by the different 
concentrations registered in 
the same church in the winter 
and springer time. This 
difference is not observed in 
the abbey of San Giovanni in 
Fiore due to the different 
exposure and location that is 
not influenced by the effects 
of the snow. It is highlighted 
that the size of the sacristy 
and the closet of church of 
Santa Maria delle Grazie is 
smaller with respect to the 
crypt of the abbey of San 

Giovanni in Fiore, and the ventilation 
is strictly depending on the opening 
and closing of the door of the sacristy 
while is practically constant in the 
crypt. For these reasons, the passive 
measurements for a short period of the 
two churches are not comparable. The 
Radon gas measurements in a short 
monitoring time depends from the 
geometry of the room and the location. 

The lower and at least constant 
concentration of Radon registered by 
the passive monitoring system in the 
church of the Padri Cappuccini is 
justified by the higher ventilation of 
the basement that is constant for all the 
year and by the fact that the crypt is 
completely underground, and then, it 
is not influenced by the external 
wheatear conditions. 

 B. Active monitoring  

Tables 1-3 show 222Rn concentration monitored in the 
different areas of the three churches with the active 
monitoring system. The obtained results are reported 
together with the environmental conditions locally 
detected as relative humidity, and temperature. 

As concerns the church of Santa Maria delle Grazie the 
experimental results (Table 1) show higher difference 
between the measurement in the right and left chapels. 
These differences are due to the air circulation, as in the 
left chapel alpha-guard has been placed in a more 
protected position (which is not possible in the right 
chapel because the access was blocked) and because, 
during the acquisition, the door of the church is randomly 
open. As concerns the closet of the sacristy, the 
concentration increasing with time of acquisition, and it is 
proportional to changes in humidity. This could justify 
the concentrations detected with passive measurement 
method (Fig. 4). 

 

Fig. 5. Mean value and variation range of the 222Rn concentration monitored in the areas 
of the different churches with the active measurement system. 
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As concerns the abbey of San Giovanni in Fiore (Tab. 2) 
larger values of 222Rn are found in the crypt, in which the 
values increase over time and humidity. Moreover, it is worth 
to note that the monitored environments have temperatures of 
~ 18 ° C, as reported in Table 2. The values found in the crypt 
are in line with the characteristics of that environment, already 
described. As concerns the two chapels, the higher 
concentrations of 222R are recorded in the right one, as it is 
smaller than the left chapel. Moreover, in the left chapel, there 
is a linear trend of 222Rn during the time interval of 50 minutes 
monitored at intervals of 10 minutes. 

As concerns the church of the Padri Cappuccini (Tab. 3), 
higher concentrations are found in the confessional room. This 
small room belong to the old structure of the church and it is 
built with granite stone with walls characterized by width 
equal to 0.5 m. In this room the passive measurement method 
has given not reliable results owing the small dimension and 
the frequent use. For this reason, the values obtained with the 
passive method are not reported. 

Fig.5 shows the mean value and variation range of the 222Rn 
concentration monitored in the areas of the different churches 
with the active measurement system. 

The reported values are in agreement with the geometrical 
features of the areas of same church and globally are in 
agreement with the short monitoring during the spring, 
performed with the passive monitoring system. This global 
agreement confirms the validity of both measurement 
methods, but highlight also a better suitability of one method 
respect to the other one according with the geometrical 
features and ventilation of the monitored area. 
 

 IV. CONCLUSIONS 

By radiometric monitoring with passive measurement 
method carried out in the three churches of San Giovanni 
in Fiore is experiencing significant annual values that 

Table 1. 222Rn concentration monitored in the different 
areas of the church of Santa Maria delle Grazie with the 

active measurement system. 

Place Acq. 
time 

222Rn 
(Bq/m3) 

rH (%) 
± 0,1% 

Temp. 
(°C) 

±0.1 °C 
Closet 

(sacristy) 
11:00 81.1 49.3 22.9 

11:10 66.5 52.8 20.6 

11:20 98.2 56.2 19.6 

11:30 115.5 58.8 19.4 

11:40 126.1 59.8 19.3 

Left chapel 
of the apsis 

12:40 50.3 47.5 21.4 

12:50 71.2 47.5 21.3 

13:00 77.3 47.5 21.1 

13:10 157.1 48.1 20.8 

13:20 164.1 48.1 20.7 

Sacristy 11:50 65.5 50.8 20.5 

 12:00 84.2 50 20.5 

12:10 72.1 49.3 20.4 

12:20 37.5 48.8 20.4 

12:30 73.5 48.8 20.4 

    
Right 

chapel of 
the apsis 

13:20 57.25 46.1 21.1 

13:30 143 46.1 20.9 

13:40 78 45.9 20.8 

13:50 40.75 46.5 20.6 

14:00 58.75 46.5 20.6 

Table 2. 222Rn concentration monitored in the different 
areas of abbey of San Giovanni in Fiore with the active 

measurement system. 

Place Acq.	
time 

222Rn 
(Bq/m3) 

rH (%) 
±0,1% 

Temp.
(°C) 

±0,1 °C 
Crypt 14:10 168.1 50.8 22.1 

14:20 405.9 55.5 19.9 
14:30 656.1 59.5 17.3 
14:40 791.9 62.1 15.8 
14:50 644.1 64.5 15.9 

     
Left Chapel 15:00 648.2 62.9 17.5 

15:10 563.8 61.5 18.1 
15:20 242.1 61.5 18.8 
15:30 272.1 60.3 19.1 
15:40 169.9 60.3 19.1 

     
Right 

Chapel 
15:50 286.3 56.1 18.9 
16:00 73.2 55.2 19.4 
16:10 103.5 54.1 19.8 
16:20 85.1 53.5 19.9 
16:30 102.5 53.5 19.9 

Table 3. 222Rn concentration monitored in the different 
areas of church of the Padri Cappuccini with the active 

measurement system. 

Place Acq. 
time 

222Rn 
(Bq/m3) 

rH (%) 
± 0,1% 

Temp. 
(°C) 

±0,1 °C 
Basement 16:50 25.4 43.8 24.8 

17:00 79.1 44.3 24.3 

17:10 48.8 45.1 23.6 

17:20 64.0 45.5 23.4 

17:30 56.3 46.1 23.4 

     

Confessional
/sacristy 

17:50 55.3 45.1 23.5 

18:00 130.0 45.4 23.4 

18:10 73.1 45.9 22.5 

18:20 140.2 46.0 22.3 

18:30 174.3 51.8 22.3 
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exceed the regulatory limit of 500 Bq/m3 [18]. Because 
all the old buildings of San Giovanni in Fiore area are 
built with local stones they may have the same 
concentrations of Radon. This phenomenon is particular 
important in the case of civil home. It is worth to note 
that the active monitoring has given values exciding the 
normative limit only in one case, but due to the associated 
uncertainty this value cannot be considered dangerous. 
This highlight that these dangerous condition cannot be 
detectable with the active monitoring or monitoring in 
short time interval. This justifies the selection of the 
proposed passive measurement system that has permitted 
the annual monitoring because it does not require power 
supply or maintenance. 

Moreover, owing the sacredness of places the active 
monitoring is not suggested owing it requires the 
presence of the operator. Same operative limit occurs in 
the case of public office. 

The last consideration is that to monitor the Radon 
concentration in historical buildings, as prescribed by the 
European and local guidelines on public health, the 
obtained results suggest the use of the passive monitoring 
system because it is more reliable. 
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Abstract— The researches carried out by the IBAM-CNR 

in the area of the Necropolis of Porta Nocera at Pompeii 

have led to create an innovative system for the 

documentation, representation and preservation of 

archaeological contexts. The scientific rigour and precision 

of the traditional instrumental mapping together with the 

use of new technologies and geophysical methods have 

produced high-definition 3D models of the funerary 

monuments and necropolis as tools to store and manage 

scientific information.  

 

Keywords- Pompeii; Immersive Archeology; Archaeo-Geophysics, 

3D visualization. 

I. INTRODUCTION 

The IBAM CNR activities are planning actually on two main 

lines. The first line is devoted to an archaeological approach 

with the programme of a intensive geophysical research. 

Below a detailed summary with a detailed map of the areas 

under exams. The second line is, indeed, devoted to a strong 

process of communication and, at the same time, 

documentation built from an photographic point of view with 

the aim to build a structure and a layout useful for all the PSPP 
team.  
The presentation of the 3D models offers the possibility to see 

inside each tomb revealing each details of its structure in order 

to gain data useful to manage and preserve the archaeological 

and architectural complex. To reach this aim the IBAM-CNR 

team has used in-ground based and low altitude aerial 

photogrammetry surveying as well as computational and 

processing power of modern 3D graphic software. In order to 

obtain a full photographic coverage of funerary monuments 

the IBAM-CNR team has used digital professional equipment 

supported by UAV and special accessories as panoramic head 

high precision for Immersive Photography and a special 

telescopic bar up to 9 mt. high. 

 

 

 

Figure 1. The surveyed areas 

II. GEOPHYSICAL DATA ANALYSIS 

Ground – Penetrating radar (GPR),  passive (Self Potential- 

SP) and active electrical resistivity tomography (ERT) surveys 

at three different areas labeled respectively Area 1, Area 2 and 

Area3 were performed (Fig. 1). GPR data were collected along 

parallel profiles 0,5 m spaced using the Ris Hi Mod georadar 

system with the 200MHz and 600MHz antennae. GPR data 

were processed in a 3D mode using Gpr-slice software [1]. 

SP and ERT data were collected in a 3D mode along non-

conventional  profiles using Dipole-Dipole array [2] and 

variable electrode spacing using a modified Syscal Kid with 

24 active channels was used for geoelectrical measurements. 

A two-dimensional least squares algorithm based on the 

smoothness-constrained technique [3], implemented in 

Res2Dinv software [2],  was used in order to inverted the 2D 

apparent resistivity data; while the ErtLab software add to an 

algorithm written by Leucci in MATLAB-environment was 

used for 3d total volume data distribution in the subsurface. 

In the area 1 GPR data were visualized as time (or depth) 

slice. A way of obtaining visually useful maps for 

understanding the plan distribution of reflection amplitudes 

within specific time intervals is the creation of horizontal time 

slices. These are maps on which the reflection amplitudes 

have been projected at specified time (or depth), with a 

selected time interval. In the Pompeii work the time-slice 

technique has been used to display the amplitude variations 
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within consecutive time windows of width Δt=5 ns. Moreover 

the highest amplitudes were rendered into an isosurface. 

Three-dimensional amplitude iso-surface rendering displays 

amplitudes of equal value in the GPR study volume. Shading 

is usually used to illuminate these surfaces, giving the 

appearance of real archaeological structures. In this case the 

threshold calibration is a very delicate task in order to obtain 

useful results. In order to define the depth of archaeological 

remains the electromagnetic (EM) wave velocity, using the 

characteristic hyperbolic shape of a reflection from a point 

source (diffraction hyperbola), was used. 

The depth slices (Fig. 2) show the normalized amplitude using 

a range defined by blue as zero and red as 1. In the slices 

ranging from 2.0 to 2.5m depth, relatively high-amplitude 

alignments (dashed dark line) is clearly visible. This 

correspond to prolongation of the orthostate city wall south of 

the Amphitheatre. 

 

 
 

Figure 2. The GPR depth slice in the area 1 

 

For ERT data the inversion was carried out according to an 

iterative process, which aims at minimizing the difference 

between the measured pseudosection and the calculated 

pseudo-section based on a starting model. This model is 

updated after each iteration until it reaches an acceptable 

agreement between measured and calculated data or until no 

further improvements are possible. The ErtLab software, 

manufactured by Multi-Phase Technologies, LLC, was used to 

automatically invert the IP acquired data and to yield a 3D 

resistivity model. Its numerical core is based on tetrahedral 

FEM, and inversion was performed with a robust inversion 

(data variance iterative reweighting). The results of the 

inversion of the electrical data set, given as 3D volume are 

shown in Fig. 3. It is possible to note a relatively high 

resistivity (700 ohm m) zone at variable depth ranging from 

0.5 m (SW side) to 2.5m (NE side). This correspond to 

prolongation of the orthostate city wall south of the 

Amphitheatre. 
 

 

Figure 3. ERT processed data  

 

 

The Self Potential signals were filtered with a low pass filter 

in the frequency domain in order to avoid edge effects of 

space domain filters, so that high frequencies were eliminated 

and low frequencies were preserved [4]. A least-squares 

analysis method to estimate not only the depth and shape but 

also to determine the position of a buried anomalies from the 

SP anomaly profile was used. The method is based on 

normalizing the residual SP anomaly using three characteristic 

points and their corresponding distances on the anomaly 

profile; then the depth for each horizontal position of the 

buried anomalies is determined using the least-squares 

method. The computed depths are plotted against the assumed 

horizontal positions on a graph. The solution for the depth and 

the horizontal position of the buried structure is read at the 

common intersection of the curves. Knowing the depth and the 

horizontal position and applying the least-squares method, the 

shape factor is determined using a simple linear equation. 

Procedures are also formulated to estimate the polarization 

angle and the electric dipole moment. The method is semi-

automatic, and it can be applied to short or long residual SP 

anomaly profiles. These processed data are used to build the 

3D Self Potential map shown in Fig. 4.  
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Figure 4. SP processed data  

Self-potential anomalies vary in value according to its source. 

If the value of self-potential is positive or negative of one-

hundred millivolts, the cause is the movement of ground. The 

result of this research shows that the self-potential values vary 

between -100 to 100 mV. This result can be interpreted that 

there is a movement of ground due to the water flow from the 

ground surface into the subsoil. This gives rise to an area of 

instability (see the red arrow). In the area 2 GPR data were 

visualized as time (or depth) slice Fig. 5. In the slice ranging 

from 1.0 to 1.5m depth, relatively high-amplitude alignments 

(dashed dark line) are clearly visible. The resistivity depth 

slice (1m depth) showed in the figure 6 evidences high 

resistivity anomalies (red) related  to archaeological structures 

(tombs). 

 

 

 
  

 

Figure 6. The ERT depth slices for area 2

Figure 5. The GPR depth slice for area 2 

 
III. THE IMMERSIVE ARCHAEOLOGY 

Aim of the activities is to build a general plan of 

documentation of all the area of the Necropolis with a 
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series of steps and passages that constitute the ground 

for a final presentation of the archaeological complex to 

the general audience, including a message to dispatch 

also on the website of the PSPP. In the campaign we 

produced immersive photographic surveys and 

photogrammetric for the realization of immersive 

galleries and orthographic projection of all the funerary 

monuments. We used digital professional equipment 

supported by special accessories as panoramic head high 

precision for Immersive Photography and a special 

telescopic bar up to 9 mt. high in order to obtain a full 

photographic coverage of funerary monuments. We 

processed the images with specific software (Krpano, 

Photoscan, Blender) to produce 3D models of the 

funerary monuments and create immersive gallery of the 

necropolis.Presentation of the 3D Mesh models that 

offers the possibility to go inside each tombs and look at 

each details point of the structure giving the possibility 

to look at each aspect of the monument from different 

point of views (exp, useful for restores). The speaker 

presents some preliminary part of the plan of the 

necropolis already completed. Finally, the speaker 

offered some general consideration about the topic of the 

structure of the photographic archive. He presented the 

Lightroom Software by Adobe for easy finding of 

archived pictures using keywords, that are saved with 

the pictures in the form of Metadata (Fig. 7). 

 

 

IV. CONCLUSIONS 

The survey carried out at the Necropoli of Porta Nocera in 

Pompeii suggests clearly the presence of other tombs and 

evidence the problems related to the stability of them. Time-

slice maps, used mainly to enhance the horizontal 

relationships between amplitude anomalies found in the 

standard two dimensional radar sections, point to an 

anomalous zone, interpreted as buried structures of probable 

anthropogenic origin. The three-dimensional visualization of 

ERT and SP data has facilitated the best interpretation of the 

data and help to understand the hazard zone in the subsoil of 

the investigated areas. The integration of geophysical and 

immersive archaeology data will be useful for restoration 

work.   
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Figure 7. 3D reconstruction with immersive photography 
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ABSTRACT

The ancient Samnitan town of Beneventum became a Roman colony in 268 B.C. and reached a considerable
importance in the first centuries of the empire for its favourable geographical position in a crossroad of Via
Appia and Via Traiana as testified by the size and richness of its numerous monuments,  many of which lavishly
decorated  with  coloured  marbles  imported  from far away  quarries.  The  abundant  presence  of  columns  of
Egyptian Red granite from Aswan (sienite), of Mysian and Troadic granitoids from Asia Minor, of granites from
the Elba and Sardinia islands, of cipollino verde from Euboea, as well as of the more rare graniti bianco e nero
and del foro (the first from Wadi Barud, the second from Gebel Fatira, Eastern Egyptian Desert), of africano
and  greco  scritto  (from Teos  and  Ephesus,  respectively),  of  breccia  corallina  (from Vezirhan,  Turkey)  and
settebasi (from Skyros’ Island, Greece), accounts for very rich public and private commissions.  In addition to
several of the cited stones, others from Egypt like the diorite and the basanite (bekhen stone) were found as
statuary in the Iseum, and  giallo, rosso and verde antico, the green and red porfiries, were commonly used for
flooring and veneering in the opera sectilia of private and public buildings. Almost all the stones mentioned
above have been reused in Medieval and later churches and/or palaces. In fact, ancient Roman columns are
installed in the cathedral, as well as in S. Bartolomeo, S. Sofia, San Francesco, and other minor churches and
many altars of the Renaissance and Baroque periods are encrusted with colored slabs of the most beautiful
antique stones. This study reports the presence and amounts of all the cited marbles and stones, especially as
columns in the most important Roman and later monuments of Beneventum, as well as erratically distributed in
its old town centre. It also point out their significance for the history of the town, and set them in the framework
of their more general presence in Campania and South Italy as resulting from a several years-long census of their
geographical distribution.           

I.INTRODUCTION

This  is  the  first  study  that  deals  with  a  systematic

research on the use of coloured marbles and stones in the

city of Benevento in Roman times and their subsequent

reuse during the various historic periods of the city. The

use of polychrome marbles has been documented inside

and outside buildings and monuments of the imperial age

and in places of worship and distinguished palaces of the

city,  where they have been reused from the Longobard

period to  contemporary age.  The notable  abundance of

the data obtained is to be related with the considerable

importance  of  Benevento  as  strategic  center  in  Roman

times from 268 a. C. when it became Colonia Latina and
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when thanks to the passage of the Appia Antica it played

a  key  role  in  controlling  the  Samnitan  territory  and  a

hinge point in the communication between the Tyrrhenian

and  Adriatic  sides  of  the  peninsula  by  reason  of  such

centrality  and  due  to  the  presence  of  local  influential

elites, the monumental development of the city initiated

with the deep Romanization of the territory in the second

century a. C., reaching  its maximum expansion during

the Antonine Age, but formerly already under Emperor

Trajan who paid homage to the city and the politics of the

Institutio Alimentaria with the construction of the Trajan's

Arch  and  the  Via  Traiana,  and  successively  under  his

successor Hadrian to whom we owe the inauguration of

the theatre. The catastrophic earthquakes of 346 and 375

were followed by a period of decline caused by both the

fall of the Roman Empire and the destruction brought by

Totila in 545. With the arrival of the Longobards in 571

and the foundation of the Longbard duchy of Benevento

by  Zottone  I,  the  city  became  capital  of  Longobardia

Minor. This phase witness a radical transformations in the

Roman  urban  fabric,  with  occupation  of  a  far  more

restricted  area  with  respect  to  the  previous  period,

whereas  the  road  axes  continued  to  be  functional.

The construction  ex novo of the eastern part of the city

dates back to the Longobard period with the erection of

several political buildings, such as the Rocca dei Rettori,

and churces, as Santa Sofia, as well as the strengthening

and the restructuring of the city walls, largely using stone

materials spoiled from Roman buildings.  From 1077 on,

with  the  end  of  the  Longobard  dominion,  Benevento

became part of the "Stato Pontificio" (Papal  State)  and

also a bishop's seat until the unification of Italy. During

the Second World War the city was devastated by a heavy

Allied  bombing  which  completely  destroyed,  among

others, also its famous Cathedral. The identification of all

lithotypes  was  obtained  only  by  visual  inspection  and

based on the long standing experience acquired by the

authors after  visiting  ancient  quarries,  excavation areas

and  monuments  and  was  also  based  on  the  use  of

photographic  atlases. Such  an  identification  has  been

limited to coloured marbles and stones that show peculiar

colours and textures. 

II. RESULTS AND DISCUSSION

The results obtained from the full survey of all the visible

Roman and post-Roman monuments of Beneventum, as

well  as  of  its  whole  historical  center,  are  reported  in

tables 1-2. From these tables, it is possible to see that the

ancient columns present  in town were mostly imported

from Asia Minor, with much subordinate amounts from

Egypt, Africa, Greece and Italy. As for the abundance of

the single lithotypes, we can assume that:

granito misio > granito violetto >> sienite > granito sardo

= cipollino verde > breccia corallina  = giallo  antico  =

bigio antico > pavonazzetto.

Considering  these  data,  one  can  note  the  remarkable

abundance  of  granito  misio,  a  stone  hitherto  not  so

commonly reported in the western Mediterranean; instead

the  frequent  use  of  granito  violetto  from  Troas  is  no

surprise since this is  by far  the most  used granitoid of

Classical  antiquity.  The abundant presence of sienite  is

also quite common in important Roman towns, as is that

of  breccia  corallina,  while  that  of  giallo  antico  and

pavonazzetto  for  big  columns  is  of  considerable

importance  given  the  high  cost  of  both  stones  (200

denarii per cubic foot) reported in Diocletian’s edict dated

to  301.  Also  remarkable  is  the  presence  of  relatively

abundant  granito  sardo  and  granito  elbano  (stones

otherwise present in Rome and in few other towns of the

central Mediterranean). To be noted is also the presence

of cipollino rosso, a marble rarely reported as columns in

Italy.  It  is  very  difficult  to  hypothesize  the  original

installation of the columns studied here. It is  of course
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sure  that  the  scene  of  the  theatre  was  decorated  with

coloured stones  such as  giallo  antico,  africano and the

granites of Mysia and Troas found in the theatre, and very

likely that its  "porta regia" and first  order of the same

scene  were  decorated  with  the  high  columns  of

pavonazzetto, in the latter probably alternated with giallo

antico.  Other  Roman  buildings  with  granites,  cipollino

and breccia corallina columns could have been the forum

and its basilica, as well as the amphitheatre and the baths.

As for the provenance of the columns reused in Medieval

buildings,  one  notable  origin  is  that  of  the  two

pavonazzetto’s door posts installed in the main portal of

the cathedral (Fig. 1.): their dimensions are equivalent to

those of the columns of the same marble erected to the SE

of the Rocca dei Rettori (Fig.2.): the primary installation

of  all  these  columns  should  have  been  in  the  Roman

theatre. Considering the coloured stone used in slabs for

decorating floors and walls (opera sectilia), their presence

is limited to the theatre, where the wall crustae still in situ

include large slabs of greco scritto, very likely from the

Ephesian  quarries  (but  archaeometric  confirmation  is

necessary)  in  the  socle,  and  of  cipollino  verde  in  the

upper  parts,  with  cornices  of  breccia  corallina  and  of

occhio  di  pavone.  From sparse  findings  in  the  theatre,

now collected in a small deposit near the entrance, it has

been possible to see several fragmentary slabs and tiles of

the  two  porphyries  (red  from  Egypt,  and  green  from

Greece), of africano, giallo antico, bigio antico, breccia

corallina,  cipollino verde,  and a  few of  portasanta  and

sienite.   

III.CONCLUSIONS

It has been the first time that a complete survey of the

ornamental stones used in an important Roman town such

as  Beneventum, including those re-used in the Medieval

and  post-Medieval  periods,  has  been  performed.  The

results  should  be  considered  nearly  definitive  for  the

columns,  and   indicate  that  the  Romans  imported  an

approximate equal number of lithotypes from Asia Minor

(granites of Troas and Mysia, africano, breccia corallina,

pavonazzetto, cipollino rosso, alabaster from Hierapolis)

Egypt and Africa (sienite, giallo antico, granito del foro

and granito bianco e nero) and Greece (cipollino verde,

bigio  antico,  verde  antico,  portasanta),  while  less

numerous are the Italian ones (granites from Sardinia and

Elba).  As for their  relative quantities,  it  seems that the

Microasiatic  granites  largely  prevail  over  the  Egyptian

ones and those from the islands of Sardinia and Elba. The

great majority of the columns resulted fragmentary, very

often  re-cut  and  re-worked  in  post-Roman  times  and

dispersed  in  the  town  as  stone  posts  (Fig.  3.)  and  in

portals (Fig. 4.), or installed in the interior of churches:

their accurate (when possible) measurements may allow

specialists to try to reconstruck  entire columns from their

sparse  fragments,  thus  making  possible  to  hypothesize

their  primary  use  in  the  Roman  monuments  of

Beneventum. As for the coloured marbles and stones used

(or reused in slabs and tiles in Roman and post-Roman

monuments,  given  the  limited  number  of  excavated

Roman  buildings  in  town,  very  little  information  was

gathered,  mainly  from  the  crustae  in  the  walls  of  the

theatre whose decoration was obtained, once more, with

the most common, although prestigious lithotypes from

Asia Minor and Greece and giallo antico from Tunisia.

More  varied  are  the  reused  stones,  especially  in  the

decoration of Baroque altars, where the ancient marbles,

includes frequently, further to the other stones mentioned

above,  also  examples  of  fior  di  pesco  from  Eretria

(Eubea, Greece) and of broccatello from Tortosa (Spain).
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Fig. 1. The door jamb of
Cathedral with
Pavonazzetto.

Fig. 2. Spiral columns of
Pavonazzetto.

Fig. 3. Stone posts of
Granito Troadense.

Fig. 4. The Convent of San
Francesco with Red

Sienite, Granito Troadense
and Broccatello.
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Table 1. The coloured marbles identified in the Roman and post-Roman monuments of Benevento. 

Name of the stone Location of the quarries Petrographic classification

ASIA MINOR

Alabastro Fiorito Hierapolis, Pamukkale Travertine

Lucullaeum (africano) Teos, Sigacik (Izmir) Carbonatic metabreccia

Sagarium (breccia corallina) Vezirhan (Bilecik) Fossiliferous limestone

Phrygium (pavonazzetto) Docimium, Iscehisar (Afyon) Marble

Greco Scritto Ephesus Marble

Carium / iassense (cipollino rosso) Iasos, Kiykislacik (Milas) Marble coloured by hematite

Troadense Alexandria Troas, Dalyan (Ezine) Quartz-monzonite

Granito Misio Perperene, Kozak (Bergama) Granodiorite

EGYPT & AFRICA

Alabastrites (alabastro cotognino) Hatnub, etc. Travertine / calc-sinter

Claudianum (granito del foro) Mons Claudianus,Gebel Fatira Granodiorite-gneiss

Porphyrites (porfido rosso antico Mons Porphyrites, Gebel Dokhan, Meta-dacite/andesite

Thebaicus (sienite) Aswan Granite

Numidicum (giallo antico) Chemtou, Tunisia Limestone

Greco Scritto Cap de Gard, Algeria Marble

GRAECIA

Carystium (cipollino verde) Carystus, Styra, Eubea Marble coloured by Chlorite

Chium (portasanta) Latomi, Island of Chios Carbonatic breccia

Breccia di Settebasi Island of SKyros Carbonatic Metabreccia

Lacedaemonium (serpentino) Krokea, Peloponnesus Meta-andesite

Lesbium (bigio antico / bigio lumachellato) Moria, Island of Lesbo Marble coloured by graphite

Thessalicum (verde antico) Chasabali, Larisa Ophicarbonatic breccia
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Table 2. The particular coloured marbles used in sites and monuments of Benevento with metrics data.

Name of stone Site/Monuments Dimensions Total or
Estimated

height

Notes

Pavonazzetto Rocca dei Rettori h. 5.00 m;  d. 0.63 m 5.04 m; spiral
Pavonazzetto Rocca dei Rettori h. 5.00 m;  d. 0.63 m 5.04 m; spiral

Cipollino Verde Chiesa S. Sofia h. 3.83 m;  d. 0.48 m 3.84 m;

Bigio Antico Chiesa S. Sofia h. 4.15 m;  d. 0.54 m 4.32 m; n. 2 columns

Granito Troadense Chiesa S. Sofia h. 4.30 m;  d. 0.56 m 4.48 m; n. 6 columns

Pavonazzetto Chiostro Museo del Sannio h. 1.00 m;  d. 0.16 m 1.28 m;

Alabastro cotognino Chiostro Museo del Sannio h. 1.00 m;  d. 0.16 m 1.28 m;

Breccia di Sciro Chiostro Museo del Sannio h. 1.00 m;  d. 0.16 m 1.28 m;

Granito Misio Duomo h. 0.85 m; d. 0.26 m sarcophagus' support

Marmo Tiberiano Duomo h. 0.85 m; d. 0.30 m sarcophagus' support

Pavonazzetto Duomo h. 3.50 m; d. 0.65 m door jamb 

Pavonazzetto Duomo h. 3.50 m; d. 0.65 m door jamb 

Breccia di Sciro Teatro romano h. 0.24 m; d. 0.38 m 3.04 m;

Sienite Minuta Teatro romano h. 0.42 m; d. 0.34 m

Verde Antico Teatro romano h. 0.44 m; d. 0.33 m fluted 

Giallo Antico Teatro romano h. 1.54 m; d. 0.72 m fluted 

Cipollino Verde Teatro romano h. 2.14 m; d. 1.02 m

Africano Teatro romano h. 1.74 m; d. 0.58 m N. Inv.68210

Giallo Antico Teatro romano h. 1.24 m; d. 0.38 m N. Inv.68202 fluted  

Cipollino Verde Chiesa di Sant'Ilario h. 2.06 m; d. 0.59 m thick slab 

Bigio Lumachellato Convento S.Felice h. 0.37 m; d. 0.46 m fluted with quarry
mark 

Broccatellone Convento S.Francesco h. 2.80 m; d. 0.45 m door jamb 

*The data refers only to largest and best preserved column.
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I. INTRODUCTION 

Thermoluminescence (TL) dating of ceramics and 
heated materials is well established [1] but it cannot 
satisfactory solve all the dating problems of building 
archaeology. This technique in fact gives the time elapsed 
since the firing of the ceramics in kiln and the period of 
manufacture of a brick may significantly differ from the 
construction of the structure it belongs to. 

OSL (Optically Stimulated Luminescence) dating of 
mortar in principle could solve this problem. OSL, 
specific for geological sediments, dates the solar 
exposure (solar bleaching) that takes place during 
transportation by wind or water. Not only natural events 
can cause such bleaching: in the case of mortar the 
resetting of the OSL signal may occur when the quartz 
crystals contained in the aggregates are exposed to 
daylight during the mixing and laying of the mortar itself, 
event which happens shortly before the edification. 

However, the probability of complete OSL signal 
resetting in quartz grains extract from mortars may be 
low and the accuracy of luminescence dating can be 
compromised if any latent signal was not completely 
reset. The consequence of such limited light exposure 
will be a mortar made up of a mixture of grains with 
different residual OSL signals. These grains are said to be 
incompletely reset or partially bleached.  

The single-grain dating technique [2] is a procedure 
introduced to circumvent this problem. It consists in 
measuring the dose distribution on a grain-by-grain basis, 
determining the most suitable fraction for analysis and 
allowing the rejection of poorly-zeroed grains. To get this 
result several statistical age models have been developed 
for data analysis.  

In this study, we compare the results obtained applying 
the available models to single-grain dose distributions in 
different earthen mortar samples (Arithmetic Average, 
Central Age Model (CAM), Minimum Age Model 
(MAM) [3], Internal–External Consistency Criterion 
(IEU, [4,5]) and lowest 5% method [6]).  

As a brief reminder, we summarize here the basis on 

 
 

which these dating techniques rely. 
TL and OSL dating techniques (7 Aitken, 1998) allow 

to determine the time elapsed since the last high 
temperature heating experienced by a clay artefact (TL) 
or since the last sunlight exposure experienced by a 
sediment (OSL). They rely on TL or OSL, a physical 
mechanisms exhibited by quartz and feldspars consisting 
in the trapping of electron charges as a consequence of 
the interaction with radiation, and subsequent light 
emission upon heating or illumination with light of 
specific wavelength. These physical phenomena allow to 
measure the amount of energy absorbed (radiation dose) 
by matter as a consequence of the exposure to ionizing 
radiation, and are widely used in dosimetric applications, 
of which dating is just an example. Through the 
measurement of the amount of electron charges stored in 
the minerals present in a ceramic shard and by measuring 
the natural radioactivity field that caused this 
accumulation (i.e., the concentration of U, Th and K of 
ceramics and environment, plus a cosmic rays 
contribution),  two main quantities can be determined: the 
total absorbed dose (Equivalent Dose, De) and the rate at 
which the dose was absorbed (annual dose-rate). The age 
results from the equation: 
 
Age (a) = Equivalent dose (Gy) /Annual Dose-rate (Gy/year) 

II. EXPERIMENTAL 

Ten samples of quartz-rich earthen mortars coming 
from independently dated buildings from northern Italy 
were analyzed. Six of them date back to the XVI sec, the 
others to the XVIII sec. The 180–250 µm quartz fraction 
was selected using the standard procedure [8]. The 
evaluation of De was made with the SAR OSL protocol 
[9]. The OSL measurements were undertaken using a 
Risø TL-DA-20 equipped with a90Sr/90Y beta source 
delivering 0.128 ± 0.004 Gy/s to quartz coarse grains. 
Photons were detected by a bialkali photomultiplier tube 
(EMI 9235QB) coupled to a 7.5mm Hoya U-340 filter 
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(280-380 nm). Single-grain measurements were made 
using a single-grain laser attachment of the Risø system. 
The stimulation source was a 10mW Nd:YVO4 solid-state 
diode-pumped laser emitting at 532 nm, which can be 
focused sequentially on to each of 100 grains mounted on 
a special aluminum sample disc.  

The annual dose rate was indirectly derived from the 
measurement of the radioactivity of the samples. The U 
and Th concentrations were obtained by total alpha 
counting using ZnS scintillator discs assuming a Th/U 
concentration ratio equal to 3.16 [1]. The contribution 
due to 40K content was deduced from the total 
concentration of K obtained by flame photometry. 
Because water absorbed part of the radiation that would 
otherwise reach the sample, the saturation water content 
was evaluate and a water content equal to (90 ± 10)% of 
this value was assumed for all samples, taking into 
account the available information of humidity of the area. 
Attenuation of the beta dose for coarse-grain quartz was 
taken into account [10], as well as the cosmic ray 
contribution to the final dose rate [11]. 

III.  STATISTICAL MODELS 

To estimate the De different approaches were used:  
The simple arithmetic mean and standard deviation.  
The Central Age Model (CAM, [12]) which calculates 

the weighted average including all doses estimates.  
The Minimum Age Model (MAM, [12]): this assumes 

that only a proportion of the measured doses belongs to 
the burial dose distribution and that the remaining dose 
estimates are part of a log-normal distribution truncated 
at the burial dose. 

The un-logged MAM (MAMul). Measured De values 
that are zero or negative (i.e. with errors consistent with 
zero De) are not amenable to the log-based statistical 
models described by Galbraith. Of course, true De values 
cannot be negative, but they may be effectively zero for 
truly modern deposits. One modification in this situation 
would be to apply the minimum age model to the actual 
De estimates and their absolute standard errors, rather 
than to their logarithms and relative standard errors. This 
specifies different distributions for both the true De 
values (truncated normal, rather than truncated log-
normal) and for the measurement errors. Details of such 
‘un-logged’ minimum age models are given by Arnold et 
al. (2009) [13], who successfully applied them to some 
young and modern-age sediments. 

The Internal–External Consistency Criterion (IEU, [14, 
15]) used to identify the lowest normal-dose population; 
this is presumed to be the population of grains most likely 
to have been well-bleached at deposition. 

The lowest 5% De values selection suggested by Olley 
et al. [16]. 

IV.  De ESTIMATION 

The single grain analysis of mortar samples reveals 
that the proportion of grains giving a signal in OSL is 
lower than 24% (Table 1). The grains with aberrant OSL 

characteristics were eliminated [17, 18, 19]. Grains were 
rejected in the following cases: 
i. inability to obtain a De value because there is no 

intersection with the dose response curve 
ii.  recycling ratio error exceeding 25% 
iii.  the error associated with the TN signal was >25% 
iv. the signal was less than 3 sigma above background 

After the application of the above mentioned rejection 
criteria the proportion of grains included in the 
calculation of the average equivalent dose represented 0.7 
and 3.6% of the overall analyzed grains depending on 
each sample (Table 1). The errors associated with the 
individual De values were calculated in Luminescence 
Analyst (Version 4.11) from counting statistics, curve 
fitting and an instrumental reproducibility error of 2.5%. 

The frequency of De reveals a large scatter of values as 
reported in the histograms of De distributions (Fig.1). 
Because of this large dispersion of De, the arithmetic 
mean and the CAM are not appropriate for use in these 
mortar samples (Table 1). The De obtained with these two 
models are in fact higher than expected since partially 
bleached grains are included in the calculation.  

Dose recovery experiments were also performed. The 
samples were bleached using the green laser and they are 
supposed to be completely zeroed. The overdispersion 
(OD) of the samples was calculated according to the 
CAM (Table 2, parameter σ). There is a great difference 
between the overdispersion in the samples used for dose 
recovery tests and in the natural samples: this means that 
not only intrinsic factors contribute to the dispersion of 
equivalent doses in natural samples. Thus, the value of 
the OD deduced from the laboratory experiments is not 
sufficient to explain the variability in the natural dose 
distributions. We could therefore assume that the 
supplementary dispersion in natural samples was due to 
poor bleaching.  

In order to approximate the behavior of the well-
bleached part of the population, we used the value of the 
OD based on dose recovery experiments as an input value 
to calculate the minimum age. Applying the MAM to the 
dose distributions a good agreement with the expected 
dose was obtained only for sample R2; for all the other 
samples De was severely overestimated. Better results 
were obtained with the MAMul, in particular for samples 
dated back to the XVI sec, except the sample R4, whose 
date was underestimated and R6 for which the model did 
not  give reliable results. 

The IEU approach gives results in agreement with the 
expected doses only for R1 and R3 but it is more precise 
than MAMul. The lowest 5% method give good results 
only for samples S1 and S4. 

V. DISCUSSION AND CONCLUSION 

The aim of this study is to explore the most suitable 
methods for equivalent dose estimation for mortars and 
such an investigation requires a set of known age 
samples.  

Single grain dose distributions have been measured for 
all the samples and analyzed using different statistical 
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approaches. Unsurprisingly, those approaches which 
include all dose points in the estimation (simple average 
and CAM) significantly overestimated the expected age. 
This means that not all the quartz grains  received 
sufficient light to fully erase the luminescence signal  
acquired over geological time. Hence, the resetting 
process will result in an  incompletely and 
heterogeneously reset grain mixture. The minimum age 
models are therefore expected  to better evaluate the true 
equivalent dose. Both MAM and MAMun were applied 
and the best results were obtained on the oldest samples 

with the MAMul. It gives reliable results for 4 samples of 
the XVI sec and for only one sample of the XVIII sec.  

Data analysis stressed that the criticality of this 
application is linked to the recent age of the samples. This 
leads to an increased OSL signal-to-noise ratio, which 
accounts for particularly spread standard deviations. Up 
to now the collected data seem to indicate  that there isn’t 
a unique statistical model able to give the expected age 
for incompletely bleached samples. 

 

 
Table 1 .Expected age; measured annual dose rate; expected equivalent dose; number of  measured grains; percentage 

of bright grains; percentage of accepted grains; equivalent dose and data obtained by arithmetic mean;  equivalent 
dose and data obtained  with the central age model  CAM; overdispersion. 

 

Sample Date 
Dose rate 
[mGy / 
year] 

Expected 
De [Gy] 

Measured 
grains 

Bright 
grains 
(%) 

Accepted 
grains 
(%) 

Mean [Gy] Date mean 
De CAM 

[Gy] 
Date CAM OD (%) 

R1 1500 AD 2.09 ± 0.10 1.08 4800 18 1.8 25 ± 3 9950 ± 1430 BC 13.4 ± 2.0 4300 ± 960 BC 98 ± 9 

R2 1500 AD 2.11 ± 0.11 1.09 3800 24 1.3 24 ± 4 9360 ± 1890 BC 10.7 ± 2.5 
3060 ± 1180 

BC 
101 ± 7 

R3 1500 AD 2.35 ± 0.12 1.21 3800 20 1.8 34.1 ± 3.5 12500 ± 1490 BC 22.9 ± 3.2 
7230 ± 1360 

BC 
72 ± 5 

R4 1500 AD 2.30 ± 0.15 1.18 4100 22 2 26.4 ± 2.6 9460 ± 1130 BC 22.0 ± 2.3 
7750 ± 1000 

BC 
103 ± 8 

R5 1500 AD 2.03 ± 0.10 1.05 4200 23 2.6 18.1 ± 1.8 6900 ± 870 BC 12.2 ± 1.3 3990 ± 640 BC 82 ± 5 

R6 1500 AD 2.00 ± 0.10 1.03 4000 19 2.2 13.3 ± 1.6 5500± 900 BC 8.6 ± 0.9 2840 ± 500 BC 85 ± 6 

S1 1775 AD 2.11 ± 0.11 0.51 3200 21 3.6 19.0 ± 2.1 6690 ± 1000 BC 10.6 ± 1.2 3010 ± 570 BC 100 ± 7 

S2 1775 AD 2.18 ± 0.11 0.52 4700 14 0.9 12.7 ± 1.9 3810± 870 BC 9.9 ± 1.7 2530 ± 780 BC 99 ± 5 

S3 1775 AD 2.59 ± 0.13 0.62 4200 15 0.7 18.1 ± 6.7 4970 ± 2390 BC 8.6 ± 2.5 1300 ± 960 BC 
104 ± 

15 

S4 1775 AD 2.61 ± 0.13 0.63 3900 21 1.7 22.6 ± 2.5 6640 ± 960 BC 14.9 ± 2.2 3690 ± 840 BC 105 ± 8 

 
Table2. Expected age; expected equivalent dose; overdispersion calculated with the dose recovery test; equivalent dose 
and date calculated with MAM; equivalent dose and date calculated with MAMul; equivalent dose and date calculated 

with  IEU criterion; equivalent dose and date calculated with lowest 5% method. 
 

Sample Date 
Expected 
 De [Gy] σ [%] 

De MAM 
[Gy]  

De MAMul 
[Gy] 

Date  
MAM ul 

IEU [Gy] Date IEU Lowest 5% Date lowest 5% 

R1 1500 AD 1.08 19 2.0 ± 0.4 1.1 ± 0.2 1490 ± 95 1.07± 0.02 1500 ± 10 0.44 ± 0.20 1800 ± 95 

R2 1500 AD 1.09 20 1.4 ± 0.4 1.1 ± 0.2 1495 ± 95 0.76 ± 0.02 1655 ± 10 0.46 ± 0.09 1800 ± 40 

R3 1500 AD 1.21 29 3.1 ± 0.8 1.1 ± 0.3 1545 ± 130 1.11 ± 0.03 1545 ± 15 0.47 ± 0.28 1815 ± 120 

R4 1500 AD 1.18 20 6.7 ± 1.2 0.4 ± 0.3 1840 ± 130 0.44 ± 0.045 1825 ± 20 0.21 ± 0.06 1925 ± 25 

R5 1500 AD 1.05 52 4.5 ± 1.0 1.0 ± 0.3 1520 ± 150 0.48 ± 0.02 1780 ± 10 0.31 ± 0.20 1860 ± 100 

R6 1500 AD 2.00 24 3.9 ± 0.5 - - 0.64 ± 0.074 1650 ± 40 1.05 ± 0.62 1420 ± 350 

S1 1775 AD 0.51 20 2.1 ± 0.3 1.7 ± 0.2 1210 ± 95 1.28 ± 0.01 1410 ± 5 0.69 ± 0.44 1690 ± 210 

S2 1775 AD 0.52 30 2.5 ± 0.7 0.4 ± 0.4 1830 ± 180 0.33 ± 0.03 1865 ± 15 0.09± 0.05 1970 ± 25 

S3 1775 AD 0.62 20 1.5 ± 0.6 0.9 ± 0.2 1670 ± 75 0.85 ± 0.04 1690 ± 15 0.25 ± 0.03 1920 ± 10 

S4 1775 AD 0.63 20 2.8 ± 0.6 1.0 ± 0.2 1630 ± 75 0.92 ± 0.045 1630 ± 20 0.44 ± 0.20 1845 ± 80 
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Figure 1.Histograms of De distributions for mortar samples R3(a) and S1 (b). 
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In this paper we present the results of residue analyses
carried out on cooking wares from the archaeological
site of Can Gambús-1 (Sabadell, Barcelona). The
analyzed ceramics belong to the Late Antique phases
of the site. Analyses were carried out on sixteen
samples using gas chromatography coupled with mass
spectrometry (GC-MS), in order to investigate the use
of the different ceramic forms and the food habits of
the inhabitants of the village. The results show that
animal and vegetable products were cooked in all the
analyzed pots, pans, small jugs and jar. Wine was
identified in most vessels and was probably used as an
ingredient in the preparation of food. Almost all the
cooking wares show traces of a possible organic
coating of Pinaceae products or beeswax.

Pottery is one of the most common archaeological
artefacts. This material is characterized by the huge
quantity of information that its study offers in the
investigation of cultural, social and economic aspects of
human daily life. One of the most important functions of
ceramic vessels is preparation, cooking, storing and
consumption of food. Since its first application in the
1970s [1], organic residue analysis has proven to be an
important tool to investigate the use of pottery. In fact,
ceramics are porous materials and absorb organic
substances, which survive trapped in the ceramic matrices
like invisible traces for a long time. The application of
chemical analysis allows to identify the substances and
may suggest what ceramics contained, with what they
were coated and which was the use of the different vessel

forms [2, 3, 4, 5, 6].

The study that we present describes the results of organic
residues analysis performed by Gas Chromatography
coupled with Mass Spectrometry (GC-MS) of
archaeological Late Antique ceramics from the site of
Can Gambús-1 (Sabadell, Barcelona, Catalonia, Spain).
The archaeological excavation, directed by J. Roig Buxó
and J.M. Coll Riera between 2003 and 2006, allowed
documenting a rural village, without direct previous
Roman occupation, with a life that spands from the 6th to
the 8th century AD. The settlement is characterised by a
residential area, where structures like huts, built with
perishable materials were present. These structures could
be used both for living and working. Furthermore, a great
number of silos, probably used for storing cereals, was
connected with these structures. There is also a
production area, with a press and some dolia. Finally,
there is a necropolis with more than fifty excavated
graves, which is located in the northern part of the village
and slightly separated from the settlement [7].

Residue analyses were carried out on 16 ceramics, dated
between the 6th and the 8th century AD, in order to
understand the use of the different ceramic forms and the
food habits in this rural settlement during Late Antiquity.
The ceramic forms analysed are the most representative
of the Late Antique ceramic assemblage at the site. In
particular, 7 pots, 4 pans, 1 jar, and 4 small jugs were
selected. The samples were analyzed by gas
chromatography -mass spectrometry. Each sample was
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176



pulverized and subjected to three extractions: the total
lipid extraction and its hydrolysis were carried out
following [8] and the extraction for the identification of
wine markers was carried out following [9]. Samples
were analysed by GC-MS, using a Shimadzu QP2010
chromatograph coupled with a Thermo Scientific ITQ900
mass spectrometer, at the Centres Científics i Tecnològics
of the Universitat de Barcelona (CCiTUB). Peak
assignment was made by comparison with the NIST
library and the published literature.

The results of the analysis show that most of the analysed
ceramics had been used for cooking or heating animal
and vegetable fats.
In particular, in all the pots the presence of burnt traces
suggests that they had been used in contact with the fire.
Furthermore, residues analyses allow the identification of
cholesterol and abundant palmitic (C16:0) and stearic
(C18:0) acids and their MAGs, that are related to animal
origin products [6, 10, 11, 12]. The presence of C15 and
C17 in branched forms indicates that part of the identified
fats derived from ruminant animals (Fig.1) [6, 8, 13, 14].
In one pot, although it is only through GC-C-IRMS
analyses that it is possible to identify the origin of these
animal fats, the presence of relatively abundant C14, along
with short-chain acids, such as C6, C7, C8, C9, C10 and
C12, suggests that dairy products or caprid fats were
cooked [15, 16, 17, 18, 19]. In addition to animal fats, in
one pot there are plant oils, as indicated by the presence
of -sitosterol and short chain acids, among which the C9

is the most abundant [16, 19, 20, 21]. Dehydroabietic
acid, didehydroabietic acid, 7-oxo-dehydroabietic acid
and highly oxidized tricyclic diterpenes were identified in
almost all samples, indicating the presence of Pinaceae
products [22, 23, 24].
Also the 4 small jugs were used for cooking or heating, as
suggested by the presence of burnt traces. The GC-MS
analyses allow the identification of animal lipids [6, 8,
13, 14]. In one of the small jugs, in addition to animal
fats, there are vegetable fats [16, 19, 20, 21], and also
wine, as indicated by succinic and tartaric acids, that are
considered markers of this product [4, 25, 26, 27].
Furthermore, the identification of even long chain acids
with even number of carbons and alcohols (from C22 to
C34) and odd hydrocarbons suggests the presence of
waxes in one small jug [13, 14, 24, 28], while in another
one there are Pinaceae resin markers [22, 23, 24].
As for the pans, residue analyses suggest the presence of
animal fats. Only in one of them, the presence of...
suggests that there could be dairy products or ovicaprids
fats, although it would be necessary isotopic analyses to
confirm the hypothesis. Animal fats were maybe cooked
with plant oils and wine, as suggested by the
identification of these products in two vessels. Also in
two pans residues of Pinaceae resin were detected.
Perhaps, even the jar has been used as a cooking pot,

since burnt traces were observed. Furthermore, the
analyses have identified markers of animal products. This
is an interesting result, because jars are usually associated
to the serving of beverage, such as wine, that has not been
identified.

Fig.1: Chromatogram of the hydrolysis of the total lipid
extract of a pot

Fig.2: Chromatogram of the extraction for the
identification of wine markers of a small jug

In conclusion, residue analyses have allowed recovering
information on the use of Late Antique ceramic vessels
from the site. Within the domestic set, many vessels were
used for cooking purposes, as indicated by the presence
of burnt traces and organic residues in pots and pans, and
even in small jugs and jar. As for food consumption,
animal fats seem the most widespread product, as have
been identified in almost all the analyzed ceramics. The
presence of animal fats in different ceramic forms
probably indicates that they were prepared using different
cooking methods.

Thus, for example, in the pots they were boiled, in pans
they were stewed, and perhaps the small jugs and jar was
used to reheat the boiled stuff before serving. Moreover,
both ruminant and non-ruminant animals were consumed
and also secondary products, as dairy ones.
The integration of the results of the residues analyses
with the archaeozoological study suggests the use of
ruminant and non-ruminant animals for food, with the
prevalence of consumption of ruminant fats, and that the
most common method of cooking was boiled [29].
Animal fats could be seasoned with wine, as its presence
in pots and pans suggests. Finally, residue analyses have
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allowed identifying beeswax and resin and pitch obtained
from the trees of the Pinaceae family. Pinaceae products
and beeswax could have been used as coating to
waterproof the internal surface of the vessels. It is
interesting that these coating products are present in
almost all the pottery vessels.
The results obtained for the site are similar to those
observed in other Late Antique sites in Catalonia, such as
Horts de Can Torras, Castellar del Vallés [30] and in the
Balearic Islands, such as Sa Mesquida, and Can
Muntanyans in Mallorca [31], which were previously
studied.
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I. INTRODUCTION

In the paper we show the results of an archaeological 

and paleonutritional study on finding bones coming 

from the necropolis of Mirabella Eclano, near Avellino 

(South Italy) [1] [2]. 

The social behaviors, diet  and chronological evolution 

of the site has been studied using different methods, 

such as isotopic measurements, stratigraphic and 

context investigation, anthropological analysis. 

The general goal of the research is to gather useful 

information to support and deepen an archaeological 

research able to provide a probable reassemblage of the 

paleoenvironment. Beginning from the knowledge of 

the diet, the study tried to gather information about the 

social organization, possible connections with other 

populations, social and economic organization of 

population. 

 

II. The Site 

Aeclanum is placed in a hilly area of the Sannio Irpino, 

at a height of 372 metres above sea level. It  was, 

together with Abellinum, one of the most important 

places in Campania, during the Roman Age and Late 

Antiquity. This fact is tied up to the proximity of the 

Via Appia, a line of which raced inside the city.  

In 2003, during some emergency excavations, it was 

possible to find the necropolis of San Michele, an area 

of 3000 m² that has given  1200 tombs so far. They are 

placed in regular lines and show a different execution 

and a different state of conservation (showed in the 

figure 1), but all tombs date back to a period of time 

that goes from the 3th century AD to the end of the 6th 

century – beginning of the 7th century AD [1] [2].  

 

 

 
 
Fig. 1. Necropolis of Mirabella Eclano (AV). 
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The oldest frequentation of the city concern the 

northeast area of the necropolis with 478 tombs, this is 

an area that in roman age was placed in a trough 

crossed by a road that on its sides showed the 

subterranean courses of two aqueducts. The graves 

placed in this area were seriously damaged in the early 

middles ages by sacks and constructions and by 

agricultural activity during the modern age. 

The individuals were buried in a supine position 

without stretched legs, while their arms were set down 

in various ways (on a side, on the pubes, crossed on the 

chest, an arm on side and the other arm on the chest), 

the children were set down sideways whit flexed legs. 

In addition, there are several “reduced” tombs, that 

show the bones of the previous occupant set down in 

an orderly manner at the foot of the most recent buried 

body. An alteration or anomaly in the burial procedure 

is due to fleshy parts and clothes decomposition. 

Several tombs gave back some daily objects, 

manufactured articles, clothes, personal adornments 

coins and some nails that belong to possible woody 

coffins (tombs: 34, 37, 83, 329) figures 2, 3, 4. 

The tombs are placed in regular lines crossed by inside 

roads, a sign of a funerary area kept in a orderly 

manner and divided in lots, an area served by the main 

streets and that probably was run by some maintenance 

figures. 

 

 

 

 

 

 

 

 

Fig. 3.  Tomb 357: coffin with flat roof  in tiles 

Fig. 4. Tomb 357: male, adult. 
Fig. 2. Tomb 34: infant 
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III. Material and Methods 

Stable isotopes analysis of human collagen has proven 

to be a reliable method for reconstructing the diet of 

ancient populations (paleodiet), since its early 

appearance in the late seventy’s studies [3, 4]. Isotope 

composition, i.e. stable isotope ratios of carbon (C) and 

nitrogen (N), measured as relative deviation from a 

known standard, is expressed in term of delta notation, 

from now on 
13

C for C, in the Vienna Pee DEE 

belemnite (VPDB) scale, and 
15

N for N, in the Air 

scale. The 
13

C and 
15

N in the body tissues reflect that 

of the consumed food, as first shown in studies about 

animals fed on controlled diet [5, 6] 

 

The finding include 39 human bones and 1 fauna bone 

(equine). Most of them can be associated to some 

parental groups, but it was not possible for all these 

bones to find an anthropological element, such as, age 

and gender, even if it was possible to distinguish in the 

group  24 adults and 10 infants.  

The sample has been chemically treated at the 

UNISA_GrafLab  and later measured at the IRMS 

laboratory of the DISTABIF-SUN, following the 

protocol described below. 

The samples for the analysis were processed to isolate 

the organic phase of the sample (collagen) adopting a 

modified procedure from Longin method [7]. The bone 

surface was abraded to remove contaminants and it was 

pulverized. Each sample was then demineralised in a 

sequence of acid attacks with hydrochloric acid (HCl) 

0.6 M at ambient temperature (20-25°C), interrupted by 

one alkali attack (NaOH 0.1M) 30 minutes long. 

Several rinses with de-ionized water were done after 

each step, before finally oven-drying the samples. For 

collagen quality test, C and N fractions of collagen dry 

mass (C% and N%) were measured by an elemental 

analyser (CN Flash EA 1112, Thermo Scientific, 

Bremen). Samples were retained for isotope analyses 

when extracted collagen achieved a yield higher than 

1% and an atomic C:N ratio between 2.9 and 3.6 [8-

11]. The δ
15

N and δ
13

C values were measured 

concurrently in continuous flow mode by an isotopic 

ratio mass spectrometer (IRMS), a Delta-Plus 

connected via CONFLOW II interface to another Flash 

EA 1112 (Thermo Scientific). The isotopic 

measurements were calibrated based on the 

measurement of standards, aiming to set their values on 

internationally referenced scales (VPDB for C and Air 

for N). The reference materials used for δ15
N analysis 

calibration were IAEA-N-2 (ammonium sulphate, 

δ
15

NAir = 20.3 ± 0.2‰) and IAEA-N-1 (ammonium 

sulphate, δ
15

NAir = 0.4 ± 0.2‰). The reference materials 

used for δ
13

C analysis were IAEA-CH6 (sucrose, 

δ
13

CVPDB = -10.45 ± 0.03 ‰) and IAEA-CH3 

(cellulose, δ
13

CVPDB = -24.72 ± 0.04‰). Typical 

analytical precision evaluated from repeated 

measurements of the same sample is 0.1‰ for δ
13

C and 

0.2‰ for δ
15

N. 

Measurements of the carbon and nitrogen isotopic ratio 

(δ
13

C and δ
15

N) give information about the individual 

diet, in terms of intake of marine and terrestrial 

proteins, herbivorous and carnivorous diet, etc. For 

example, a carnivorous diet, based on terrestrial 

animals (bovine, ovine) has a Carbon isotopic δ
13

C of 

about -25% and a Nitrogen isotopic δ
15

N of about 12 

‰ . 

 

IV.Results 

 

Results of archaeological analysis and isotopic 

measurement are reported in the Table 1, and showed 

in the figure 5. The isotopic analysis on human finds 

shows values quite homogeneous for all individuals, 

with an average  δ
13 

C of - 20,3‰ and a average  δ
15

N 

of 9,3‰. This fact indicates that the examined group 

had a mixed diet, that is compatible with an agro-

pastoral lifestyle 

 

 

 

 

V Conclusion 

A preliminar archaeological and paleonutritional study 

on finding bones coming from the necropolis of 

Mirabella Eclano, near Avellino (South Italy) has been 

performed. 

From isotopic measurements, stratigraphic and context 

investigation, we obtain an indication of a agro-

pastoral lifestyle for the population of this site. 

Future goal of the research is to get a bigger, and more 

affidable, statistical sample of bones in order to better 

correlate paleonutritional study with further 

anthropological and archaeological analysis. In this 

way we will able to obtain  information about the 

social and economic organization of population of the 

Mirabella Eclano site, comparing it with analogues 

result of coeval sites.. 

 

Fig. 5.  Isotopic values of finding bones found in San 

Michele’s necropolis (carbon and nitrogen isitopi 

ratio) 
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Table 1. Results of archaeological analysis and isotopic measurement 
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Abstract – In historical contexts, analyses of carbon 
and nitrogen stable isotopes can be useful to answer 
questions on dietary behavior and to crosscheck 
information, drawn from texts and classical 
archaeological investigations. In this study, we present 
an example of this application to the Roman Imperial 
time at the coastal site of Paestum (southern Italy), 
one of the most important settlements of Magna 
Graecia. Stable isotope analyses of carbon and 
nitrogen were applied to bone collagen extracted from 
human remains from the necropolis of “Porta Sirena” 
in Paestum. The necropolis dates back to the 2nd - 4th 
centuries AD. The hypothesis of fish consumption in 
the diet of this costal population has been tested. This 
study aims also to expand our knowledge on diet in 
Roman Paestum, with particular reference to 
consumers from the sub-elite.  

 I. INTRODUCTION 
Stable isotopes analysis of human collagen has proven to 
be a reliable method for reconstructing the diet of ancient 
populations (paleodiet), since its early appearance in the 
late seventy’s studies [1, 2]. Isotope composition, i.e. 
stable isotope ratios of carbon (C) and nitrogen (N), 
measured as relative deviation from a known standard, is 
expressed in term of delta notation, from now on δ13C for 
C, in the Vienna Pee DEE belemnite (VPDB) scale, and 
δ15N for N, in the Air scale. The  δ13C and δ15N in the 
body tissues reflect that of the consumed food, as first 
shown in studies about animals fed on controlled diet [3, 
4]. Bone collagen, with its turnover rate of around 3% per 
year (for a typical male adult), expresses a representative 
record of an individual’s diet [5], albeit between diet and 
bone collagen there is an offset of 5 ‰ in δ13C and an 
offset of 3‰ in δ15N [6, 7]. Isotopic signatures at the 
origin of a trophic chain characterize the chain itself (for 
example, marine or terrestrial). As these signature vary 
among different trophic chains and it propagates along a 

chain, it offers reliable clues to distinguish whether or not 
an individual belongs to a certain food chain or to a 
certain level of it [8-11]. The increase of δ13C in human 
diet arises mainly as a result of consumption of two types 
of 13C-enriched food. Firstly, marine foods are 
characterized by δ13C values ~7‰ higher than terrestrial 
foods [6]. Secondly, different photosynthetic pathways 
fractionate carbon isotopes differentially, therefore C4 
plants have δ13C values of their tissues about 17‰ higher 
than the corresponding components of C3 plants [12, 13]. 
The most important C4 foods are millet and sorghum in 
Europe, Africa and Asia. Many of the most important 
cultigens such as wheat, barley, and rice are C3 plants. 
Using C isotopes alone these two 13C-enriched sources 
(C4 plants and marine foods) cannot be distinguished 
from one another, nor can be revealed the consumption of 
animal derived protein. Therefore, δ15N on collagen is 
necessary ancillary information. Much of the variation in 
δ15N largely arises as a result of the trophic level effect: 
carnivores have higher δ15Nvalues than herbivores, whom 
they feed on, and the higher is the number of trophic 
levels between a prey and its predator, the larger is the 
difference in their δ15N [11]. The number of trophic 
levels in the marine and aquatic realms is higher than on 
terrestrial (since lower trophic-level carnivorous 
organisms are eaten by higher-level organisms). 
Therefore, the highest δ15N values in humans are 
observed where marine or aquatic foods are important in 
the diet [7]. Humans that consume only terrestrial protein 
sources may have collagen δ13C values of approximately 
–20‰, and δ15N values ranging from +5 to +12‰, while 
humans that consume marine food have collagen δ13C 
values close to –12‰ and δ15N values between +12 and 
+22‰ [14, 15]. Moreover, humans who consume a 
mixture of terrestrial animal and marine protein would 
have isotopic values somewhere between the above end 
points.  
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Generally, in a defined historical context, information 
about foods commonly used in human nutrition is known 
from archaeological investigations and different models 
have been implemented in order to untangle the diet of an 
individual into its different food constituent [16]. But, it 
results more difficult to obtain precise information about 
food consumption as between different social, age and 
gender groups, within a community or region as a whole. 
In this case, stable isotopes analysis can be useful to 
confirm the actual adoption of a certain kind of diet, 
known to be common at a time. 
In particular, historical records or textual references about 
food and diet during the Roman Imperial period explain 
that fish or terrestrial animal meat was reserved just to an 
elite of people [17]. During the last decade, a number of 
publications have addressed this issue, testing historical 
accounts by means of stable isotope analysis, in different 
context in the central and southern Italy. They introduced 
the hypothesis that together with cereals, wine, olive and 
dry legumes also animal proteins could have been part of 
the lower classes diet: pork, sheep and goat meat 
primarily, but also fish when easy accessible for the 
population, i.e at costal sites. For an introduction to the 
food availability and diet during the Roman imperial time 
see Prowse et al., 2004 [17], Killgrove and Tykot, 2013 
[18], and the references therein. Killgrove and Tykot, 
2013 [18] and Rutgers et al., 2009 [19] studied the city of  
Rome itself. The first ones investigated two cemeteries 
just outside the urban walls, Rome-Casal Bertone (2nd-
3rd centuries AD) and Rome-Castellaccio Europarco 
(1st-3rd centuries AD). Rutgers et al., 2009 [19] focused 
their research on Early Christians buried at the cemetery 
of St. Callixtus (3rd to 5th centuries AD). However, 
pioneers in this topic have been Prowse and co-authors 
[17, 20-22], as they extensively investigated the 
behaviours of the population from Portus Romae 
(Trajan’s port, 23 km southwest the city of Rome), who 
was used to bury the corpses in the necropolis of  Isola 
Sacra (1st-3rd centuries). Stable isotope analysis was 
especially used to look into the diet of the population and 
how it varied as function of sex age and status [17, 20] 
and it revealed that the population generally mixed 
terrestrial resources with marine food, consuming marine 
organisms of higher trophic level more than the famous 
garum, a fish sauce typical of the elite Roman diet. The 
nearby inland cemetery, named ANAS, was originally 
intended as reference site for terrestrial based diet. 
However, final evidences showed that it had been 
occupied by two different clusters of individuals, 
identified for their similarity to Isola Sacra individuals, as 
one group belonging to the inland site, and another one 
with individuals that possibly migrated from a coastal 
zone (ANAS 1 and ANAS 2, respectively for our 
reference) [17]. Craig et al. [23] moved their research 
southern and they explored the dietary habits at the 
coastal sites of Velia. By means of cluster analysis, they 

revealed that the majority of the population from the 
Velia necropolis had a diet high in cereals and relatively 
lower in meat, but they found a group which had 
consumed more meat and also fish, especially high 
trophic level fish (Velia 1 and Velia 2, respectively for 
our reference). About 30 km to the north of Velia, during 
the excavations conducted in the area of “Porta Sirena” at 
Paestum (Salerno, Italy), graves belonging to the Roman 
Imperial Period came to light. The human remains were 
studied with an anthropological approach, according to 
the standards of the funerary archaeology [24] and they 
have been processed for isotope analysis. 
In this study, carbon and nitrogen isotope analyses 
applied to the human remains of the necropolis of “Porta 
Sirena” in Paestum are presented. Primarily, this 
investigation has aimed to verify the hypothesis of 
presence of fish in the diet at this shore site during the 
Roman Imperial time, especially by comparing coeval 
sites. Furthermore, since more studies on this topic have 
been invoked as desirable (see for example Killgrove et 
al. 2013 [18]), this work is expected to generally 
contribute to the knowledge on average lower class diet 
from this time, which is complex and variable in its 
distribution among different kind of people and different 
territories. 
 

 
 

Fig.1 a. Map of south of Italy with the location of the 
necropolis of “Porta Sirena” at Paestum and the coeval 

sites considered in the text. The necropolis of Velia is 
located to the south of Paestum, while to the north, near 
Rome, on the coast, the cemetery of Isola Sacra. Casa 
Bertone, Castellaccio Europarco and St Callisto, just 

outside the city walls of Rome, are too close to Rome be 
distinguished at this scale. b. Location of the necropolis 
of “Porta Sirena”, outside the ancient walls of Paestum. 
 

 II. EXPERIMENTAL, MATERIALS AND METHODS 

A. Site description 
 
The area of the excavation is located along North-South 
direction of “Porta Sirena” (figure 1), while the eastern 
and western limits of the zone of operation are 
respectively represented by the modern road and the 
walls. The area has been divided into different sectors. 
The excavation of the necropolis, whose tombs are 
located at about 10-15 cm depth, have so far returned 73 
burials, numbered from 21 to 95 (t21 to t95) (figure 1b). 
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According to their stratigraphy and the archaeological 
analysis of the grave goods, the interments have been 
attributed to a period spanning from the 2th to the 4th 
centuries AD. 

B. Paleodiet analysis 
 
For the scope of this study, 23 out of 73 discovered 
graves have been sampled for paleodiet analysis. The 
choice fell on those graves where the human remains 
were better preserved, preferring those among them who 
by inhumation and grave goods were more 
heterogeneous, in order to be as more representative as 
possible of the whole interred population of the cemetery. 
The graves in amphorae, were excluded from this study, 
as they were usually used for very young corpses. Long 
bones, when available, have been preferred to the others, 
in order to obtain information about lifelong habits of the 
sampled individuals, and, when possible, the same 
skeletal element has been chosen for all the individuals, 
in order to minimize the influence arising from sampling 
different kind of bones. The list of the sampled bones is 
reported in table 1. Faunal remains were rare and not 
properly preserved for classification, for reference 
purposes two teeth of two different herbivores (possibly a 
cow and a goat) have been collected at the site, being 
coeval with the human individuals under investigation.  
The samples for the analysis were processed to isolate the 
organic phase of the sample (collagen) adopting a 
modified procedure from Longin method (1971) [25]. A 
fragment of the sample was selected from each specimen. 
The bone surface was abraded to remove contaminants 
and it was pulverized. Each sample was then placed in 
polypropylene test tubes and demineralised in a sequence 
of acid attacks with hydrochloric acid (HCl) 0.6 M at 
ambient temperature (20-25°C), interrupted by one alkali 
attack (NaOH 0.1M) 30 minutes long. Several rinses with 
de-ionized water were done after each step, before finally 
oven-drying the samples. For collagen quality test, C and 
N fractions of collagen dry mass (C% and N%) were 
measured by an elemental analyser (CN Flash EA 1112, 
Thermo Scientific, Bremen). Samples were retained for 
isotope analyses when extracted collagen achieved a yield 
higher than 1% and an atomic C:N ratio between 2.9 and 
3.6 [26-29]. The δ15N and δ13C values were measured 
concurrently in continuous flow mode by an isotopic ratio 
mass spectrometer (IRMS), a Delta-Plus connected via 
CONFLOW II interface to another Flash EA 1112 
(Thermo Scientific). Samples were analysed according to 
the method first described by Preston and Ovens 1985 
[30] that is: burned in a single EA red-ox reactor held at 
1020°C. The isotopic measurements were calibrated 
based on the measurement of standards, aiming to set 
their values on internationally referenced scales (VPDB 
for C and Air for N) [31]. The analyses were conducted 
in blocks of 12 samples, maximum. Between one block 

and the next one, three different reference materials were 
measured: two, used to calibrate the measurement and the 
last one used to evaluate the proper conduct of the 
analysis (target) and the repeatability of the measurement 
itself. The reference materials used for δ15N analysis 
calibration were IAEA-N-2 (ammonium sulphate, δ15NAir 
= 20.3 ± 0.2‰) and IAEA-N-1 (ammonium sulphate, 
δ15NAir = 0.4 ± 0.2‰) [32]. The reference materials used 
for δ13C analysis were IAEA-CH6 (sucrose, δ13CVPDB = -
10.45 ± 0.03 ‰) and IAEA-CH3 (cellulose, δ13CVPDB = -
24.72 ± 0.04‰) [33]. Typical analytical precision 
evaluated from repeated measurements of the same 
sample is 0.1‰ for δ13C and 0.2‰ for δ15N.  
 

 

 
 

Fig.2 δ13C and δ15N values for humans (squares) and 
herbivorous fauna (triangles) from Paestum compared 

with fauna from coeval costal sites of Isola Sacra 
(circles) and Velia (diamonds), average values with 
standard deviation. The individuals t82 and t83 are 

possibly mother and her breast feeding baby. 
 

 
 

Fig.3δ13C and δ15N bi-variate plot with the comparison 
between Paestum and other coeval sites (average values 

with standard deviation). Isola Sacra (empty dark 
triangle), ANAS2 (empty light gray triangle) and Velia 2 
(empty diamond) have been grouped to identify them as 

“fish eaters”. Velia1 (full diamond) and ANAS1 (full 
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triangle) are indicated as “non fish eaters”. Circles 
represent the mean values from the cemeteries belonging 
to the city of Rome. Error bars are standard deviations. 

 

 
Tab.1 Isotopic values and collagen quality indicators of 
human bone and fauna’s teeth samples from the 
necropolis “Porto Sirena” of Paestum.  

 III. RESULTS AND DISCUSSION 
The results of the isotopic analysis are shown in Table 1 
as δ13C and δ15N, together with collagen quality 
indicators (C/N, collagen yield). The general state of 
preservation of the sampled bones has been acceptable. 
Testing the quality of collagen extracted assures the 
absence of potential contamination effects. From the 
results obtained, all the samples were retained for 
analysis, presenting yields above 1% and C/N values 
spanning from 3.0 to 3.3 [26-29]. Anthropological 
assessments are not covered by this study; but it is 
important to consider that the grave goods found in the 
site were in no case valuable or interesting, confirming 
the absence of any elite member of the community 
interred in this necropolis. 
Figure 2 represents the δ13C and δ15N bi-variate plot 
which finally allows considerations on the dietary habits. 
All the results from the necropolis of “Porta Sirena” in 
Paestum are plotted as compared to the faunal remains, 
the ones found at the same site (triangles) and the fauna 
collected at the coeval sites of Velia (diamonds) [23] and 
Isola Sacra (circles) [17], in particular pigs and 
herbivores. The isotopic composition of the two fauna 
samples from Paestum falls well within the variability 

shown by the coeval fauna from the other sites, both Isola 
Sacra and Velia. 
Coming to humans, the collagen extracted from the bone 
sampled in the tomb t83 has given delta values clearly 
very different from those found for other samples. The 
bone fragments extracted from tomb t83 have been 
attributed to an individual younger than 1 year, an infant, 
i.e. a breast-feeding baby. Breastfeeding individuals can 
be considered “consumers” of their mother’s tissues, 
therefore occupying a higher trophic level than the adults 
and the weaned children. A 15N enrichment of about +2 
and +3‰ and a 13C enrichment of about 1‰ are typical 
for this trophic shift [34, 35]. This δ13C and δ 15N offset 
pattern is consistent with what we find for this individual 
t83. Being t.83 a child early in life, it is very likely that 
the individual laying in the same grave (t82) might have 
been his/her mother. They differ from each other of 1.9 
‰ on the δ13C scale and of 3.2 ‰ on the δ15N scale, 
which is a result that could indicate the trophic shift 
mother-baby. But this can only be confirmed in response 
to anthropological analysis (i.e. individuals sex).  
If we exclude the sample belonging to the tomb t83, all 
the δ13C and δ15N values are included respectively in the 
ranges [-20.9‰, -18.5‰] and [+7.1‰, +9.4‰]. 
According to these result, the diet of the Paestum 
population buried at the necropolis of “Porta Sirena” can 
be defined as mainly agricultural-pastoral (although one 
can not rule out a small (<20%) fish consumption), 
confirming the indications known from independent 
archaeological studies [24]. The values obtained, in fact, 
are consistent with a diet based on the consumption of C3 
plants, characteristics of temperate climates, with 
addition of meat as confirmed by the fact that the average 
of human population (excluding t83) is about 2.4 ‰ and 
of 3.1 ‰ higher than herbivores samples on the δ13C and 
the δ15N scale, respectively.  
Figure 3 compares the results from Paestum with those 
from the coeval sites from the central and south of Italy 
shown for their location on the map of figure 1. Velia is 
the closest site and it has been the largest investigated site 
together with Isola Sacra, in term of analysed individuals. 
In their extensive investigations Craig et al. (2009) [23] 
for Velia (diamonds) and Prowse et al. (2004) [17] for 
Isola Sacra (triangles) have been able to distinguish 
among groups of the population, which had different 
consume of meat and, especially, of fish in their diet. 
Here we refer to these categories to further interpret the 
results of the smaller population sampled at Paestum. The 
groups which very likely introduced fish in their diets 
have been here defined for simplicity “fish eaters” (Isola 
Sacra, ANAS 2 and Velia 2), the others have been named 
“non fish eaters” (Velia1, ANAS1).  Fish eaters at Velia 
belongs to a small group of 17 individuals (Velia 2, 
empty symbols), while all individuals from Isola Sacra 
are thought to introduce to some extent marine food in 
their diets. In the original study, Isola Sacra samples were 

Sample C/N δ13C 
(‰VPDB) 

δ15N 
(‰AIR) 

Collagen 
yield 

Herbivorous d1 3.3 -21.9 4.7 3.1% 
Herbivorous d2 3.3 -22.1 5.1 1.9% 

t24 3.1 -19.0 7.8 2.4% 
t26 3.0 -19.5 7.6 3.6% 
t34 3.0 -19.3 8.5 2.7% 
t38 3.1 -20.9 7.6 2.9% 
t46 3.3 -20.5 7.1 1.6% 
t47 3.0 -19.4 7.9 1.5% 
t53 3.1 -19.1 7.8 2.6% 
t58 3.0 -19.0 7.9 2.5% 
t64 3.0 -18.5 8.2 4.7% 
t65 3.1 -20.4 7.4 3.9% 
t68 3.0 -18.5 9.4 3.9% 
t69 3.1 -19.5 8.5 1.6% 
t70 3.0 -18.8 8.1 3.1% 
t72 3.0 -19.4 7.9 1.2% 
t76 3.0 -20.1 7.6 2.4% 
t77 3.0 -20.0 7.8 3.1% 
t80 3.0 -19.0 7.5 1.0% 
t81 3.1 -19.6 8.0 1.8% 
t82 3.1 -20.3 8.2 1.0% 
t83 3.1 -18.4 11.4 2.6% 
t84 3.0 -19.9 8.8 3.2% 
t85 3.0 -20.6 8.4 2.7% 
t86 3.0 -19.3 8.4 3.2% 
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compared with individuals buried in a nearby inland 
place named ANAS (triangle). In the ANAS cemetery 
just a subset of inhumed individuals was identified with a 
terrestrial diet (ANAS 1, full symbols), the rest was 
formed by costal immigrant or seafarers (ANAS 2, full 
symbols). The δ 13C and δ15N of human individuals found 
at the necropolis of “Porta Sirena” in Paestum averaged 
(excluding t83) -19.6‰ (s = 0.7‰, n=22) and +8.0 ‰ (s 
= 0.5‰, n=22), respectively. On the one hand, the mean 
δ13C of the fish eaters group is -18.9‰ (s=0.4‰, n=126) 
and the mean δ15N is +10.9 ‰ (s=1.2‰, n=125). These 
values are significantly higher than the values found at 
Paestum (two-sample t-test, p < 0.001; t=4.7 for the 
difference in δ13C, t=18.9 for the difference in δ 15N). On 
the other hand, the human individuals found at the 
necropolis of “Porta Sirena” in Paestum show 
unequivocal analogy with the group identified as non fish 
eaters, mainly coming from Velia, whose mean δ13C is -
19.5 ‰ (s=0.2‰, n=106) and δ 15N is +8.2‰ (s=0.7‰, 
n=106), suggesting that these individuals had a negligible 
or no use of sea food in their diets (two-sample t-test, p < 
0.001; t=0.6 for the difference in δ13C, t=1.3 for the 
difference in δ15N). However, it remains the hypothesis 
that “Porto Sirena” population could eat fish in a minor 
amount respect to other food, because marine protein 
could represent up to 20% of total dietary protein without 
any appreciable change in 13C values and consuming low 
trophic level marine resources (e.g. garum) could not 
change significantly 15N signal [17].  
A third subset of three sites belongs to the city of Rome: 
two cemeteries just outside the urban walls, Rome-Casal 
Bertone (2nd-3rd centuries AD) and Rome-Castellaccio 
Europarco (1st-3rd centuries AD) and the Early Christian 
cemetery of St. Callixtus (3rd to 5th centuries AD). 
Results of the dietary analysis from periurban Casal 
Bertone and suburban Castellaccio Europarco showed 
evidences that individuals living closer to the city of 
Rome were consuming some aquatic resources, those in 
the suburbium made greater use of millet [18], as could 
possibly have done some of the individuals buried at 
Paestum showing higher δ13C values. The access to 
aquatic resources of Tiber, instead, were used by Rutgers 
and colleagues (2009) to interpret the comparatively low 
δ13C values as related to freshwater fish consumption. 
Beyond this, there is to be noted that the intra-site and 
inter-site variability existed in the diet of the common 
people during the Roman Imperial period, Paestum 
population, however, does not show signs of this 
complexity, appearing as a simple rural community, in 
accordance with the classical paradigm that fish or 
terrestrial animal meat was reserved to elite people, even 
when sea resources were so close in space. However, we 
could not bring any evidences of variability of the dietary 
behavior according to any hierarchical or social status in 
Paestum. In addition, no particular status distinction 
among the inhumed individuals was found at the site, as 

testified, for example, by the kind of tombs and the 
simple grave goods, found in that.  

 IV. CONCLUSIONS 
This work has confirmed that isotopic techniques can 
integrate classical archaeological investigations to 
improve the knowledge of diet in Imperial Roman 
Paestum. As matter of fact, archaeological study allows 
to place the site chronologically, identifying analogies 
with the contemporary and vicinal necropolis of Velia, 
especially with respect to homogeneity in the poverty of 
the materials and rituals of burial. The isotopic analysis 
outlines uniformity even in the diet, identifying a typical 
agricultural-pastoral diet, although one can not rule out a 
small (<20%) fish consumption. We can therefore assume 
a homogeneous social structure, based on a 
predominantly rural economy, where, despite its 
proximity, the sea seems not be regarded as a source of 
food, maybe because it was still not easily accessible. 
While showing analogies with the coeval and close by 
site of Velia, isotope analysis revealed also many 
differences with the city of Rome and its nearby coast.  
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Abstract – The mineralogical composition and the 

microstructural features of ceramics in north-western 

Sardinia were examined in order to establish the 

provenance of the raw material employed during a 

vast time span and to elucidate some firing conditions 

(temperatures) that prevailed in ancient kilns. Local 

marly clays have been sampled and used as raw 

material for ceramic pastes, assembled in laboratory 

and then fired at different temperatures. The 

comparison of petrographic and mineralogical 

features between the simulated samples and some 

ancient ceramics has proved that the marly-clayey 

layers of the Langhian formation known as “Marne di 

Borutta” were the basis of paste for both local 

brickworks of roman age and fine pottery production 

from the middle age to the early modern age. 

 I. INTRODUCTION 

The petrographic and mineralogical feature of the clays is 

the simplest tool for tracing the provenance of pottery or 

tiles. In this way the goal of outlining the trade-paths of 

different goods associated to ceramic items is simplified. 

Mineral and rock inclusions within a paste are straight 

indicators of the geology of the region where the source 

area of the ceramics is located. This is especially true 

when one considers that potters couldn’t effort the 

carriage of raw materials over long distances. Conversely 

ceramic products have no distance limits to their 

transporting. For this reason most tiles of roman villas  

and, a fortiori, fine ceramics of middle age dug in several 

sites of north-western Sardinia revealed oversea 

importations.  

Some ceramic artifacts coming from two different aged 

archaeological contexts in Sassari and surroundings drew 

our attention: bricks and fine pottery, both showing light 

colored pastes like those usually made with marly clays. 

The bricks come from the Roman Villa of Santa Filitica, 

located on the shore of the Asinara Gulf; the pottery 

remains were dug in the Medieval Castle of Sassari, 

located in the high part of the walled town. 

 Mineralogical and petrographic analyses were carried out 

on both these, so different, artifacts with the aim of 

verifying their provenance and documenting the possible 

exploitation of a local raw material during a long lasting 

phase. The local “Borutta Formation” of Langhian age [1] 

was identified as possible as raw material [2], hence 

experimental tests were performed in order to corroborate 

the suitability of this marly formation for the production 

of both fine ceramics and tiles under different firing 

conditions. 

 II. THE SITES AND THE CLAYS 

The Roman Villa of Santa Filitica (Fig. 1) is located at 

the eastern edge of a wide fertile plain characterized by 

Miocene-aged carbonate rocks, mostly Langhian marls, 

and siliciclastic sediments.  

 

 
Fig. 1. Aerial view of the complex of Santa Filitica. 
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A volcanic relief, consisting of andesite, pyroclastic and 

epiclastic rocks, locally altered into smectite, bound the 

plain. The Villa was abandoned by the end of the fifth 

century AD to the beginning of the sixth century AD. The 

settlement of a new community took place in the sixth 

century, reusing the Villa for both dwelling and local 

craft productions [3].  The site was involved in trades 

paths by roman time to early middle age for it lying on 

the road to Tibula, the roman town facing Corsica. 

 The Medieval Castle of Sassari (Figs. 2-3) dominated the 

old town, which is situated on a calcareous plateau tilted 

seaward (i.e. to the north west). This surface is carved by 

cataclinal streams; in the bottom of these incisions and on 

the northwestern boundary of the town the "Borutta 

Formation" is exposed beneath the limestone.  

 

 
Fig. 2. Press of the Medieval Castle. 

 

 
Fig. 3. The excavations of the Medieval Castle. 

 

This stratigraphic unit, Langhian in age, outcrops in both 

the sites and consists of marly layers with a good clay 

component (up to 70% and more when weathered) in 

alternation with marly-limestone beds. Fossils are 

abundant, including planctonic foraminifera. Muscovite, 

quartz and feldspars represent the fine sandy component 

coming from the dismantling of the Variscan basement 

(Fig. 4). 

 

 
Fig. 4. Geological map of the study area [4, modified]. 

 III. MATERIALS AND METHODS 

Observations on thin sections through optical 

microscopy (OM) have been carried out on 63 samples in 

order to characterize the microstructure and the 

morphology of the pastes and microfossil relics. The 

crystalline phases of the pastes have also been analyzed 

by means of X-ray diffraction (XRD). 

Nineteen samples, containing 13 bricks and 6 pastes 

artificially obtained from two different clays collected in 

two outcrops (named PF and SM, respectively - Fig. 5) 

close to Santa Filitica, have been selected for the study of 

bricks. 

 

 
Fig. 5. SM outcrop. 

 

Forty-four samples, containing 7 spacers, 9 painted open 

shapes, 3 uncoated open form (Fig. 6) and 25 simulated 

pastes (Fig. 7) obtained from five different clays (CP1-

CP5) collected in two outcrops in Sassari, have been 

selected for the study of fine pottery.  
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Fig. 6. Ceramic findings from the Medieval Castle of 

Sassari: a spacer and some sherds of polychrome 

majolica. 

 

The experimental production of the ceramic tests was 

carried out with an electric muffle with automatic control 

of temperature from 600 °C to 900 °C. 

 

 

Fig. 7 Simulated pastes before firing (A) and after firing 

at 600 °C (B), 700 °C (C), 800 °C (D), 850 °C (E), 900°C 

(F). 

 IV. RESULTS 

Bricks from the Roman Villa of Santa Filitica  

Tiles and bricks at Santa Filitica were largely used in 

vaults, cisterns and other architectonic elements. The 

analyzed samples (Fig. 8) derive from loose fragments 

collected around the Villa, avoiding direct sampling on 

walls and artifacts where some bricks are affected by 

decay in the form of exfoliation. All the samples show a 

prevalent yellowish color.  

 

 
Fig. 8. Ceramic finding from the Roman Villa of Santa 

Filitica: a brick fragment. 

 

Under thin section they exhibit a moderately birifrangent 

paste. The inclusions, in order of abundance, are: single 

minerals, rock fragments, fossil debris and single 

foraminifera (Fig. 9A) mostly of orbulinae. Quartz is the 

most abundant phase, followed by muscovite, plagioclase 

of andesine composition, detrital augite (Fig. 9B) - the 

occurrence of which allowed subdividing the samples 

into two groups - and K-feldspar. Rounded grains of 

quartz and, in some case, feldspars can be referred to the 

addition of temper, possibly from the aeolian sands from 

the neighboring dunes.  

 

  
Fig. 9. Microphotographs of thin section of the analysed 

pottery. A) II Nicols: particular of globigerinae.  

B) X Nicols:  particular of augite. 

 

XRPD analyses of the archaeological fragments 

confirmed the mineralogical composition observed in 

OM and revealed the presence of smectite in the group 

without augite; gehlenite (Ca2Al2SiO7) as new-formed 

phase characterizes all the samples while analcime 

(NaAl(SiO3)2) was observed in the samples with augite.  

The simulated pastes were obtained from marly clays 

collected in two outcrops: PF consisting of a marly layer 

along the Perda de Fogu river and SM consisting of a 

marly layer close to San Michele valley. The pastes from 

these samples, after firing at 650 °C showed quite similar 

fabric and composition each other, except for the 

presence of augite; the color after firing is comparable to 

that of the bricks and tiles; the pastes show similar 

birefringence and occurrence of similar fossils. 

Conversely, the XRPD patterns of the samples PF and 

SM after firing at 900 °C are quite different each other: 

PF samples revealed the presence of gehlenite, 

portlandite (Ca(OH)2), and larnite (Ca2SiO4) as secondary 
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phases (Fig. 10A) while SM samples revealed the 

presence of only gehlenite and portlandite (Fig. 10B). 

 

 

 
Fig. 10. XRPD patterns. A) comparison between 

archaeological augite-with bricks and simulated pastes 

from PF outcrop; B) comparison between archaeological 

augite-free bricks and simulated pastes from SM outcrop. 

Legend: A= Analcime; Au= Augite; C= Calcite; F= 

Feldspars; G= Gehlenite;. He; Hematite; L= Larnite; 

M= Mica; P= Portlandite; Q= Quartz; Sm= Smectite. 

 

Majolica from the Medieval Castle of Sassari 

The fragments of fine ceramics show small variations in 

composition and texture. They are characterized by a very 

fine and isotropic, or mildly anisotropic, marly 

groundmass. The inclusions are essentially single 

minerals with prevailing quartz, K-feldspars, plagioclase, 

muscovite and rare augite and opaques. Fossils, mainly 

globigerinae and orbulianae (Fig. 11).  

 

  
Fig. 11. MO images of sherds from different  artifacts. 

 

XRPD analyses of the archaeological sherds revealed the 

presence of gehlenite, analcime, diopside and sometimes 

traces of larnite  as secondary phases.  

The pastes for the simulation were prepared from marly 

levels of the “Borutta Formation”: CP1 and CP2 come 

from an outcrop around the old church of San Pietro; 

CP3, CP4 and CP5 come from a trench dug to access in 

the basement of our Department. All the simulated pastes 

after firing from 700 °C to 900 °C showed quite similar 

fabric, apart one sample, which revealed an excess of 

bioclastic material (Fig 12).  

 

 
Fig. 12. Microphotograph image of the foraminiferae-

rich paste. II Nicols. 

 

Among the experimental briquettes those that best fit the 

majolica sherds are those fired at 900 °C. In thin section 

these revealed a quasi-isotropic groundmass with 

inclusion (smaller than that of the majolica sherds) 

represented by single minerals with prevailing quartz, 

sporadic muscovite and few feldspars. The bioclastic 

component - relatively high in the same paste fired at 600 

°C – is almost absent due to the decarbonation of calcite. 

Only some ghosts of globigerinae are still discernable. 

The XRPD patterns after firing at 900°C revealed the 

presence of gehlenite, diopside, lime, spurrite 

(Ca5CO3(SiO4)2) and larnite (Fig. 13). 

 

 
Fig. 13. XRPD pattern: comparison between 

archaeological and artificial pastes before firing and 

after firing. Legend: A= Analcime; C= Calcite; Ch= 

Chlorite; D= Dolomite; Di= Diopside; F= Feldspars; 

G= Gehlenite; L= Larnite; Li= Lime; M= Mica; Q= 

Quartz; S= Spurrite. 
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 V. CONCLUSIONS 

The research  allow ascertaining the occurrence of a clay 

in the Sassari area, which resulted suitable for both tailing 

and pottery as fine as majolica. In details the 

investigations and the experiments leads to the followings 

evidences: 

i) The petrographic, textural and mineralogical analyses 

suggested that the local marly-clay layers of the Borutta 

Formation, at different stage of weathering, was utilized 

for the production of the pale-straw coloured bricks from 

Santa Filitica and for the production of the fine whitish 

pottery from the excavations of the Castle in Sassari; 

ii) The firing experiment, beside the textural matching 

between the experimental briquettes and archaeological 

findings, ascertained that this raw material is especially 

suitable for bricks production as an amount of 10-20% of 

Ca-carbonate improves the porosity;  

iii) Some simulated ceramics show an excess of CaCO3, 

as testified by the occurrence of spurrite and lime [5]. 

This excess characterizes some bricks but is missing in 

the majolica, suggesting that potters were able to process 

the marly clay in order lowering the carbonate content; 

iv) The temperature of firing approached 850 °C for the 

bricks as testified by the occurrence gehlenite, and was 

possibly higher than 900 °C in the faience kilns for the 

occurrence in some samples of new-formed diopside;  

v) Whether the presence of analcime is due to high firing 

temperature (greater than 900 °C) or to secondary 

alteration after burying of the sherds is to be established. 

In fact, in a wet landfill, some elements such as 

potassium could have been leached, and analcime could 

have formed, due to sodium scavenging by the 

environment [6] . 
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Abstract – The fieldwork of the weighing metrology 

studies faces issues concerning the conservation of the 

artefact. More specifically for the European 

Protohistory, for which the metrological standards and 

systems are not identified by the texts, the weights 

studies leave out the broken ones, difficult to integrate. 

The method presented here is intended to remedy this 

issue proposing a way to calculate the volume of an 

object with a non-intrusive measurement and 

permitting later a numerical restitution of the 

morphology and mass of the original object. 

 

 

 

I. INTRODUCTION 

 
This work is included in the bigger fieldwork of my PhD 

thesis, treating about the weighing instruments in Western 

Europe during the Metal Ages. Concerning the metrology 

studies, this chrono-geographical area is, on the one hand, 

characterized by a heterogeneous state of the art, and on 

the other hand, it is particularly favorable to this kind of 

study because of the great number of social and economic 

network implanted inside it.  

To be more specific, we identify weights and scales from 

the Late Bronze Age to the end of the Iron Age but without 

a clearly line of apparition and development in time and 

space. Without a global and diachronic analysis, it remains 

impossible to explain if this lack is the consequence of the 

state of the scientific research or by human implications 

dated from the concerned periods. The studies of Metal 

Ages weights, identified since the beginning of the 20th 

century, permits to dress a summarized typology for the 

Western Europe [1]. 

 

In this domain, the Iberian Peninsula is the well-studied 

area, from the Late Bronze Age to the Roman Period. An 

original type of weight, presented as a cylindroid piece of 

copper alloy or lead, perforated in its center, is identified 

since the 30’s [2]. During the next decades, many authors 

worked on the subject and, particularly, on the 

metrological aspect of this artefacts. Indeed, the weights 

have the particularity to be interesting in their typological 

aspects but also, and maybe especially, by the metrological 

data they contain. Nevertheless, as all the archaeological 

artefacts, they suffer the ravages of the time. If the 

typological aspects remains accessible, the metrological 

ones are partially or completely lost. Furthermore, since 

the first study of Iberian weights, the archaeologists bring 

to light the adjustment of some weights, by the cutting or 

the secondary adjunction of metal. Always for the Iberian 

Peninsula, this question was well-studied by Ignacio Grau 

Mira and Jésus Moratalla Jávega [3]. 

 

All this elements imply that a part of the data is still 

inaccessible for metrological studies. Solutions exist to 

determine the lack of an artefact, by the reconstruction of 

an entire model, generally with plastic material as 

Plasticine. Nevertheless, this process is long and 

necessitates an important manipulation of the 

archaeological object during the impression-taking [4][5]. 

For this reason, it is hardly applicable to all the pieces and 

it doesn’t permit the mass determination of an additive 

metal in the cases of mass adjustment. 

 

Through this paper, I will propose an alternative method to 

measure the volume of an object, faster than the creation 

of material model and necessitating the minimal 

manipulations possible. This method is based on the use of 

photogrammetry, combining to a “mesh builder” software.  

 

 

 

Fig. 1. A copper-alloy weight with its perforation 

filled with lead and a broken lead weight. Alcudia de 

Elche (Spain). 
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II. PHOTOGRAMMETRY APPLIED TO 

VOLUME MEASUREMENT 
 

A. The photogrammetry and its uses in Archaeology 

 

By this own name, the photogrammetry imply a 

measurement process. It is defined by the Collins 

dictionary as: “the process of making measurements from 

photographs” and by the Larousse as: “Ensemble des 

techniques qui permettent de determiner la forme, les 

dimensions, la position dans l’espace d’un objet à partir de 

photograhies.” It is a process as old as the photography 

itself, used since the middle of 19th c. to the cartography 

and military applications, particularly after aerials pictures 

[6]. The photogrammetry consists of giving 3D properties 

to an object derived from 2D images, using principles of 

trigonometry to relying photographs taken from different 

locations and determine 3D location of points of interests. 

With the development of computing since the 60’s, then 

the introduction of digital photographs during the 90’s, the 

photogrammetry became a semi-automatic or automatic 

process, through computational solutions and the use of 

specific algorithms [7]. In most cases, mainly for aerial 

photogrammetry, the models obtained are not a complete 

3D but only convex surfaces [8]. 

 

Recently, the photogrammetry and especially its digital 

applications became particularly appreciated by 

archaeologist as a new way to register archaeological 

heritage. Indeed, it is increasingly considered as a more 

precise and global system in comparison to the traditional 

2D ways of registration. Thus, it is adopted as a privileged 

tool for underwater archaeology [9], aerial archaeology 

[10] but also for the diary in-field documentation [7]. 

 

B. Measuring by photogrammetry 

 

If the use of photogrammetry for the distances measuring 

or areas is becoming common, its logical application on 

volume measurement is, for now, rare, at least in 

archaeology. One reason to explain this lack is the 

difficulty to obtain a complete 3D model of an artefact. 

Indeed, it implies to take pictures of the entire subject, on 

its both sides, this is to say moving it after taking 

photographs of the first side. Nevertheless, as we will see, 

it is possible to obtain good results even with this issue. 

 

As we explained, the photogrammetry is, by nature, a way 

of measurement. However, the 3D model obtained, with 

digital photogrammetry like here, only has relative 

metrological properties. In this way, the steps of 

measurement, whatever they are, need a phase of scaling, 

this to say attributing metric data to the model. For this, it 

is obligatory to observe a subject in the model for which 

the lengths are known. Indeed, a model obtained by 

photogrammetry and not scaled is as useless as a map 

without scale. In practical terms, this implies to place a 

field scale, visible in the most of the pictures composing 

the photogrammetry, in the same way that for classical 

archaeological photographs. 

 

If these elements are reunited, the photogrammetry permits 

the registration of three-dimensional data in an objective 

way. Once registered in this form, all the measurements are 

then possible in the three dimensions, including the 

volume, which particularly interests us here. 

 

C. Method 

 

The use of photogrammetry to obtain an exploitable digital 

model implies few prerequisites: a digital camera, a 

computer and the software which will compute the data 

and create the model. In our case, we use the software 

Agisoft Photoscan®, already well-used by archaeologist 

and permitting the building of high resolution models, 

even with the smallest subjects. 

 

At this point, for maximizing the quality of the results, I 

use a camera remote control, a turning table, two tripods, 

a mini photographic studio and, of course, a scale of 5cm. 

The turning table and the tripods permit a minimum of 

manipulations. Indeed, once the subject is put on its 

support, the camera and the object do not need to be moved 

anymore, only the table has to be turned. To obtain the 

better quality of pictures, the diaphragm of the camera 

needs to be the closest. This have as consequence a 

slowdown of the shot to obtain pictures sufficiently 

illuminated. Thus, the remote control serves to eliminate 

the shaking of the camera and obtain net pictures. The 

studio aims to avoid the drop shadows, diffusing 

homogeneously the light. It is not useful to come back to 

the rule of the scale except saying that its length needs to 

be adapted to the subject and it has to be placed the closest 

to it.   

 

The first and most primordial step is the scanning and 

consists to take the pictures of our subject. On the quality 

Fig. 2. Scanning Method, after Poigt, Th. [12] 
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of this step depends all the results. In the way of obtaining 

the best model, we privileged several angles of view, six in 

most of the cases. As the subject is immobile, excepting 

the rotation on the “z” axe, the camera needs to be moved. 

Its translation on the “z” axe permits the change of the 

angle of shooting. In our cases, we obtained the best scans 

adopting angles corresponding approximatively to 40°, 

70°, 110° and 140° from the vertical of the camera. For 

each one, 24 to 36 pictures are taken. The two last angles 

of shooting are represented by two zenithal pictures, one 

on each side (or two slightly decaled from the zenith). We 

can note that the more the surface of the object is smooth, 

the more the number of pictures needs to be important for 

maximizing the points of matching. Without a number of 

photograph sufficiently high, the alignment does not can 

work (Fig. 2). 

 

Once the photographs acquired and imported on the 

computer, the step of calculating starts. As we said, with 

the actual software, this step can be realized in a way, at 

least semi-automatic, and entirely automatic in certain 

cases. With Photoscan, we keep sufficiently control on the 

procedure to fix the potential issues that can occur during 

the process. 

Four principal steps exist: the alignment of the photos, the 

dense cloud building, the mesh building and the texture 

building. The first step represents the real photogrammetry 

process consisting in calculating the position of the camera 

from the points of interests for each shot. To be effective, 

it is primordial that the same pixel appears in several 

pictures. Logically, following our protocol, we have not to 

face these kinds of problems. To isolate the subject of the 

rest of the picture, we can apply a mask to restrict the zone 

of calculation. If the protocol is respected, the software can 

normally integrate all the pictures of both sides of the 

object. If it does not, it is possible to build two faces of the 

object separately and glue them in a second time. 

Nevertheless, this method has to be avoid to obtain precise 

volume data as we will see. 

During the second step, the software increase the number 

of points in basing on the results of the first step. After this, 

we normally have already a good idea of the three 

dimensions of our subject. 

The third step produces the final 3D model, combining the 

points to create triangular faces between them. At this 

phase, we have all the parameters to effectuate 

measurement. 

The final step, building the texture has a great interest for 

the visual aspect. In the case of length measurement, it can 

also show details permitting a better identification of the 

object surface. 

After this four steps, we are in possession of a complete 

mesh, namely a 3D model of our object, textured, but not 

scaled. The process of scaling is really simple but 

necessitates precision. The objective it is to transform the 

relative metrological information of our model in 

standardized data (based on the metric system for 

example). It consists of applying markers on several 

pictures and define a distance between them. Here, we 

create markers on the scale presented on the photographs, 

and define the measure indicated (for example: one marker 

on the 0 and another on the 2 and we attribute to the 

distance the value 2cm or 20mm). To increase the 

precision, we prefer creating three markers corresponding 

to two scales (generally 10 and 20mm). With Photoscan, 

the markers need to be placed on two or three pictures 

before the software integrates them on the 3D model. 

Sometimes, it is necessary to replace some of them directly 

on the pictures to avoid precision issues. It is important to 

keep in mind that it is this step which conditions all the 

metrological properties of our model. Even the smallest 

deviation could have consequences on the measurement 

results. 

 

If all the protocol is well-respected, we obtain a three-

dimensional model of our object, scaled and with high 

precision. With the software Photoscan, the volume is 

already calculated and expressed in the same unit as the 

scale (mm3 for mm, m3 for m etc…). Almost all the 

software permitting the manipulation of meshes has also 

this parameter of volume measure (Blender ®, 

CloudCompare ®…). 

 

 

III. RESULTS AND APPLICATION ON 

WEIGIHING STUDIES 

 
There are not a vast number of method to measure the 

volume of an object. We can calculate it geometrically for 

the simplest form, with well-known geometrical formulas, 

or we can measure it by immersion in liquid. Other 

solutions exist, used for example in the industrial world, 

but they are expensive and not well adapted to 

Fig. 3. Volume measurement by photogrammetry 

SCANNING

- 4 or 6 angles of view

- 24 to 36 pictures by angle

COMPUTING

- photos alignement

- dense cloud building

- mesh building

- (texture building)

VOLUME MEASURE

- scaling

- volume and density calculation

- modelling 
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archaeological artefacts. The immersion in a liquid is 

clearly not practicable either in our domain and the object 

rarely has geometrically perfect forms. For these reasons, 

when the archaeologists need to measure the volume of an 

object, most of the time, they do not have other choices 

than creating a copy and immerse it in a liquid. 

 

To have the possibility to use the process descripted in this 

paper as a real measurement tool, its precision needs to be 

compared to another way of volume measurement. For 

this, I reproduce my protocol on an object with a 

geometrically perfect form: a sphere. I compared the result 

of this volume measurement with the geometrical 

calculation and I obtain a deviation between the two of 

them inferior to one percent. We can consider this result 

totally acceptable and admit the potential of 

photogrammetry as a way of volume measure. 

 

 

 

 

Nevertheless, it is possible to go further in the exploitation 

of 3D properties of the data registered. Indeed, once the 

volume is measured, if we weigh the artefact, we can easily 

calculate its density. Using a 3D modelling software, it is 

also possible to create the missing part of a broken object 

and thus restitute its original form and volume. In other 

words, it became conceivable to deduce the original weight 

of an object which, for a reason or another, changed at a 

moment. This application, which is the most interesting for 

me in the context of my PhD thesis, brings to recover a 

very important set of metrological data hardly accessible 

at the moment. 

 

This step of numerical restitution necessitates a good 

knowledge of the typologies because it brings to recreate 

the lack of the artefact with precision. In our case, we use 

the software Blender ® to realize this work. Even if it is 

probably the most subjective part of the method, it gives 

an approximation of the original mass of weights which is 

essential to the extension of the weighing metrology 

studies. 

 

The application of the method on archaeological artefacts 

is a work in progress within the context of my PhD thesis. 

For now, the main results concern Iberian weights dated 

from the Iron Age. I applied the process on two specific 

series of weights.  

The first one is a serial of stone, from the site of Malvieu 

(Saint-Pons-de-Thomières, Hérault, France), supervised 

by Alexis Gorgues (MCF, University Bordeaux 

Montaigne). In this hillfort, occupied since the Late 

Bronze Age, all the material made of a stone not naturally 

present on the site, was conserved during the 

archaeological excavations. Inside this corpus, we 

identified a serial of ellipsoidal objects, looking like small 

pebbles. The observation of repetitive masses brings us to 

consider their function as weights. Three of the fifteen 

pieces are broken and we canned use the photogrammetry 

and the numerical reconstruction to approach their original 

mass. Even if their weighing function remained to be 

confirmed, the photogrammetry gave interesting results 

concerning the density and the reconstructed masses, 

permitting to propose a hypothetical weighing system. One 

of the most interesting elements is the restitution of the 

only bispherical object as twice the standard found 

studying the relation between the object masses (Fig. 4). 

 

The second one is a serial of weights containing two sets 

from two Iberian graves (tomb 18 and 200, El Cigarralejo, 

Mula, Murcia, Spain), one of two weights and another of 

ten weights. If the method gave excellent results 

concerning the acquisition step, the restitution concerns 

only one weight. This one presents two notches on one side 

and we estimated the lack concerning them to determine if 

they could concern an adjustment from a metrological 

system to another. It appears that the mass difference is too 

small to have a chance to correspond to a volunteer 

modification of the object (21-21.5 g after the filling of the 

two notches for an original mass of 20.48g). In this way, it 

seems more probable that the notches has a mark function 

or are the result of a mass transformation in order to affine 

the precision. The restitution of the metrological system 

shows that this precise weight seems to be the standard of 

the set, in this way, the notches would show this function 

[11][12]. 

 

Fig. 4. Numerical reconstitution of the possible weight 

G from Malvieu (Hérault, France) 

Fig. 5. Numerical model of the weight Cig-F., from the 

tomb 200 (El Cigarralejo,Murcia Spain), before and 

after the filling of the notches. 
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IV. CONCLUSIONS 
 

The photogrammetry had undoubtedly showed that it is a 

powerful tool of measurement in the three dimensions in 

addition to very useful properties for the registration of the 

archaeological evidences. Now more than ever, the 3D 

appears as a privileged way to safeguard an archaeological 

heritage suffering from the lack of money in order to assure 

its conservation or the resulting destructions of wars (we 

think particularly about the very recent destructions at the 

ancient city of Palmyra).If the protocol presented here is 

specially centered on the small size artefacts, the 

applicability of the photogrammetry include also bigger 

vestiges, as architectural elements or the statuary, and the 

in-field data. 

In the case of the artefact study, we saw that it permits the 

scanning of pieces in a few minutes, with a maximum of 

metrological data acquired and a minimal of 

manipulations. The use of this method as a way of volume 

measurement is independent of the artefact and can be 

applied at other types of subjects. Furthermore, the 

combination of the photogrammetry and modelling 

increase the measure applications: inside volume of a 

pottery or of pit, of a silo, of a ceramic kiln etc… 

 

The use of the photogrammetry presented here, combined 

to a modelling step in order to rebuild numerically artefacts 

which the form changed over time, is an alternative to the 

conception of material copy. The major aim is to facilitate 

the obtaining of volumetric data, using a numerical model 

and avoiding the over-manipulation of the artefacts. A 

significant consequence of this process is the acquisition 

of a numerical model, with a high level definition, easy to 

manipulate and saving with precision all the metrological 

data. 

In the fieldwork of the ancient weighing systems, the 

contribution of this method is essential. It permits the 

incorporation into the corpus of the weights having 

suffered the ravages of the time but also the ones 

voluntarily broken for metrological reasons. Maybe most 

significantly, that will lead us to consider otherwise the 

artefacts presenting voluntary mass alterations (Fig. 6). 

Finally, this work in progress will give new metrological 

data, bringing a new vision of the weights adjustments and, 

probably, a better understanding of the creation and 

adoption of weighing systems during the Protohistory. 
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Abstract – At the turn of the 15th century Volga 

Bolgaria represented one of the economic centres of 

the Golden Horde. In accordance with archaeological 

findings, local metallurgical production of cast iron 

products originated in Bolgar in the 14th c. A research 

of 15 fragments of cast iron cauldrons revealed certain 

technological and operational characteristics of the 

articles. 

Keywords – the Golden Horde, Volga Bolgaria, 

cauldron, metallurgy, cast iron, microstructure. 

 I. INTRODUCTION 

In the early 2nd millennium the Middle Volga region 

was characterized by high density of population. The 

intensive growth of economy during the specified period 

is evidenced by numerous archaeological findings. Apart 

from agriculture and cattle breeding, the foundation of 

economy in that period was constituted by handicraft 

trade. Metallurgy and metalworking can be regarded as 

its primary branches [1].  

The development level of metallurgical production is 

one of the significant development indicators of 

production facilities of various cultures. The 

technological specifications and range of metal articles is 

an important characteristic of the development of material 

culture in ancient and medieval societies. 

The researched archaeological artefacts signify that a 

lot of the articles were manufactured at the location of 

discovery. However, the issues of ore sources and 

manufacturing process remain unclear. Therefore, the 

primary unresolved scientific problem is the 

determination of raw material sources and the 

reconstruction of cast iron manufacturing process. 

 II. MATERIALS AND METHODS 

All fragments of cast iron cauldrons have been obtained 

as a result of archaeological excavations performed in the 

territory of Bolgar State Historical and Architectural 

Reserve (Bolgar, the Republic of Tatarstan, Russia). 

Samples No. 38, 48, 67, 69, 70, and 73 were collected at 

excavations performed in the northern section of Bolgar 

settlement in the period from 2010 to 2014. Samples No. 

25, 33, 37, and 39 were collected at excavations of 2013 

also performed in the northern section of the settlement. 

Two samples No. 54 and 65 were collected at the 2011 

excavation of the "Khan's Palace" site located in the 

northern section of the settlement. Sample No.60 was 

discovered in the period from 2001 to 2002 near the 

northern side of the Reserve's exhibition building. 

Cast iron cauldrons which were sampled for analysis 

belong to layer IVp (late layer). This layer is dated the 

late Golden Horde period, i.e. the 1330s until 1431. 

The samples are represented by pieces of metal 

dimensioned approximately 2.0×1.0 cm obtained by 

means of chipping from the original cauldron walls. The 

thickness of samples ranged from 0.5 to 2.0 cm. 

The research was performed on fractures of samples 

with the use of Merlin scanning field-emission electron 

microscopy at the "Analytical microscopy" 

interdisciplinary centre of Kazan (Volga region) Federal 

University.  

The preparation technique is as follows: Samples were 

fixed on an aluminium holder by means of a electrically 

conductive carbon tape. Samples fixed on holders were 

placed in the electronic microscope chamber. Probing 

was performed on the surface of a researched sample 

starting from a selected area. 

The performance of electron-microscopic analysis 

included the use of VPSE mode (detection of secondary 

electrons in low vacuum mode) for the visualization of 

general surface morphology with the use of panoramic 

photography, and also for the performance of quantitative 

and qualitative microprobe analysis (20 kV, 800 pA) 

The microprobe analysis of samples on the basis of a 

energy dispersive spectrometer (sensitivity 127 EV) 

includes the determination of sample composition, 

plotting of spectra and element distribution maps. 

The samples were photographed with the use of an 

optical microscope for the visualization of composition 

determination areas. 

 

 III. RESULTS AND DISCUSSION 

The performed research demonstrated that all samples 
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contain an excess amount of carbon which signifies the 

steel-making nature of cast iron. Notably, the carbon 

content greatly varies across the researched area. For 

instance, in sample No.33 the range of carbon content 

varies from 4.40 to 15.79 (Table 1). 

Table 1. Carbon distribution in sample No.33. 

Sample area Carbon content, % 

33-1 13.07 

33-2 15.13 

33-3 4.40 

33-4 4.61 

33-5 15.79 

 

The structure of cast iron is not homogeneous in all 

samples, containing white cast iron of eutectic and 

hypereutectic types (Fig. 1); saturated carbon (graphite) 

(Fig. 2) and grey cast iron with flake graphite (Fig. 3). 

Six samples (No. 37, 38, 42, 44, 54, and 70) contain 

spherical grains of endogenous origin (Fig. 4). 
 

 
Fig. 1. Structure of hypereutectic white cast iron in 

sample No.33. 

 

A significant segregation of cast iron trace impurities 

was observed in the researched sample areas. Practically 

all samples contain aluminium and silicon (Al up to 

0.29%; Si up to 1.55%). The content of phosphorus and 

sulphur also varies within a wide range (P up to 4.24%; S 

up to 0.49%). Besides, such chemical elements as 

oxygen, potassium, sodium, calcium and chlorine were 

discovered in the corroded areas of the samples. 

 
Fig. 2. Saturated carbon in the form of graphite in 

sample No.60. 

 

 
Fig. 3. Structure of grey cast iron with flake graphite in 

sample No.33. 

 

 
Fig. 4. Endogenous grains in the structure of sample No. 

70. 

 

Microcrystalline (Fig. 5) and dendrite (Fig. 6) 

structures were revealed. The following notable pattern 

was observed – all samples with manganese content 

have a dense microcrystalline structure (samples No. 25, 

33, 48, 54, 60, 67, 69, 70, and 73). The grains have a 

flake, acicular and spherical shape. Hollow channels 

presumably of graphite origin were discovered in 

individual samples (Fig. 7). A mineral inclusion was 

discovered in sample No. 54 (Fig. 8), whose composition 

is specified in Table 2. 
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Table 2. Composition of a mineral inclusion in sample 

No. 54. 

Element Wt % 

C 13.76 

O 47.74 

Na 0.23 

Mg 0.25 

Al 0.95 

Si 29.31 

P 0.03 

S 0.03 

Cl 0.08 

K 0.36 

Ca 0.43 

Ti 0.07 

Fe 6.77 

Total: 100.00 

 

 
Fig. 5. Microcrystalline structure of sample No. 25. 

 

 
Fig. 6. Dendrite structure of sample No. 39. 

 
Fig. 7. Hollow graphite channels in sample No. 39. 

 

 
Fig. 8. A mineral inclusion in sample No. 54. 

 

The research of fracture surface morphology revealed 

two types of sample fracturing: radial crack propagation 

(Fig. 9) and crack formation at grain borders (Fig. 10). 

Practically all samples contain gas and shrinkage pores 

or traces of shrinkage processes (Fig. 11). 

The samples feature various degrees of corrosion and 

different mechanisms of its propagation. In 13 samples 

out of 15 corrosion propagated from gas or shrinkage 

porosity (Fig. 12). On sample No. 25 oxidation proceeded 

homogeneously from couldron walls (Fig. 11), whereas 

in sample No. 67 - from cauldron walls in accordance 

with a spot pattern (Fig. 13). 

 

 
Fig. 9. Radial cracks in sample No. 37. 
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Fig. 10. Cracks in sample No. 69. 

 

 
Fig. 11. Gas porosity and corrosion propagation on the 

fracture of sample No. 67. 

 
Fig. 12. Corrosion propagation in sample No. 37. 

 

 
Fig. 13. Corrosion propagation in sample No. 25. 

In contrast with the clay dishware discovered in the 

territory of Southern Russia and the Southern Urals [2], 

Bolgar cauldrons have high carbon content and a 

corresponding large amount of graphite formations in the 

structure. The structure of cauldrons from Bolgar 

settlement is characterised by high ferrite content and a 

lower content of cementite and perlite. Another 

characteristic feature of the cauldrons is the presence of 

aluminium in their chemical composition.  

 IV. CONCLUSIONS 

The chemical composition and structure of all 

researched samples corresponds to that of steel-making 

iron. Large spheroid formations discovered on the 

fracture can imply an endogenous nature of 

crystallization. Significant segregation of the chemical 

composition of cast iron is observed. The structure of 

samples has a random nature. Practically all samples have 

casting defects in the form of shrinkage and gas pores. 

This indicates that the manufacturing technology of cast 

iron and its castings was imperfect. Cauldrons 

manufactured with this material were presumably very 

fragile. It is indirectly confirmed by the large amount of 

fragments in the overall volume of discovered cast iron 

artefacts. 

Relatively low sulphur content and high phosphorus 

content indicate that wood coal was used as fuel in the 

metallurgical process. Archaeological research in Bolgar 

has revealed special-purpose coal pits at locations 

presumably representing metallurgical workshops. 

The presence of aluminium and silicon confirms the 

theory suggested by archaeologists which implies the use 

of local iron-bearing ore represented by clay-bond 

ironstone. Besides, the presence of these elements is 

attributable to the use of aluminosilicates as flux agents. 

The availability of titanium, manganese, magnesium and 

nickel in individual samples is probably due to an 

addition of scrap steel and cast iron directly to the ore or 

during the remelting of raw iron. 

Significant radial fracturing of several samples is an 

indication of considerable continuous transient 

temperature loads which could have been accompanied 

by phase transformations of the annealing type. These 

samples probably constituted the bottom part of a 

cauldron. It is also confirmed by the discovery of hollow 

graphite channels in the samples. 

It signifies that at the turn of the 15th century the cast 

iron manufacturing process in Volga Bolgaria was at an 

early stage and developed independently of the other 

countries of the Golden Horde. 
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Abstract – In a project aimed to the historic 

reconstruction of the medieval landscape of 

Capitanata, particularly of fortified sites, the swabian 

– angevin fortification of Lucera was the subject of 

targeted archaeological investigation in order to 

identify the material parameters present in the walls. 

This investigation allowed to outline the production 

dynamics, in relation to the resources of 'landscape', 

the design choices, and the social and cultural 

implications of the building work organization. The 

dimensional analysis carried out on the brick 

buildings in the center of Lucera has contributed to 

identify the role that the Angevin fortification may 

have played in the development of reactivated clay 

cycle. It also helped to focus on typical relationship 

between dimensional features and production, 

circulation and use of bricks, starting from to late 

middle age to early modern age. 

keywords: building brick; dimensional analysis; dating 

methods; historical architecture; building work.  

 
I. THE BUILDING MEDIEVAL AND POST-

MEDIEVAL BRICK 

 

The production and commercial dynamics of brick 

manufacturing in southern Italy, from the late antiquity to 

the Middle Ages, are still relatively little known 

compared to those of the central and northern parts of the 

country (in particular Tuscany and Liguria). Studies on 

the history of construction point to a rather widespread, 

reduced brick production up until the Early Middle Ages, 

showing signs of recovery only in the first half of the 12
th

 

century with the introduction of a new rectangular brick 

type (one foot long and half foot thick), which is smaller 

and more ductile.  

Isolated studies linked to specific economic and social 

realities of central and northern Apulia point, also for this 

territory, not so much to a decline as to a transformation 

of the early medieval manufacturing processes and to the 

dissemination mechanisms of the fictile architectural 

material. The few production centres examined appear to 

be strongly ruralised, often meeting just domestic needs 

and thus not bound by commercial obligations and the 

clientelism typical of brick manufacturing in the Roman 

age [1]. Between the 10
th

 and the 11
th

 century the type of 

brick attested indicate a use almost restricted to the 

roofing and to the noble parts of the buildings [2].  

Starting from this premise, in consideration of the 

relevant role played by the mensiochronological analyses 

in retracing the history of medieval brick production in 

central and northern Italy, this research has identified in 

the historic town of Lucera (FG) one of the most 

interesting subjects for the study of brick types in 

medieval and post-medieval era, as well as for the 

application of mensiochronology, a type of analyses 

which has never hitherto been used in Apulia or southern 

Italy. This paper represents, in fact, the early stage of an 

investigation which, based on statistical results, 

necessarily demands a numerically consistent and 

certainly superior corpus of data compared to the body of 

information available for a single urban centre [3]. 

The town of Lucera (FG) lies close to the Apulian 

Tableland, on an area characterized by the abundance of 

clay, therefore this urban centre has always had a great 

availability of the raw material essential for the fictile 

production. Long after the Classical period, the presence 

of kilns for clay firing are recorded again between the 

12th and the 13th century in the Diplomatic Code of the 

Saracens [4] and in the Registers of Royal Chancery [5], 

in relation to the fortification built by the Angevins 

between 1271 and 1284. The fortress stands exactly on 

the westernmost corner of the town and consists of a 

long, irregularly shaped polygonal curtain wall (around 

900m long), interspersed with towers and 

macroscopically divided into two parts marked by two 

different construction techniques. The shorter segment, 

facing eastwards towards the town centre, is built with 

stones and is fitted with seven pentagonal towers and two 

round towers placed respectively at the northern and 

southern corners of the fortress; the rest of the walls is, on 

the other hand, built with modular bricks 

(29/30x15x4,5/5,5 cm) and is articulated in thirteen 

quadrangular towers and two twin towers placed on the 

northern and western angles, all clad with the same brick 

ISBN-15: 978-88-940453-3-8 
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type [6] [7] (Fig. 1 -2). 

 

 
Fig. 1. Walls Angevin (XIII century) 

 

 
Fig. 2. Brick walls Angevin (XIII century) 

 

With the construction of the fortress, from the second half 

of the 13
th

 century, up until the modern and contemporary 

times, the brick seems to have played a key role in 

Lucera’s urban development, as it was used in several 

types of architectures. During the first half of the 14
th

 

century the brick was again the first choice for the 

Angevins who commissioned the construction of both the 

Cathedral of S. Maria Assunta and some of the eleven 

parish churches instituted by Robert of Anjou [8]. Until 

the end of the 15
th

 century several monastic orders, such 

as the Franciscans, the Dominicans, the Augustinians and 

the Benedictines, erected important buildings, many of 

which built with brick.  

Between the 16
th

 and the 18
th

 century, this type of urban 

construction has been without interruption the main 

feature of the town’s architecture, as can be observed in 

the palaces of the wealthy landowning bourgeois and 

aristocracy, many of which owe their stylistic imprint to 

the use of brick [9], something that made it the basic 

construction element of Lucera’s architecture throughout 

the pre-industrial era.  

19
th

-century archive sources provide us with cadastral 

lists of names and numbers of kiln workers (fornaciari) 

[10] [11]. With the industrialization of the manufacturing 

process, early 20
th

-century records become particularly 

rich and detailed, allowing an understanding of the broad 

outlines of: the organization of work in the brickworks, 

the technical characteristics of the product and the 

location of other production sites distinguished from 

pottery craft shops, which were built almost inside the 

urban area in compliance with the deliberative acts 

passed by the town council. The kilns, on the other hand, 

locally known by the name of ‘’furnaciotte’’ (Fig 3), 

between the end of the 19
th

 century and the early 20
th

 

century were located at the foot of the fortress, probably 

occupying the same area of the 14
th

-century kilns [12]. 

 
Fig. 3. Representation of a ‘furnaciotta’ 

 

II. SAMPLING CRITERIA AND STATISTICAL 

ANALYSIS  

 

Lucera’s rich medieval and post-medieval civic and 

religious architecture and the presence of buildings whose 

construction chronology has been determined by 

historical documents or archive records, have represented 

the starting point for the processing of statistical analysis 

whose object of study is the relation between dimensional 

characteristics and the methods of brick production. The 

mensiochronological analysis has been focused on civic 

and religious buildings, located in Lucera’s historic town 

centre (Fig. 4), dated through written documents. 

Homogeneous wall samples on which have been carried 

out fifty measurements with pinpoint accuracy, for each 

dimension, have been selected according to an autoptic 

interpretation of the parameters.  

In order to highlight the diachronic - dimensional 

variation of the brick samples, the constructions 

examined cover a rather broad time span which goes from 
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the 13
th

 century up until the first half of the18
th

 century: 

20 buildings have been examined, though only 13 of 

them, dated with more certainty through archive records, 

documents and bibliographic sources, have been deemed 

statistically relevant. For the collection of data has been 

created a graph datasheet linked to the OR-DBMS model, 

specifically structured for the storage of architectural data 

[13].  

 

 
Fig. 4. Positioning on regional technical map of sampling  

 

The recorded dimensions have been analyzed according 

to statistical methods proper of the mensiochronological 

analysis: with respect to each dimension, for each sample 

have been calculated the arithmetical average, the 

median, the maximum and the minimum value. In order 

to increase the efficiency of statistical operations and 

assess the degree of measuring dispersion of samples 

compared with the average, the reliability of data has 

been verified by calculating the standard deviation and 

the interquartile, highlighting the eventual presence of 

outliers and the potential disturbing factors of the average 

trend of values over time.  

The measurements of each dimension of a single sample 

are illustrated on histograms obtained by plotting the 

numeric values of measured results on the x-axis, while 

on the y-axis represents the percentage of the frequencies 

compared to the overall population. The curve plotted on 

frequency graphs (histograms) represents the distribution 

of measurements, according to which have been selected 

samples whose values create a bell curve that highlights a 

convergence of the measurements towards their own 

average, showing only random dimensional variations 

(Fig. 5).  

The statistical assessment of the variations recorded for 

each dimension (of each sample) has pointed, in most 

contexts, to scarce data dispersion (a low deviance and 

interquartile range), illustrated in the frequency graphs by 

curves with a general normal tendency, evidence of the 

homogeneity of specific modular products used in the 

construction of single buildings. In the absence of a 

reference curve and of dimensional information drawn 

from statutory norms, it was deemed appropriate for the 

final processing to consider the samples in their totality, 

avoiding a too arbitrary data discarding and restricting the 

analysis to those areas which are more reliable in terms of 

statistics and chronology. 

 

 

 

Fig.5 Variation of dimension o f the bricks. Sample 

Cthedral S. Maria  

 

The synoptic reading of the analyzed data has led to the 

creation of Lucera’s ‘’first’’ mensiochronological curve 

for the period spanning from the 14
th

 to the 18
th

 century. 

Three curves have been drawn, which correspond to the 

trend of the average value for each dimension (length, 

width, vertical pitch or height) of the brick in relation to 

the chronological progression: on the x-axis have been 

plotted the chronological intervals while on the y-axis 

have been reported the values in cm of the analysed 

dimension. The overall curve represents all three 

dimensions, highlighting the interval between the 

maximum and the minimum value of each sample 

compared to the relative dispersion degree (Fig. 6). The 

three values have shown a general contraction of the 

dimensions: length, more sensitive to variations, has 

underlined with a marked tendency a better correlation 

between the analysed measurements and the 

chronological interval; the variation of width has shown 

the same trend but to a slightly less marked degree; the 
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values of height, on the other hand, follow a completely 

irregular pattern compared to the chronological intervals 

which have been considered without positive or negative 

peaks, but rather with frequent and unstable dimensional 

changes.  

 

 
Fig. 6. Variation of the each dimension of the bricks in 

relation the dating if buildings 

 

 
Fig. 7. Variation of the volume (calculated as the product 

of the average values of the measured dimensions) for 

each sample of brick, compared to the dating of the 

construction of the building considered. 

 

In order to outline the identified decreasing tendency with 

a higher degree of statistical reliability, the most effective 

volume variation curve possible has been drawn up (Fig. 

7), which has shown in a linear manner the progressive 

contraction from the 15
th

 to the 17
th

 century, as confirmed 

by the regression line applied to the curve.  

A further degree of detail has been achieved by 

calculating the ratio, in per cent, between the deviance 

indexes and the average length values, considered a more 

reliable dimension (Fig. 8). The deviance indicates the 

degree of measuring dispersion in relation to their 

average, therefore by calculating the ratio between 

dispersion and the mean it was possible to quantify the 

average percentage of brick waste (random variation 

proper of a pre-industrial modular brick production) with 

respect to the average value of the analysed sample. A 

lower ratio generally indicates a lower presence of 

random dimension-related waste, pointing to a better 

control during the construction phases. The results 

obtained are quite interesting: with the exception of two 

peaks, which probably are due to the presence of reused 

or damaged material, the ratios dwindle progressively, 

becoming lower for the bricks of the latest type. This 

calculation, absent in other mensiochronological studies, 

could be useful for the assessment of the development 

stage of production technologies. In this respect, the 

interestingly low percentage (1.83%) of production with 

reference to the Angevin fortress, despite it being located 

at the beginning of the curve and featuring the larger 

bricks ever attested among the buildings examined, 

indicates a relevant technological level.  

 

 
Fig. 8. Chronological variation of the ratio for each 

sample of bricks, between deviance and average length, 

compared to the dating of the construction of the building 

considered 

 

II.  THE WALL BRICKS MEASURE-

CHRONOLOGY CURVE 

 

The plotting of a mensiochronological curve of a single 

urban centre or especially of an entire territorial area 

increases the solidity of the dataset. The present paper 

aims at starting the gradual statistical process useful for 

pinpointing the existing relation between the dimensional 

aspects and the methods of implementation, production 

and distribution of brick in Lucera’s urban area. This first 

group of samples has already allowed the identification of 

certain dynamics: the volume, length, and width of bricks 

gradually decreases from 1300 to 1800, and this 

progressive contraction of dimensions goes parallel with 

the technological advancement which determines the 

production of increasingly homogeneous bricks.  

The bricks manufactured for the construction of Lucera’s 

fortress from 1273 to 1284 were beyond a doubt the 

result of a specific commission, carried out by workers 

who set their kilns at the foot of the construction site, as it 

was the practice with high-level commissions for which 

were ordered specific batch of bricks. In fact, the data 

samples about the Angevin fortress are always on an 
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isolated position within the curves: the module adopted is 

most assuredly the expression of a commission or a 

specific building function, very different from the use 

made in other buildings, civic or religious ones; after all, 

such dimensions (except for the width) are not to be 

found in any other building in Lucera. It must have not 

been difficult for the significant economic and 

contracting power of the Angevin crown to impose on the 

contracting craftsmen a larger-sized and probably cheaper 

brick type, whose use seem to have been identified up to 

that time in the Angevin public works in Lucera, Ordona 

and Melfi [14] [15]. This modularity finds confirmation 

also in a decree issued by Charles I in 1278, featured in 

the brick order for the palace of Melfi, which prescribes 

the use of bricks of the same dimensions as those from 

Lucera (longitudins 1 pedis manualis, amplitudinis, ½ 

pedis manualis, grossitudinis, 3 digitorum), and notifying 

the dispatch of wooden mouldings to Lucera from the 

central administration [16]. 

The same production sites, founded at this time as 

temporary work places, could have become permanent 

over time thanks to the religious building development 

that Lucera experienced between the 14
th

 and the 15
th

 

century, which demanded a greater brick production 

(despite the restoration works the buildings underwent 

from the 18
th

 century make the stratigraphic interpretation 

and the identification of the original layout more complex 

and difficult).  

From the 13
th

 century onwards, brick production seems 

not to have left Lucera’s urban area anymore, while from 

the 14
th

 to the 18
th

 century the progressive technological 

improvement goes parallel with a gradual reduction of 

brick dimensions, perhaps evidence of a progressive 

stabilization of the production facilities. In the 16
th
 

century, the activity of brick manufacturing became part 

of an urban market able to support an ongoing demand, 

no longer seasonal, by a rich social class from whose 

prestige and economic influence could depend the terms 

and conditions of the general supply and the brick 

modules themselves. This consideration could also 

explain the divarication of the curve showing a sharp rise, 

which corresponds to an increase in length for the bricks 

used in the construction of the Monastery of St. Catherin 

and Palazzo Lombardi. The two peaks refer, in fact, to 

two rich 18th-century clients, the Lombardi family and the 

Benedictine nuns [17], who ordered huge amount of 

bricks for the construction of their large buildings (which 

took up whole blocks and were made up of several 

building volumes). Such an economic investment allowed 

for a severe inspection of brick dimensions, something 

that avoided size reduction. 

At the current stage of research it is not possible to 

outline the development stages of medieval brick 

production for Lucera or the surrounding territorial area. 

It can be agreed though, that the Angevin fortress was a 

decisive catalyst for the reintroduction of brick as a 

building material. The predominantly clayey consistency 

of the subsoil has unquestionably stimulated the use of 

brick: the exploitation of the morphological and 

geological features of the territory was a hallmark of the 

large construction works of the Angevins and the 

medieval fabrics, especially as far as defensive structures 

are concerned, characterized by an obvious contingency. 

It is impossible though, not to take into account the 

sudden efficiency, until then not documented, that 

Lucera’s brick production experienced in the 13
th

 century 

due to another fundamental factor: the availability of 

workforce. According to what’s recorded in the 

Chancery’s Registers, the Angevin fabric could draw on a 

diverse, large and qualified local workforce; the Curia 

repeatedly promted the iusticiarius of Capitanata and the 

neighbouring iustiteriati to send magistri, boni fabri, 

carpentatores, magistri lapidum, boni laboratories et 

ingeniatores (…)[18]. It cannot be excluded though, that a 

decisive contribution to an increased productivity was 

made by the Saracene manual labourers transferred to 

Lucera by emperor Frederick II, which Charles I could 

employ after the capture of the city.  Renowned potters 

and crafters of Arab ceramics, the Saracen of Lucera are 

thought to have already run craft shops for tile and clay 

firing, located at the entrance to the old town, which were 

recorded in the Diplomatic Code of the Saracens [19].    

Furthermore, from the registers of the Curia emerges that 

manufacturing of bricks seems to have ben very often 

entrusted to the Saracen workforce, to such an extent that 

this occasionally acquired contracting power towards the 

Angevin crown [20] [21]. 

This research is still not able to outline a coherent general 

framework of the production and commercial dynamics 

of Lucera’s brick market, although the problems and the 

issues raised by this mensiochronological curve are 

numerous. The general estimates call, on one hand, for an 

improvement of the reliability of the curve, so it can 

become a useful tool for the dating of buildings lacking a 

chronological record, as well as for the study of both the 

urban fabric and the territory; on the other hand, the 

results should be necessarily linked with other research 

scenarios.  

The analysis on the reintroduction of brick as a building 

material and the role played in this respect by the fabric 

of the Angevine fortress, give a detailed overview of the 

construction activity and its technical aspects in southern 

Italy, which have often been overlooked. From the 

requests of the Crown addressed to the iusticiarii of the 

kingdom, emerge that the Angevins tried to draw 

resources from the workforce of the Capitanata, 

presumably to cut the costs. From 1274, with the 

probable boost of construction activities, the territory 

from which to draw the workforce was enlarged to the 

Apulian and Campanian iustizierati, except for highly 

qualified jobs whose selection followed a more strict set 

of expertise criteria. The qualification and the sheer 
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numbers that such a territory was able to deploy triggered 

several new production cycles, bringing about a high 

degree of efficiency and systematic approach. Brick 

manufacturing was just one of the many, an evidence of 

the presence of an active, local class of variably qualified 

builders, in terms of competence and general 

administrative and managerial organization.  
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I. INTRODUCTION 

Among archaeological findings, many sporadic and 

hardly classifiable materials are gathered. The 

investigation of such findings can unveil useful 

technological and other information not recognized on the 

regularly investigated artefacts. Slag type materials make 

up a significant group within such sporadic findings, 

usually paid less attention to. 

In the past few decades a growth of orders of 

magnitude happened in the number of sporadic findings, 

not necessarily related to industrial archaeology, which 

are defined as slags on a morphological basis, but without 

a technological context. On these findings the definition 

of fundamental characteristics is a frequent problem. 

Besides, if the material has been identified to be slag, 

other questions are raised, such as determining the 

processes which once lead to the melting, then 

solidification of the material. 

On the other hand, for slag specimens – larger in 

amount and usually very heterogeneous – recovered 

during industrial archaeological excavations, a crucial 

task is the findings classification by chemical, 

microstructural and mineralogical instrumental 

investigations. Also, these investigations must be 

optimally used to unfold the physical and chemical 

characteristics of related technological processes. 

In the international archaeometry, the complex material 

tests focus on the metallurgical slag finds and within that 

especially on the slags of iron metallurgy. There are 

several comprehensive works have been published [1, 2, 

3]. Examinations of slags of non-ferrous metallurgy and 

slag-like pieces relating to other materials (glass, 

ceramics) are published mostly in the form of case studies 

[4, 5, 6, 7, 8,].   

The goal of our work is to synthesize analytical results 

on various slag type materials, in order to build up a 

work-flow scheme which optimizes and speeds up 

investigations.  

II. INSTRUMENTATION, MATERIALS 

The researchers of the ARGUM team have been 

investigating over 100 slag samples from Protohistory, 

Antiquity and Middle Ages, regarding their chemical and 

mineralogical compositions, together with their textural 

analysis [9, 10, 11, 12]. The main analytical techniques 

are wet chemical analysis (ICP-OES Varian 710-ES, 

complemented with C and S determination with LECO, 

moreover using titration for separating the Fe
2+

 and Fe
3+

), 

textural-chemical investigations with SEM+EDS 

microanalysis (Zeiss EVO MA10, Amray 1830 I and Jeol 

8600 JXA Superprobe) and mineralogical analysis 

(Bruker D8 Advance with push/plug Bragg-Brentano and 

Göbel mirror for parallel beam, Cu-Kα source). Chemical 

investigations can be supplemented by WD-XRF (Rigaku 

Supermini 200, Pd source, 50 kV and 4 nA) analysis on 

powder pellets or fused beads. Textural-chemical analysis 

is performed on both polished and fracture surfaces, 

mineralogical analysis is performed mainly on powder 

specimens, with the possibility of total non-destructive 

analysis. 

SEM+EDS apparatus is equipped with Si-drift 

detectors in both cases, making possible the identification 

of elements from C to U. The Jeol microprobe is also 

equipped with WDS detectors, giving the option of 

normalized quantitative measurement with reliability 

down to 0.01 % by weight. X-ray mapping for qualitative 

and quantitative textural chemical information is also 

available. The Zeiss SEM in addition has a high 

resolution imaging system, thus details down to 10 nm 

are possible to be identified. 

The XRD instrument has a vertical (θ- θ) goniometer, 
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which – by the use of Göbel-mirror – enables us to 

measure samples down to <1 mg (on zero background Si 

sample holders), if required. For totally non-destructive 

investigations the sample stage can be removed, giving 

the chance to measure samples of 50x25x25 block 

samples also. A main advantage is the Vantec-1 position 

sensitive detector (with 12° largest opening), reducing 

measurement times to even several minutes, if only phase 

identification is required. The information content of 

XRD measurements is maximally extracted by the use of 

TOPAS4 profile fitting software. Quantitative results and 

crystal structure refinements are performed with 

Rietveld-refinement. Structure determination and 

refinement is also possible with Pawley and LeBail 

methods. Besides the extraction of amorphous quantity, 

information on the nature (silicate, oxide or hydrated 

type) of amorphous materials can be obtained. 

III. USE OF ANALYTICAL RESULTS 

The macroscopic features of slag and similar materials 

are used for a quick categorization, based on textural 

aspects. In fine grained varieties, where different 

constituents are not distinguished, pore size distribution 

and oriented structure are relevant (Fig 1). 

 

 

Fig 1. General types of slag textures, a – coarse grained 

(e.g. production slags, furnace slags); b – layered (e.g. 

production slags, tap-slags); c – porous fine grained (e.g. 

purification slags, manufacturing slags); d – porous 

oriented (e.g. manufacturing slags, smithing slags)  

In order to decide between chemical and mineralogical 

analysis, the samples have to be included in one of the 

above categories. Although our experience shows that a 

comprehensive description can only be made based on 

ICP-OES or XRF, SEM+EDS and XRD results 

combined, in some cases each of these methods may give 

satisfactory results for sample characterization. On the 

other hand, each of the above method gives results which 

can be used to extract technology related information. 

Based on bulk chemical composition (XFR or ICP-OES), 

viscosity indices can be calculated [13]. Mineralogical 

composition can be used to derive maximum 

temperatures to which the slag was exposed [11].  

Determination of Fe valence is useful in identification 

of tap-slags, which are enriched in FeO rather than Fe2O3 

[10]. 

Setback of analytical methods. Every analytical technique 

besides the useful information has major and minor 

setbacks. EDS measurements are restricted in Pb and S 

distinction, but Mg and As overlapping also has to be 

considered. Since metal identification requires higher 

than usual acceleration voltages (>20 kV), sum peaks 

may appear. A typical sum peak is that of Si Kα, which 

overlaps the Sn L lines at 3.4 keV, leading to erroneous 

Sn interpretation. In the solution of these problems the 

WDS analysis is a good tool. Another issues of electron 

beam microanalysis is detection limit and light element 

quantification. For C and O EDS measurements are 

suitable to decide if these elements are present, 

quantitative results should not be extracted. However, X-

ray mapping will show the mineral phases to which they 

are associated. 

XRD, even if it is the basic technique for slag analysis, 

has several disadvantages, arising from the structure of 

minerals. The crystal structure of spinel type oxides, and 

cubic Fe-oxides is problematic to be exactly 

differentiated. The identification of maghemite, wuestite 

and magnetite requires much experience even with the 

Search/Match procedure, due to minimal differences in 

XRD peak positions (Table 1) and peak broadening by 

nanocrystallinity and lattice defects. 

Table 1. XRD peak positions of cubic Fe-oxides 

Unit cell, 

peaks 

Magnetite 

Fe
2+

Fe
3+

2O4 

Wuestite  

Fe
2+

O 

Maghemite 

Fe
3+

2O3 

a (Å) 8.391 4.296 8.339 

p
o

si
ti

o
n

 (
Å

) 
(i

n
te

n
si

ty
, 

%
) 

/M
il

le
r-

in
d

ic
es

 

2.967(30)/ 

(220) 

 2.953(35)/ 

(220) 

2.532(100)/ 

(311) 

2.487(67)/ 

(111) 

2.517(100)/ 

(311) 

2.099(20)/ 

(400) 

2.154(100)/ 

(200) 

2.086(16)/ 

(400) 

1.615(30)/ 

(511) 

 1.607(24)/ 

(511) 

1.484(40)/ 

(440) 

1.523(46)/ 

(220) 

1.475(34)/ 

(440) 

 

The identification and quantification of these minerals are 

essential, since they bear most information on slag type 

and technology. On this issue, a reliable complementary 

technique is the quantification of Fe
2+

 and Fe
3+

 by 
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titration. 

A. 1
st
 scenario. If the samples are unambiguously 

recognized as metal processing slag (type a or b on Fig. 

1), an analytical route given if Fig. 2 may be the optimal 

solution for investigations. An example for this case was 

presented in [10], focused on analytical results, where 

tap-slag and furnace slags were unambiguously identified 

by macroscopic morphology. 

 

Fig 2. A generalized analytical scheme for unambiguous 

slag types 

SEM+EDS on polished specimens is favored to extract 

technology related information. For instance, in the case 

of olivine group minerals, the shape of crystals or grains 

can be used for cooling time estimation [13]. Based on 

EDS chemical data the decision can be made whether the 

raw materials and their sources can be identified. Special 

attention is to be paid on dendritic and skeletal crystal 

aggregates. These phases will show which materials was 

the first to solidify and how rapidly (on a relative scale, 

Fig 3) the process took place. For tap-slags of iron 

bloomery the dendritic phases are always Fe-oxide(s) 

[12]. 

 
a 

 
b 

Fig 3. Two BSE micrographs of dendritic Fe-oxide phase: 

a –tap-slag, rapid cooling[12], b – purification slag, 

slower cooling[11] (1-FeO, 2- glass, 3-fayalite laths) 

Bulk chemistry and trace element identification provides 

insight into the origin of raw materials. Benvenuti and 

colleagues [14] applied successfully W and Sn for Fe-ore 

signatures from Elba Island.  

Significant number of slags also contains refractory 

silicates, which indicate the nature of slag forming and 

flux additives and working temperature of melting (t°C, 

index minerals). To exactly identify index minerals, 

powder XRD is the most suitable, but SEM+EDS data 

may be required, to solve element replacements in the 

crystal structure. In the case of XRD powder specimens, 

ICP-OES can be substituted by XRF analysis on powder 

pellets, and in this case SEM+EDS may be required only 

if textural characterization is also necessary.  

B. 2
nd

 scenario. The samples are recognized as slag or 

slag type materials (type c or d, or a combination of those 

on Fig. 1), but cannot be decided what kind of technology 

created the materials. These could be also glass materials 

related to metal production, with a highly differentiated 

composition, which undergo chemical and mineralogical 

alterations [15]. In such a case, powder XRD of bulk 

material is a good option for the first investigation (Fig 

5.), which will reveal the silicate content and index 

minerals. The chemical information needed to verify the 

XRD results can be obtained by SEM+EDS on fracture 

surfaces (Fig 4).  

  

a                                            b 

Fig 4. Chemical inhomogeneity detected on BSE 

micrographs. a - furnace  slag (cinder), (1 – Mn:43.68%, 

Fe:13.79%, 2 – Mn:18.60%, Fe:30.30%) [12] b – smithy 

slag, a separated CaO-spot is observable [11] (Ca:1 - 

16,28%, 2 - 11,19%, 3 -  2,62%, 4 – 45.92%)      

Based on these results we can decide if the slag is metal 

processing or glass making slag. To further extract 

technological characteristics, polished specimens can be 

undertaken to SEM+EDS, but the fragile texture elements 

might be destroyed by the process. Also XRF on powder 

pellets or ICP-OES is required for trace element content 

and bulk chemistry. Combining XRD and XRF data, we 

can calculate the composition of amorphous materials, 

but in order to verify crystal chemistry of phases 

identified by XRD, SEM+EDS or WDS measurements 

are needed. 

original specimen 

1. polished specimen 4. powder specimen 

2. texture, grain size 

XRD SEM 

index minerals,  

t (°C) of formation 

5. bulk chemistry, minor 

elements, L.O.I. 

6. trace elements for raw 

material sourcing 

3. chemical composition 

of phases 

XRF 

ore type, extracted 

metal(s), technology 

ICP-OES 

SEM+EDS, WDS 
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5 A generalized analytical scheme for ambiguous slag 

types. 

X-ray mapping on polished specimens is required to 

establish chemical element partitioning between matrix 

segments and crystalline phases. In addition, special 

attention must be paid to chemical zoning, cation 

diffusion patterns and skeletal or dendritic crystal 

formation. These characteristics help to identify the 

technological environment is which the materials 

evolved. Glass-making slags contain high amount of 

dendritic oxide crystals. Uncommon materials may arise 

from the mixed usage of metallurgical slags and other 

raw materials, glass coloring for instance [8]. 

C. 3
rd

 scenario. The samples are rather fused clay residue, 

than s.s. slag (they don’t fit to any of the macroscopic 

types on Fig. 1). In these cases, the main question to 

answer is if the material is technology related or 

accidentally created. A quick powder XRD analysis will 

give the answer, since high amount of quartz and 

feldspars, even without the high temperature index 

silicates, cannot be related to metal or glass processing.  

 

Fig 6. XRD pattern and identified minerals of an 

uncertain slag type material (gray curve – measured, 

black curve – Fourier-filtered, red line – background) 

SEM+EDS on fracture surface is suitable to observe 

different phases and chemical homogeneity. Textural 

characteristics may also be observed without polished 

specimens, e.g. micro porosity and lamellar structure, or 

fracture typical for glass. More importantly, the phases 

crystallized in the pores can be observed, leading to a 

decision on material type and origin (Fig 7) 

 

Fig 7. Skeletal and dendritic silicate crystals in the pores 

of a glassy slag. 

If skeletal silicate minerals are dominant, the material is 

fused clay residue. On the other hand, if the sample is 

mainly amorphous alkaline silicate mass, accidental glass 

melting is possible. The presence of metal oxide 

inclusions and chemical zoning may indicate the relation 

to metal processing technology. None the less, one also 

must have in sight the special case of highly 

differentiated production slags, which can be similar to 

glass residues. In such a case, detailed SEM+EDS 

investigation is indicated. 

Special cases. Copper smelting, bronze and brass 

production may not leave typical slags, and the chemical 

composition of slags is hard to correlate with these 

processes. In such cases trace element content and index 

minerals should be the main support for reveal the type of 

metals extracted and the technology. 

IV. WORK FLOW OPTIMIZATION 

Through the result of our case studies and complex 

analytical investigations we try to expose the planning 

and subsequent selection of techniques, as proved optimal 

for our work. The main steps of our routine investigation 

protocol are: 

1. definition of fundamental aspects, to decide if we have 

to deal with s.s. slag, slag like or fused clay residue – 

magnetic properties, density, porosity 

2. estimation whether the samples can be linked to 

metallurgical or other melting processes, like glass 

making – powder XRD and possibly XRF on bulk 

samples 

original specimen 

2. fracture surface  

specimen 

1. powder specimen 

3. chemical 

composition of 

phases 

XRD 

SEM+EDS 

index minerals,  

t (°C) of formation 

4. bulk chemistry, minor 

elements, L.O.I. 

5. trace elements for raw 

material sourcing 

XRF 

slag type, raw 

material, technology 

ICP-OES 
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3. on metallurgical slags, the identification of metal 

species and technological phases (like smelting, 

forging, casting) – SEM+EDS 

4. special features which can be recognized in more 

details, e.g. differentiation of tap-slag, cinder, 

gathering-up and intermediate slags in the bloomery 

process. 

5. seeking technological characteristics e.g. maximal 

temperature, heating time or the intentional altering of 

chemical composition – XRD and SEM+EDS 

6. deducing thermal evolution of materials - SEM+EDS 
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Abstract— Within the project restoration regarding the static 

improvement of the northern façade of the S.S. Annunziata 
Cathedral in Castro (Lecce), integrated geological and geophysical 
investigations were undertaken. The aims of the survey were to 
define the model of the local geological stratigraphy and to 
evaluate the geotechnical characteristics of the ground hosting the 
foundation of Cathedral.    

Geophysical survey was performed used Ground Penetrating 
Radar integrated with seismic refraction tomography. Moreover 
both a direct investigation using continuous core boring and a 
hand excavation were performed in correspondence of the 
building foundations.   

The obtained results have allowed determining the typology of 
foundation and its depth with respect the living surface. In 
addition, the model of the local geo-stratigraphy was 
reconstructed, as well as, the geo-mechanical parameters of the 
litho-types conditioning the foundations structures were 
determined. Doubts remain on the direct correlation with to crack 
pattern observed on the Northern façade of the Cathedral. 

Keywords- GPR, Cultural Heritage, Structural analysis, seismic 

refraction tomography   

I.  INTRODUCTION 

Castro is a village located few kilometres southeast of 
Lecce (Italy). The Cathedral of Castro (Fig. 1) is a remarkable 
example of Romanesque architecture in the Salento region. It 
was built in 1171, probably on the ruins of a Greek temple and 
it is characterized by a Latin cross plan. It is composed of only 
aisle that terminates in three apses. The continuous 
interventions and remaking during the centuries have 
sensitively altered the native structure in Romanesque style. 
The Cathedral is divided into two zones: an anterior part, 
rebuilt many times until to the substitution of its roof in wood 
in 1670; a back part, where are located the central altar, in 
Baroque style, and the two lateral chapels. In this area, the 
façade is affected by fissures relating to a structural damage 
witch has allowed to define a specific intervention of 
restoration. Analyses concerning the strengths acting on this 
part of monument, together with investigations on the subsoil 
under/near the artefact were performed. This latter 

investigation is taken into account in this work with particular 
attention to define the physical-mechanical characteristics of 
the geological materials of the subsoil nearest the church. In 
addition, existence of ancient structures will be evaluated.  

 

Figure 1. The Cathedral of SS Annunziata in Castro (Lecce, Italy) 

II. GEOLOGICAL SETTING 

 

The studied area is located in the central part of historic 
centre of Castro. The geological setting is similar to that of 
salentine Peninsula which is characterized by a base carbonate 
rocks constituted by a calcareous-dolomite formation dating to 
the superior Cretaceous. This formation has been successively 
covered by deposits belonging to the various sedimentary 
cycles, happened between the Paleocene and the Pleistocene 
periods. During these periods, tectonic events folded the 
structure of carbonate formations displacing, in some cases, 
the blocks at different heights. In the Paleogene one of these 
areas was still submerged allowing the deposition of the 
Castro Limestone that is the litotype outcropping in the 
studied area. This latter, as well as, the majority of 
carbonaceous rocks, is affected by karstic features 
characterized by a network of fractures and/or sinkholes full of 
“terra rossa”, made of silty-argillaceous sand enriched in iron 
oxides 
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III. MATERIAL AND METHODS 

Ground-penetrating radar (GPR) is a fast and cost-effective 
electromagnetic (EM) method, which in favourable  

Figure 2. The Geological map 

 

conditions, i.e. mainly resistive non-magnetic environments, 
can provide valuable information on the shallow subsurface. 
Over the last few years GPR has been successfully used in the 
study of shallow structure and stratigraphy of sedimentary 
rocks [1, 2].  

Seismic refraction tomography provides information on 
the P-wave velocity distribution. It helps to calibrate the GPR 
data, and provides additional information about bedrock 
depths and on its physical-mechanical features [3, 4, 5]. 

For the GPR survey a Mala Geoscience GPR instruments 
(RAMAC) with a 250MHz shielded antenna (centre frequency) 
was used. The data were acquired using 512 samples per scan, 
8 bit data word length, and a recording time window of 130ns. 
Furthermore, data were collected by means of a monostatic 
configuration in continuous mode. GPR profiles location is 
show n in  Fig. 3.  

Figure 3. GPR profiles location 

 

The 2D seismic P-wave velocity distribution was obtained on 

the base of the geometry shown in figure 4 using 12 vertical 

geophones (4.5Hz), spaced 2m apart and 14 shot-points. The 

seismic data were collected by means of a seismograph 

(GEOMETRICS model GEODE) with 12 active channels. The 

first step in the refraction tomography survey consists of 

measuring the travel-times of seismic wave first arrivals 

related to source–receiver distances located along the set 

profile.   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Seismic refraction tomography acquisition geometry 

 

IV. GPR DATA ANALYSIS 

The quality of the raw data did not require advanced process-

ing techniques. However, appropriate processing was 

performed for easier interpretation. The most important steps 

of this post-processing can be summarized as follows: 

1  Background removal: the filter is a simple arithmetic 

process that sums all the amplitudes of reflections that were 

recorded at the same time along a profile and divides the sum 

by the number of traces summed. The resulting composite 

digital wave, which is an average of all background noise, is 

then subtracted from the data set. 

2  Kirchhoff 2D velocity migration: a time migration of a 2D 

profile is performed on the basis of a 2D velocity distribution, 

obtained from the interactive velocity adaptation of a diffrac-

tion or reflection hyperbola by calculating a hyperbola of 

defined velocity and width.  

Figure 5 shows the reflection profiles acquired in the study 

area after the above-described processing. A general 

characteristic of the surveyed area is the good penetration, 

about 110 ns, of the electromagnetic energy, corresponding to 

a depth of about 4.4 m if the mean EM-wave velocity is 0.08 

m/ns. This is essentially due to the physical properties of the 

subsurface material which low dissipates the electromagnetic 

energy. In the uppermost metre of ground surrounding the 

church several anomalies (S) are present. They are related to 

the  subsurface pipes network. Two radar facies types can be 

distinguished at two different depths. The first radar facies, 

(labelled B), is slightly dip is located between 2 and 2.4m in 

depth. It is probably related to the more fractured calcareous 

bedrock. 

The second radar facies, (also labelled B), is more dipping 

than the first and it is located between 3 and 5m in depth. It is 

probably related to the more compacted calcareous bedrock. 
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Some vertically and horizontally reflections (labelled F) 

can be seen within the two facies. They are probably related to 

the presence of several fractures.  

 Figure 5. The processed radar sections related to the profiles named R3, 
R6 and R4 

V. SEISMIC REFRACTION TOMOGRAPHY DATA ANALYSIS 

Figure 6 shows the seismic P-wave velocities model in the 
first meters of the subsoil.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Vp distribution model: a) in the surveyed area; b) at the shot 
point line 

It is possible to note two seismic velocity areas, labeled H 
and L respectively (Fig 6a).  The Vp values ranging from about 
1200ms−1 to about 1700ms−1 (areas labeled L) could be related 
to fractured or  calcareous bed rock.  The Vp values ranging 
from about 1900ms−1 to about 2800 ms−1 (areas labeled H) 
could be related to more compact calcareous bedrock. 

VI. CONCLUSIONS 

The integrated geological and geophysical surveys have 
allowed to reconstruct the geological model of the surveyed 
area.  

GPR and seismic refraction tomography datasets have been 
compared to integrate the results and to eliminate the intrinsic 
ambiguity of each method. Combining different data sets 
minimizes the ambiguities in the interpretation and allows 
esteeming bedrock depth and quality.  

Particularly seismic refraction tomography pointed out 
problems related to the spatial resolution and therefore it 
doesn't allow evidencing the single anomalies related to the 
fractures. Moreover, in this study the seismic refraction  
methodology was used under not standard conditions and it had 
allowed reconstructing the subsoil condition  related to the  N-
W side of the cathedral. In fact in the investigated area the 
results revealed a bedrock constituted by a one type of 
calcareous with varying mechanical characteristics. Particularly 
the mechanical characteristics improve with the depth, 
according to the increase of the P-waves velocity. The GPR 
results allowed, with higher spatial resolution than seismic 
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measurements, to underline variations of the physical state of 
the subsoil with the depth.  
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Abstract - The analysis and technical elaboration 

named GIS (Geographical Information System) 

has been  developed for the management  

information related to make parameters. 

The first aim of an informative system is to make it 

suitable to the operators which take every useful 

information. 

However, this tool requires, for its application, 

practice and knowledge about narrow fields, 

because it has to monitor spatial – physical 

situations in according with different “angle-

shots”: so we shouldn’t leave historical research  

and archaeological surveys, chemical-physical both 

for knowing the degradation state, and also 

historic-artistic and architectural research. 

In order to schedule systematically ancient 

marbles in Benevento  (Southern Italy),  

particularly in roman monuments and medieval 

churches, a GIS has been organized.  The common 

features of stones can be  immediately visualized:  

this indicative schedule have been drawn up to be 

linked to man-made stones. 

Besides peculiar typical, structural and 

architectural features, these schedules give us 

fundamental data and technical results to think of  

first and then to project a methodical and efficient 

recovering and consolidation plane for ancient 

marbles.  

 

 I. INTRODUCTION 

 II.  The introduction of GIS in the field of science 

and technology for the conservation of Cultural 

Heritage is a relatively recent, nevertheless there has 

been in short time a large development application in 

this area. The reason is due substantially to the 
multidisciplinary nature of this research area that 

makes essential the use of a tool useful to correlate 

and integrate the various information and results from 

the various cognitive analysis: from the historical 

research to the findings and archaeological 

prospecting; from the chemical and physical analyzes 

aimed at understanding the conservation state to the 

historical-artistic and architectural study. The G.I.S. 

for the systematic cataloging of "ancient marbles" 

related to the city of Benevento, was organized in a 

way that the common characteristics of the stone 

artefacts can be detected immediately: in this context 
was drawn up appropriate tables, to link dynamically 

to the artifacts and to vector themes under 

investigation. 

 

 III. USE OF MARBLES IN ANCIENT MONUMENTS 

OF BENEVENTO. 

 

 The identification of building materials is the 

first data to be acquired for the renovation and 

conservation of a monument, both for knowledge and to 

provide a basis for further studies of the morphology and 
deterioration causes. 

 The Mediterranean area is characterized by wide 

use of marbles in classical age, which are widely reused 

in later periods. 

 A similar fate suffered also Benevento, where 

many materials of the Roman town were used to build the 

center both medieval and modern.  

 The reuse of old materials in a new context is a 

very common practice in the medieval world, especially 

in architecture. The end of paganism and demographic 

contraction following the fall of the Roman Empire in 
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fact increased the availability of buildings ruined where 

was possible to find material able to reuse in the 

construction of new buildings. 

 If in the Middle Ages these interventions were 

conducted with a certain carelessness, Romanesque 

architecture developed selection criteria and used the 

remains in a targeted way. The ancient piece could be 

appreciated on an aesthetic level, and this was placed in a 
prominent position, see about the columns and their 

capitals of the loggia in the façade of the Cathedral of 

Benevento (Figure 1), but sometimes it attributed a 

political significance, as it alluded to the greatness of 

ancient Rome. 

 In the Middle Ages, the daily contact with the 

ruins of Roman monuments, favored the development of 

the practice of a "material" reuse, which aimed to save 

time and work by using elements already worked or 

buildings still standing, see the jambs of the portal of the 

cathedral.  

 Next to reuse "utilitarian", which makes use of 
the antique piece to save time and labor, scholars 

distinguish a reuse of "prestige" that instead appreciated 

the aesthetic qualities of the Roman remains and this gave 

them a prominent position within the new building, such 

as the bell tower of the Cathedral of Benevento where we 

find the upper level, the mullioned windows separated by 

granite columns with Corinthian capitals for reuse. 

It is possible to note also that the reuse of monuments and 

antiquities is often charge of meanings and implications 

in so-called "ideological" reuse. In religious Norman fact, 

the more rake is developed, well-preserved and reused 
according to precise criteria and functional devices, the 

greater the prestige conferred by its use, as it should be 

added the symbolic references to the Roman Empire and 

that it allows from time to time and allow both the 

exaltation of the client and to utilize the space in which 

the rake is reused, as in the case of granite pillars in the 

church of Santa Sofia in Benevento. 

Finally, a walk in the historic center of the ancient city of 

Beneventum, that Romans elevated to the rank of 

municipium in 86 BC, it is possible to find monuments 

from the Roman era rich in ancient marbles (not reused in 
medieval monuments) such as the Arch of Trajan (Figure 

2) and the Roman theater. 

 The Arch of Trajan inaugurated in 115 A.D. to 

enhance the government of Emperor Trajan, presents the 

framework in limestone rocks while the coating is in 

Parian marble, whose quarries are located in Greece. 

The Roman theater, however, the second century AD, 

presents various capitals reused later in the monuments of 

the city, as in the case of Porta Arsa, or as the basis of two 

columns of the church of Santa Sofia, and finally another 

capital is kept in a ' Classroom of the Baths. 

 

 
 

Fig. 1. Benevento. Cathedral, facade: detail of loggia 

with columns and capitals in ancient marbles. 

 

 

 
 

Fig. 2.  Benevento. Arch of Trajan. 

 

 

III.  THE G.I.S. STRUCTURE  

 In the analysis conducted by GIS befalleth not a 

mere representation of geometric objects or objects: what 

is evident is rather the direct spatial relationships between 

the different elements, such the connection, the adjacency 

or the inclusion.  

 In practice, the data model, in an optical 
effective interaction, must provide for the insertion, in its 

interior, descriptive data of the individual real objects, 

defined as attributes of the space.  

 These three sets of information (geometry, 

topology, attributes) are then actually implemented in a 

GIS with a specific physical model, which today is based 

on relational data structures, typical of the most advanced 

database and hardware architectures and software type 

client / server, typically in local networks of computers:  

in this case, for the implementation and subsequent 

management of the data the QGis software was used. It 
will be necessary however to distinguish between types 

of data. They are usually distinguishable into two 

categories: 

 1. spatial data (ie the positioning of the geographical 
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elements: in this case the Roman and medieval 

monuments of Benevento); 

 2. attribute data (ie, the set of the monument, localization 

of the same, the name of this ancient marble, ancient 

marble quarry, measurement of the same, origin, etc.), 

associated with the spatial data (Figure 3). 

 Spatial data (maps, surveys, etc.) were 

implemented through manual digitizing, scanning and 
graphic files in vector format; however the attribute data 

were introduced via script from the keyboard of 

electronic processor. After the process above described, 

the table-attribute connected interactively to medieval 

monuments were properly prepared, as well as to 

determine, by pointing to the request for data, a class of 

detailed information on the site object of interest.  

 The complex management of data, or procedures 

to store and search information put inside the GIS, are 

then assigned to a database that manages information 

reports. The track to reach identifying information is 

divided into "keywords" that defined an unique target and 
differentiated hierarchy of application: for example, the 

utilizer can search the individual important medieval 

building of Benevento or the structural and 

morphological characteristics of ancient marbles present 

in Roman and medieval monuments (type of antique 

marble quarry, amount, etc.). The management of the 

various thematic mapping associated with cultural 

property was entrusted to the overlay technique, ie the 

codes for different layers of the basic information. 

 Finally, after measuring the amount of marble 

found in ancient Roman and medieval monuments of the 
city, and after implementing the data in the geodatabase, 

it was possible to find the percentage (Equation 1) of old 

marbles imported in Roman Age at Benevento, and 

consequently, in each monument (Table 1). 

 

 

 

 
 

Fig. 3. Screen during a work session. 

 

 

 

 

 

Xa.m.%  =  Xa.m./100 

 

Equation 1.  Percentage of ancient marble present in the 

monuments. 

 

 

 

 IV. CONCLUSIONS 

This important tool analysis (that can be constantly 

updated, and easy read-understand)  is a composed 
documents that are useful not only for scientific research, 

but also for institutional requests, in order to launch local 

or regional activities related to recover the historical 

building and it also an important tool from the economic 

point of view. 
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Table 1.  Database fields. 

 

 

 

 

TOWN MONUMENT LOCATION ELEMENT MARBLE QUARRY COU

NTRY 

MISURES 

Benevento cathedral facade Column  Proconnesio Marmara 

Island 

Turkey  

Benevento cathedral facade Column Proconnesio Marmara 

Island 

Turkey  

Benevento cathedral Left Jamb Architrave Greek white marble  Greek h. 3,19 m. 

sp. 0,34 m. 

Benevento cathedral Right Jamb Architrave Greek white marble  Greek h. 3,19 m. 

sp. 0,34 m. 

Benevento Arch of Trajan facade architrave Pario Paros Greek l. 8,60 m. 

Benevento Arch of Trajan facade architrave Pario Paros Greek l. 8,60 m. 
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Abstract— The Basilica of Our Lady of the Snows in 

Copertino was built in 1088 by the will of the Norman Count 
Goffredo of Conversano and was originally entitled to the Virgin. 
In 1255 Manfredi, Prince of Taranto and Count of Copertino 
elevated it to basilica entitling it to the Virgin of the Snows. It is 
the mother church of Copertino, already directed basilica and in 
2011 elevated to the rank of minor basilica. GPR survey was 
undertaken inside the churches at Copertino village, located a few 
kilometres southwest of Lecce (Italy). The purpose of the survey 
was to obtain information about the existence of ancient 
structures beneath the churches. No document or writing exists to 
confirm the presence of structures under the  church. However, 
there are several oral testimonies handed down over the centuries 
that suggest the presence of these ancient structures. 

Survey was carried out using a IDS Hi Mod georadar system, 

incorporating the dual band 200-600 MHz centre frequency 

antennae. The GPR time slices were constructed from closely 

spaced parallel profiles. The time slices, computed from averaging 

radar reflections over vertical time windows several nanoseconds 

thick, are used to map subsoil features associated with the 

structures, probably of anthropogenic origin. To facilitate the 

interpretation of the results, a three-dimensional image was 

constructed using closely spaced parallel profiles, which are 

linearly interpolated. 

 

Keywords- GPR, Cultural Heritage, 3D visualization 

I.  INTRODUCTION 

Ground-penetrating radar (GPR) is a fast and cost-effective 

electromagnetic (EM) method, which in favourable 

conditions, i.e. mainly resistive non-magnetic environments, 

can provide valuable information on the shallow subsurface. 

As it is based on the propagation and reflection of EM waves, 

it is sensitive to variations of the EM parameters in the 

subsoil, specially the dielectric constant and the electric 

conductivity [1]. Despite its relatively low penetration depth 

(specially with high-frequency antennae and in moderately 

conductive environments), the GPR resolution capability (also 

depending on frequency and soil properties) is far greater than 

that obtained by other geophysical methods. This makes the 

technique suitable for high-resolution shallow studies such as 

archaeological applications and shallow stratigraphy mapping. 

In this workpaper the results of a GPR survey carried out 

inside the Basilica of Our Lady, located in Copertino village 

(Figure 1) 

a few kilometres southwest of Lecce (Italy) are reported. The 

purpose of the surveys was to obtain information about the 

existence of ancient structures under the church.  

The Mother Church of Cupertino, dedicated to the cult of 

Santa Maria di Nives, was raised in 2011 by Benedict XVI to 

the rank of Pontifical Basilica Minore.. 

The basilica was built in 1088 on the ancient church of San 

Nicola, greek-Byzantine rite, it was rebuilt by Prince Manfredi 

of Swabia, Count of Copertino, who raised it to basilica 

entitling it to Sancta Maria ad Nives, the Virgin of the Snows. 

The structure has undergone expansions and renovations over 

the centuries, particularly concentrated in the '500 and' 700, 

and then assume its present form.  

The basilica is accessed through the main portal, embellished 

by an imposing bronze door created in 1985 by artists and 

Gianese Del Savio. The second entrance opens onto the façade 

of the right side, and is defined portal of lions for the presence 

of two Romanesque lions.  

The area of interest is not deeper than 5 m, well within the 

range of GPR surveying techniques. A dual band 200-600 

MHz centre frequency antennae was used in all profiles.  

The dual band antennae has proved to be a good compromise 

between resolution and depth of penetration. The radar data 

are displayed in three-dimensional format. This is well 

documented, especially for mapping both archaeological and 

geological features [2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. 

The most effective way to display threedimensional radar data 

is through ‘time slice’(or depth slice) maps [11]. These 

horizontal slices may not be the most suitable visualization 

technique in the case of great subsurface complexity because, 

for example, false amplitude anomalies can occur when the 

slicing planes cross dipping or undulating reflectors. However, 

time slices still remain the easiest and most rapid means to 

provide a synthetic plan view of the anomaly pattern, specially 

for large areas. For small-size zones a more complete 

understanding of the subsurface can be achieved by means of 

various three-dimensional data presentations, including three-

dimensional cubes, chair views and slices parallel to the axes 

or along arbitrary directions. In the present work the three-

dimensional image  was constructed using closely spaced 

parallel radar profiles acquired in the basilica. 
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Figure 1. The Basilica of Our Lady in Copertino (Lecce, Italy) 

II. GPR DATA ACQUISITION AND ANALYSIS 

The GPR survey was performed, with IDS Hi Mod georadar 

system, inside and outside the church along parallel profiles at 

0.35 m spacing using a dual band 200-600 MHz centre 

frequency antennae. A map of GPR profiles is shown in 

Figure 2. The following acquisition parameters were selected: 

samples per scan, 512; recording time window, 80 ns for 

600MHz antenna and 160 ns for 200MHz antenna; gain 

function, manual. 

 

 

 

Figure 2. The GPR profiles location 

 

The quality of the raw data did not require advanced 

processing techniques. However, an easier interpretation using 

the GPR-Slice software (www.gpr-survey.com/). The 

following data processing has been performed: (i) amplitude 

normalization, consisting of the declipping of saturated (and 

thus clipped) traces by means of a polynomial interpolation 

procedure; (ii) background removal, whereby the filter is a 

simple arithmetic process that sums all the amplitudes of 

reflections that were recorded at the same time along a profile 

and divides by the number of traces summed the resulting 

composite digital wave, which is an average of all background 

noise, is then subtracted from the data set; (iii) Kirchhoff two-

dimensional velocity migration [13],which is a time migration 

of a two-dimensional profile on the basis of a two-dimensional 

velocity distribution is performed. The goal of the migration is 

to trace back the reflection and diffraction energy to their 

‘source’.  The profile acquired inside the church is shown in 

Figure 3. A close examination of the data showed the presence 

of the numerous reflection hyperbolae from a point source. 

This allows us to estimate the EM wave velocity propagation 

[11, 12] of 0.084 m/ns in the surveyed area. Most of the 

anomalies observed are confined from about 8 ns to about 25 

ns; this is also the case in all the other profiles acquired in the 

area. The uppermost reflection event, slightly undulating 

(from about 4 ns to about 5 ns), labelled D in Figure 3, denotes 

a strong electromagnetic contrast. This event has been 

interpreted to result from a more compact layer associated 

probably with the bottom of the filling for the base of the 

church flooring. Of course this almost horizontal reflection has 

been weakened by the processing applied. In the radar sections 

a reflection event (labelled T in Figure 3) is clearly 

identifiable at the time ranging from about 8 ns to about 20 ns 

(from 0.34 m to 0.84 m in depth). This event is probably 

related to the presence of tombs. 
 

 

Figure 3. GPR processed profile  

 

 

The arrangement of the profiles in a grid has allowed us to 

correlate, spatially, the important reflections within two-

dimensional reflection profiles (standard radar sections). A 

way to obtain visually useful maps for understanding the plan 

distribution of reflection amplitudes within specific time 
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intervals is the creation of horizontal time slices. Time slices 

examine only reflection amplitude changes (or energy changes 

if the square value is used instead of the absolute value) within 

specific time intervals, and thus within consecutive soil layers 

of nearly constant thickness. Each time slice is, therefore, 

roughly comparable to a standard archaeological excavation 

level [11]. Areas of low reflection amplitude (or energy) 

indicate uniform matrix materials or quite homogeneous soils, 

whereas those of high amplitude denote zones of high 

dieelectrical subsurface properties contrast, such as buried  

archaeological features, voids or important stratigraphical 

changes. In the present work the time slice technique has been 

used to display the energy variations within the 5 ns time 

window (Figure 4). High-amplitude anomalies (labelled C and 

T in Figure 4) are visible. They are related to the presence of 

crypt and tombs at variables depths (0.4- 5.8m).  

 

  
Figure 4. Seismic refraction tomography acquisition geometry 

The data acquired on a grid with parallel profiles at 0.35 m 

spaced, in this case, allow us to build a three-dimensional file 

using a linear interpolation. The three-dimensional file has 

been used to plot the data acquired inside and outside the 

church in three dimensions. Figure 5 shows a plot of the 

isosurface amplitude. Here it is possible to see the structure 

better, labelled C and T, and to confirm the interpretation 

using the two-dimensional standard radar sections.  

  

Figure 5. The iso-surface 3D visualization
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III. CONCLUSIONS 

The principal difficulties encountered in undertaking this 

survey were the non-existence of written documents (such as 

maps) that describe the evolution of the church and 

particularly the presence or otherwise of buried structures 

(such as crypts or graves). Nevertheless oral testimonies about 

the existence, inside the church, of buried structures were 

numerous. As a result of this study the testimonies about the 

existence of buried structures seem to be confirmed. The 

survey carried out inside and outside the church suggests 

clearly the presence of tombs and crypt. Time-slice maps, used 

mainly to enhance the horizontal relationships between 

amplitude anomalies found in the standard two dimensional 

radar sections, point to an anomalous zone, interpreted as 

buried structures of probable anthropogenic origin (labelled C 

and T). The three-dimensional visualization proposed, as a 

three-dimensional plot of reflected electromagnetic wave 

amplitude, has facilitated the best interpretation of the data.  
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Abstract – A major technical development has been 

implemented recently at the accelerator-based system 

installed at Centre for Dating and Diagnostics at the 

University of Salento. The development consisted in 

the installation of a new hardware and software 

control platform of the recently installed multiisotope 

beamline, hybrid ion source and gas inlet interface. 

Furthermore the new platform has been also extended 

to allow the control of the multipurpose injector 

which was so far manual and analogic. A general 

overview of the adopted technical solutions is 

presented together with a description of their main 

features. 

 I. INTRODUCTION 

Over the years and in the frame of different research 

projects the experimental capabilities of CEDAD (Centre 

for Dating and Diagnostics) at the University of Salento 

have been continuously enhanced by the installation of 

new beamlines [1,2]  (Fig. 1)  and, recently, of a new ion 

source capable of accepting both solid and gaseous 

samples (fig. 2) [3]. 

 

 
Fig. 1: The multiisotope beamline installed at CEDAD 

for the AMS analysis of rare nuclides (
10

Be, 
26

Al, 
129

I and 

actinides) 

 

 
Fig. 2: The new hybrid ion source capable to accept both 

solid and gaseous samples 

The different beamlines were so far controlled with 

different specifically designed software running on 

different hardware platforms. Furthermore, the 

multipurpose injector of the accelerator (formed by two 

ion sources and a 90° bending magnet) was still fully 

manually controlled and it did not allow unattended and 

remote controlled operations. 

It was then mandatory to integrate the different solutions, 

adopted over the years, in a single application software 

which could, through different modules and routines, 

control the whole system. 

The new control software has been completely developed 

in a Labview (LABoratory Virtual Engineering 

Workbench) environment and the main design constraints 

were connected to the needs of developing a user friendly 

interface allowing reliable, unattended and remote 

controlled operations and  implementing automatic 

routines to perform specific tasks such as easy tuning and 

ion beam alignment for the different experiments. 

The main software is composed by different sub-routines 

which are used to perform specific tasks. In this way it is 

possible to have a flexible, modular software which can 
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be easily extended and updated. Each of these sub-routine 

exchanges data with main program through an input 

software interface. 

The new platform consists of control and data acquisition 

modules. The first ones are implemented to control the 

systems elements (electrostatic and magnetic dispersive 

elements, steerers, lenses etc.), power supplies, step 

motors and the vacuum system. Data acquisition modules 

allow the data reading from both particle detectors and 

stable isotopes Faraday cups. 

 
Fig. 3 Screenshot of the panel allowing the control of 

vacuum levels and FC positions. 

 II. CONTROL MODULES 

Automatic routines have been included in order to scan 

elements (magnetic and electric ones, Faraday cups 

position, steerers, lenses), control the vacuum system 

(vacuum gauges, valves, pumps operating parameters) 

present on both the new multiisotope beamline and the 

multipurpose injector and to find optimal settings by 

improving the beam transmission through the system. As 

an example, figure 3 shows a screenshots of one of the 

panel allowing to optimize the position of the stable 

isotope Faraday cup used to measure the currents of 

stable isotopes along the new high energy multiisotope 

spectrometer.  

Different parameters can be monitored simultaneously 

and relevant data are stored in a log file which is updated 

every 60 s.  For the new hybrid AMS-IRMS system the  

new software allows to control both the injection phases 

of the sample gas accomplished by the gas handling unit 

and the electronic system of the new hybrid ion source. 

The electronic systems is also used to control both the  

loading and unloading of the samples  in the ion source 

and the working parameters of the ion source (high 

voltage potentials, cesium reservoir temperature, ionizer 

current etc.). 

The loading and unloading system is composed by 

compressed air actuators controlling the movement of an 

arm  bringing the samples in the sputtering position. The 

feedback of this system is composed by “solid state auto 

switches” with PNP technology and is controlled by a 

programmable digital management board (NI9403 Digital 

Input/Output). 

Figure 4 represents the second part of the samples’ 

loading/unloading system that is composed by two step 

motors (ST 57069-NANOTEC) that move the 40 

positions target magazines allowing the selection of the 

cathode to be loaded. The two motors are controlled by 

the PC through an electronic chain formed by: a PSI 

“servo and stepper control” board (NI 7352) controlling 

the movements, a Universal Motion Interface (UMI-NI 

7772) that, by optical sensors, manages the feedback 

movements and a drive unit (NI-snd 7610).  

 

 
Fig. 4: Electronic chain that control the 

loading/unloading system of the new hybrid ion source 

In order to guarantee safe operations, all the high voltage 

elements are decoupled by a 1.5 kVA isolating 

transformer from ground and a further optical decoupling 

is obtained  by a digital/optical converter with  a 16 bit 

resolution. All the system is then managed by a “NI 

CompactDAQ 8-Slot Ethernet Chassis” with a data 

streaming speed of 126MB/s. 

 
Fig. 5: High voltage optical decoupling scheme of the 

hybrid ion source elements 
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III. DATA ACQUISITION MODULES 

 

The software allows the acquisition of both rare isotope 

ionizing events in the dual anode gas ionization chamber,  

in the ROI (region of Interest) defined on the 

multiparameter data acquisition software and the acquired 

charge in the stable isotopes Farady cup.  

The stable isotope acquisition is carried out by an in 

house designed and built electrostatically suppressed 

Faraday cup. A low noise current preamplifier (SR570- 

Standford Research System) with a sensitivity from 1 

pA/V to 1 mA/V converts the output signal from the cup 

into a voltage signal which is then converted into 

frequency by an in house designed voltage/frequency 

converter with a gain conversion of 100 KHz/V and a 

duty cycle of 25% coupled through a 50Ω impedance to 

a 32 bits counter/timer (NI6289) (fig 6). 
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Fig. 6: Schematic representation of acquisition system for 

radioactive and stable isotopes. The figure shows the 

path from the gas detector to the rare isotope acquisition 

spectrum. 

 

The rare isotope acquisition, instead, is carried out by a 

multiparameter system (MPA-3 from FastcomTec) 

controlled by the main program.  

A bi-dimensional (Eres, ΔE) ROI can be defined for each 

isotope, and ionizing events are then read and allocated 

into one-dimensional arrays in a pre-defined and set 

acquisition time. 

During each measurement, the acquired charge of the 

stable isotopes, the ionizations events in the ROI of the 

detector are then used to calculate the isotopic ratio per 

each measurement block.  

Isotopic ratios are calculated on-line, while measurement 

is running, together with the corresponding measurement 

uncertainties and shown on graphs (Fig.7). 

 

 
Fig. 7 Screenshot of measurement frame of stable and 

rare isotope 

 

 

 IV. CONCLUSIONS 

  

A new software/hardware platform has been developed at 

the Centre for Dating and Diagnostics of the Unversity of 

Salento for the control of the multiisotope beamlines, the 

new hydrid ion source and the multipurpose injector. The 

new platform have shown reliable operations, allowing 

easy tuning of the system, data analysis of a wide range 

on radionuclides and the functioning of the new ion 

source. The design constraints have then been fully 

respected with a software having an intuitive and user 

friendly interface. 
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Abstract – This study deals with the development of a
new approach for the long-time monitoring of the mi-
croclimate parameters and of the atmosphere aggres-
sivity in indoor museum environments, with the aim of
improving the artefacts conservation conditions and in-
creasing their fruition. The proposed solution is based
on an innovative environmental monitoring system, for
continuously measuring temperature and relative hu-
midity, and on the exposure of a set of metallic refer-
ence specimens for studying the surface degradation
phenomena occurring as a function of the exposure
time to atmospheric corrosion. The proposed approach
is currently being employed in two sites: the Stibbert
Museum (Florence, Italy) and the Egyptian Museum
(Cairo, Egypt). First results, related to the environment
monitoring campaign in the Stibbert museum, high-
light the potentialities of the proposed approach and
provides important information for the development of
tailored preventive conservation strategies.

I. INTRODUCTION
Heritage artefacts, either exposed to indoor museum en-

vironments or stored in deposits, are sensitive to atmo-
spheric corrosion phenomena, which are the result of tem-
perature and relative humidity fluctuations during night-
and-day cycle, and to chemical reactions between the metal
surface and the atmospheric pollutants, such as SO2, CO2,
V OC (volatile organic compounds). Potential risk factors
can be, therefore, heating and air conditioning systems of-
ten designed mainly to provide a comfortable environment
for the visitors, the exchange of outdoor air, which espe-
cially in big cities can contain high concentration of ag-
gressive agents, as well as a large number of visitors.

Moreover, it should be taken into account that in sev-
eral museums, in Italy and all over the world, the historical
showcases, still in use, have themselves become objects
worth to be preserved, even if they do not allow a con-
trol of the inside atmosphere. These historical showcases
can release themselves aggressive compounds in the atmo-
sphere due to the degradation of the constituent materials

Fig. 1. The monitoring system currently working at Stib-
bert museum in Florence (Italy); the T/RH sensors posi-
tioned in the room n◦56: (a) inside the showcase n◦3 and
(b) neareby a set of metallic reference specimens.

[1]; these phenomena have to be taken into account in the
development of a preventive conservation strategy.

In this contest, the implementation of suitable storage
and exhibition conditions that correctly satisfy the conser-
vation requirements of the artefacts to be preserved and
that allow increasing their fruition is an on-going research,
which requires, first of all, to collect reliable data on the
microclimate and environmental parameters and on their
effect on the artefact degradation. Afterwards, on the ba-
sis of the collected data, tailored preventing conservation
strategies can be developed.

Unfortunately, directly measuring low concentrations of
pollutants in indoor museum atmosphere requires the use
of complex and expensive sensors [2] and data-loggers [3],
which often require energy supply and are invasive from
the aesthetic point of view.

This paper deals with the design and deployment of a
non-invasive multidisciplinary approach, suitable for long-
time environmental monitoring campaigns, which can be
carried out both in museums open to the public, as well
as in deposits where the artefacts are stored for long time
without any assessment of their conservation state.

ISBN-15: 978-88-940453-3-8 
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The proposed approach has been employed in two mea-
suring campaigns, actually in progress, in the Stibbert Mu-
seum in Florence (Italy) and in the Egyptian Museum in
Cairo (Egypt).

The monitoring campaign of the Egyptiam Museum
started recently, in June 2015, with the final aim of assess-
ing the environmental conditions present in the basement,
where thousand of poly-material artefacts are still stored in
order to be cataloged and restored before being exhibited.

The campaign of the Stibbert museum started in July
2013 so that the preliminary results of a long-term moni-
toring are already available. The Stibbert museum hosts a
unique collection of Japanese artefacts, which includes 95
suits of armours, 200 helmets, 285 swords and spears, 880
sword guards and many metal fittings. Almost all items
date back to the Momoyama and Edo periods (1570-1868
AD) with few examples of earlier productions. The col-
lection is displayed in some historical showcases, built in
wood and glass according to the practice in force in the
early Twenties of the past century, which are located in
three exhibition rooms on the first floor of the building
(Fig. 1).

II. THE PROPOSED APPROACH
Monitoring the aggressivity of indoor atmosphere gen-

erally requires costly solutions, able to collect data on tem-
perature and relative humidity and to detect the presence of
low concentrations of air pollutants. Moreover, it should be
taken into account that the instruments usually employed
for such measurements are bulky and require energy sup-
ply, so that their deployment in museum rooms open to the
public or in deposits, which remain closed for long time,
can be quite problematic.

The authors, therefore, decided to try a different ap-
proach based on the measurement of few physical quan-
tities, coupled with the exposure of a set of metallic refer-
ence specimens.

As well know, metallic alloys exposed to indoor en-
vironments are subjected to atmospheric corrosion and,
therefore, the idea is to assess the atmosphere aggressiv-
ity by monitoring the degradation phenomena occurring on
the specimens surface as a function of the exposure time.

In particular, the proposed approach is based on the con-
temporaneous use of:

• a set of copper and silver reference specimens, coated
with a Cu and Ag nanostructured thin films in order
to increase their corrosion susceptibility;

• an innovative multi-sensors environmental monitor-
ing system for continuously measuring temperature
(T) and relative humidity (RH), which can be posi-
tioned close to the reference specimens, in order to
correlate their corrosion behavior with the microcli-

Fig. 2. Set of reference specimens coated with Cu and Ag
nanostructeured thin films in the paperboard stand used
for the exposure in museum environments.

mate parameters.

A. Reference specimens
Nanostructured copper (Cu, 99.96 wt%) and silver (Ag,

99.96 wt%) thin films (100 nm), have been deposited by
plasma sputtering on copper and silver sheets (20 x 20 x
0.8 mm). Nanostructured thin layers, with a thickness of
100 nm, thanks to the high surface area, are characterised
by a higher corrosion susceptibility respect to bulk metals
and, therefore, can be employed to assess the atmosphere
aggressivity in a short period of time.

The reference specimens have been exposed in paper-
board stands in order to avoid the contact with other mate-
rials, which can accelerate the degradation due to crevice
or galvanic corrosion phenomena.

Surface micro-chemical and micromorphological char-
acterisations have been performed, as a function of the ex-
posure time, by means of a field emission scanning elec-
tron microscope (FESEM) equipped with an energy disper-
sive spectrometer (EDS), which allows studying the corro-
sion phenomena at microscopic level.

B. The environmental monitoring system
The environmental monitoring system is composed of

two components:

• A network of sensors: the sensors have an extremely
small footprint, with a diameter of about 20 mm and
a thickness of about 8 mm. These sensors, shown in
fig. 3, are powered by a small lithium battery, placed
below the footprint, so that they do not need any ca-
bling and are able to broadcast the measurements over
a WI-FI link. The sensors, whose main characteris-
tics are detailed in Tab. 1, can be configured to mea-
sure temperature and humidity at intervals between
few seconds and an hour and store the data in a local
memory. The sensors periodically ping for a receiver
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Fig. 3. Sensors for T and RH measurements. Sensors
have a dimension of about 20 mm and a tickness of about
8 mm; they do not require any cabling, are powered by
a small lithum battery and can measure temperature and
relative humidity for several months, storing the data in a
local memory; when the WI-FI link can be established, the
gathered data are either sent to a concentrator or can be
downloaded on a personal computer.

via a wireless link and, when it is available, send it
all the stored data. This way the monitoring system
can work also in the absence of a working receiver
for a period of up to 3 months without loosing data.
On the other hand, if the receiver is within the sensor
transmitting range, the data can be sent immediately
for on line monitoring. The lithium battery is capable
of powering the sensor for more than one year if the
measurements are collected every 20 min. A network
of more than 200 sensors can be designed for a large
scale monitoring campaign.

• A concentrator: this component, shown in fig. 4, is
designed for receiving the data from the sensors and
storing them in an SD card for documentation pur-
poses. A normal 16 Gbyte SD card can store up to 6
years of data collected by more than 100 sensors sam-
pling every 20 minutes. The concentrator can be ei-
ther connected to the Internet, if available, or can use
a normal USB pen to deliver the measurements. The
concentrator is capable of being connected to sensors
in the range of 10 m. One should note that the con-
centrator presence is not required for the monitoring
system to work, so the entire system can be deployed
also in locations without electricity: in this case it is
simply required to be on site with a battery powered
concentrator every three months.

Fig. 4. The data concentrator, which is capable of stor-
ing data from hundreds of sensors for several years. The
concentratore requires a power supply, can exchange data
with sensors located at a distance of up to 10 m and can
either deliver the data throught the internet, if available,
of by means of a conventional USB pen.

Wireless working range (m) >10
Sampling rate (s) 1-3600

Temperature uncertainty 0.5 ◦C
Relative humidity uncertainty 3%

Log memory 3000 samples
Battery duration @20 min sampling rate > 1 year

Table 1. Sensor main characteristics

III. MONITORING CAMPAIGNS IN MUSEUM
ENVIRONMENT

As above-mentioned, the proposed environmental mon-
itoring approach is actually employed in two museums
where the long-time monitoring campaigns are still in
progress.

In particular, the sensors network designed for the Stib-
bert Museum is composed of ten sensors located in two
exhibition rooms, n. 56 and 58. In order to monitor tem-
perature and relative humidity, the sensors have been posi-
tioned in the exhibition rooms, as well as inside four dif-
ferent showcases, of different dimensions, located in the
same rooms.

Fig. 5 shows, as an example, the temperature and rel-
ative humidity values collected for the interval July 2013
- July 2014 by two sensors, positioned in the room n◦56,
inside and outside one of the showcases selected for this
study (showcase n◦3). As it is possible to observe, the tem-
perature trends are quite similar; the temperature changes
between 5 ◦C and 32 ◦C over the year, following the dif-
ferent seasons, without any significative difference.
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Fig. 5. Temperature (T) and relative humidity (RH) trends
recorded during the 1st year of the monitoring campaign at
the Stibbert Museum in the room n◦56, inside (black line)
and outside (red line) one of the showcases selected for this
study (showcase n◦ 3).

On the contrary, the traces put in evidence that the rel-
ative humidity inside the showcase is quite constant and
ranges from 50% to 70%, while higher values, up to 90%,
are reached in the exhibition room.

Some remarkable differences in relative humidity have
been detected by the sensors positioned in different points
inside large showcases. However, the collected data allows
concluding that if the showcases are closed when the hu-
midity is low, its value inside remains consistently lower
than outside, ensuring better environment conditions for
the artefacts. If the showcase is open when outside hu-
midity is high, as it happened at the end of February 2014
when some artefacts have been taken away for a temporary
exhibition, the humidity value increases and remains quite
high for a long period.

Fig. 6 shows the surface morphology of the reference
specimens, coated with a Cu thin films, and positioned
nearby the two T/RH sensors in the room n◦ 56. The sur-
face have been analysed after one year of exposure to the
atmosphere. The FESEM images highlight the higher ag-
gressivity of the environment outside the showcase and,
therefore, confirm that humidity is a critical parameter for
the long-time preservation of the artefacts. As a matter
of facts, a noticeable atmospheric corrosion attack can be
observed on the surface of the Cu nanostructured layer ex-
posed in the exhibition room.

The higher corrosion rate of the specimens exposed out-
side the showcases can be explained by the presence of
some episodes of the well-know wet-dry cycle. This phe-
nomenon arises when the environmental humidity reaches
values close to the dew point and the temperature de-
creases, due to the circadian cycle. In this case, which
occurred in January 2014 when the humidity reached val-

Fig. 6. FESEM images of the surface of the reference
sentinel samples coated by nanostructured Cu thin films
plasma sputtered on copper specimens. The two images
show the surface after 1 year exposure in the room n◦ 56
of the Stibbert Museum, inside (left) and outside (right) the
showcase n◦ 3

ues above 90%, local water condensation phenomena can
arise, inducing localised corrosion phenomena on the sur-
face of the reference specimens.

On the contrary, even thought the showcases are not
completely sealed, the humidity never exceeded values of
about 70%, and only few localised corrosion attacks are
observed on the surface of the reference specimens ex-
posed inside them. These metallic specimens remain far
from the dew-point and, therefore, the possibility of local
water condensation, which could badly affect their degra-
dation, becomes negligible.

The corrosion products detected on the metallic surface
by EDS are mainly composed of copper oxide, confirming
that no aggressive pollutants, such as sulphide vapours or
VOC, are present inside the boxes.

Concerning the monitoring campaign just started in the
basement of the Egyptian Museum of Cairo, due to the lim-
ited monitoring time no meaningful data are available up
to now. However, the preliminary results highlight a very
limited change of both temperature and relative humidity
values over the night-and-day cycle, and a slight tarnishing
of the reference specimens coated with a Ag thin film prob-
ably due to the presence of low concentrations of sulphide
compounds in the atmosphere.

IV. CONCLUSIONS
Monitoring and controlling the environmental parame-

ters in indoor museum environments is an approach still
increasing worldwide with the final aim of developing pre-
ventive conservation methodologies for archaeological and
historical artefacts.

This paper describes an innovative, though simple, in-
tegrated approach designed for monitoring the microcli-
mate parameters and assessing the atmosphere aggressivity
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of indoor museum environments in a totally non-invasive
way.

The proposed solution relies on a multi-sensors temper-
ature and relative humidity monitoring system and on the
assessment of the atmosphere aggressivity by means of the
evaluation of the corrosion behavior of a set of reference
specimens as a function of the exposure time.

The designed and developed system, based on a network
of very small sensors, with dimensions of 2 cm, able to
measure and transmit the microclimate parameters for long
time without requiring the assistance of a trained operator,
open the possibility to setup long-lasting monitoring cam-
paigns in museum exhibition and storage rooms.

At the same time, the study of the atmospheric corrosion
behavior of the reference specimens, coated with nanos-
tructured thin films, more susceptible to degradation in
comparison to bulk materials, permits to detect the pres-
ence of aggressive agents in the atmosphere, as well as
of critical environmental conditions, which can affect the
artefacts preservation.

The first experimental findings indicate that the pro-
posed integrated approach is an efficient and economical
tool, which can be used by museum curators to setup tai-

lored conservation and tune the exhibition conditions for
metallic heritage.
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Abstract – This paper shows the results of 

simultaneous thermal analyses (thermogravimetry, 

differential scanning calorimetry and evolved gas 

analysis) performed on ancient mortars of Arch of 

Trajan and Roman Theatre (Benevento, southern 

Italy) in order to determine the content of lime and 

their hydraulic features. Fourier Transform Infrared 

Spectroscopy (FTIR) was also performed to determine 

the chemical and mineralogical composition. These 

results constitute a preliminary contribution for a 

much wider archeometrical investigation that will 

take into account the provenance of raw materials and 

the several building phases that involved the 

monuments during their architectural history. 

 I. INTRODUCTION 

Benevento is a city of Campania region situated along 

the confluence of Calore and Sabato rivers. It was 

founded by Samnites and later conquered, after the third 

Samnite war (298-290 B.C.), by Romans becoming one 

of the most important towns of southern Italy. The most 

outstanding witnesses of Roman Age are the Trajan Arch, 

built in 114 A.D., and the Roman Theatre, completed on 

2nd century A.D. 

Samples of mortars from the two monuments were 

collected for an archaeometric characterisation by 

mineralogical and petrographic analyses. 

In particular, the present paper focuses on the results 

obtained by thermogravimetry and differential scanning 

calorimetry (TG-DSC) coupled with evolved gas analysis 

(EGA) technique aiming at evaluating the amount of lime 

in ancient mortars as well as their hydraulic features and 

binder-to-aggregate ratio. 

 

 

 II. MATERIALS AND METHODS 

Five samples of bedding mortars from Arch of Trajan 

(AT labeled) and nine from Roman Theatre (RT labeled) 

were collected and characterized from mineralogical and 

petrographic point of view according to the UNI 

11305:2009 and UNI 11176:2006 recommendations 

[1,2]. 

Thermal analyses (thermogravimetry and differential 

scanning calorimetry, TG/DSC) were performed on 

powered bulk samples and on their finer sieved fraction 

(<63μm), that is mostly formed by binder [3,4], by means 

of a NETZSCH STA 449 F3 Jupiter instrument in 

alumina crucibles. The temperature ranged from 40 to 

1100°C, at a heating rate of 10°C/min in nitrogen 

atmosphere (flow 60 mL/min). The evolved gases have 

been analyzed in FTIR with a BRUKER Tensor 27 

instrument, connected to STA 449 F3 instrument by a 

transfer line heated at temperature of 200°C. 

Furthermore, FTIR spectra were recorded in transmission 

mode on KBr pellets by a BRUKER ALPHA FTIR 

spectrometer, collecting 32 scans for each sample with a 

spectral resolution of 4 cm
-1

, in the 4000-400 cm
-1

 range. 

 

 III. RESULTS AND DISCUSSIONS 

 A. Macroscopic descriptions 

The samples were generally light grey or pale brown in 

color and showed a moderately sorted aggregate with 

medium-high circularity and roundness. All of them  

were almost cohesive except samples RT3 and AT1 that 

were weak and friable (Table 1) [1,2]. 
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Table 1. Macroscopic description of mortars. 

Sample Grain Size Cohesion Color 

RT 1 Pebble Cohesive 10YR 6/1 

RT 2 Pebble Cohesive 10YR 7/2 

RT 3 Sand Friable 2.5Y 5/3 

RT 4 Sand Cohesive 2.5Y 7/2 

RT 5 Sand Cohesive 2.5Y 2/1 

RT 6 Sand Cohesive 2.5Y 7/2 

RT 7 Sand Cohesive 10YR 7/2 

RT 8 Sand Cohesive 10YR 7/3 

RT 9 Sand Cohesive 10YR 6/3 

AT 1 Sand Friable 5Y 7/1 

AT 2 Pebble Cohesive 10YR 8/2 

AT 3 Pebble Cohesive 10YR 7/4 

AT 4 Pebble Cohesive 5Y 7/2 

AT 5 Pebble Cohesive 10YR 7/2 

 B. Fourier transform infrared spectroscopy 

A general mineralogical composition of the mortars 

have been highlighted by the interpretation of FTIR 

spectra (Table 2). 

Table 2. FTIR data. Legend: OC, organic compounds. 

Sample Calcite Quartz Silicates Gypsum OC 

RT 1 *  *  * 

RT 2 *  *  * 

RT 3 *  *  * 

RT 4 * * *  * 

RT 5 * * *  * 

RT 6 *  *   

RT 7 *  *   

RT 8 *  * * * 

RT 9 *  *  * 

AT 1 *  *   

AT 2 *  *   

AT 3 *  *   

AT 4 *  *   

AT 5 *  *   

 

Calcite is present in all samples, evidenced by bands 

between 1440 and 1420 cm
-1

 related to asymmetric C-O 

stretching in carbonate ion. Bands corresponding to out-

of-plane (874 cm
-1

) and in-plane vibration (713 cm
-1

), as 

well as combination mode (2514 and 1797 cm
-1

), also 

refer to calcite.  

Silicates were also ubiquitous and were detected in the 

1200-900 cm
-1

 and 500-400 cm
-1

 regions; peaks in those 

intervals are attributed to vibration and stretching in SiO4 

tetrahedra of silicates [5]. 

Moreover, samples RT4 and RT5 showed the 

occurrence of quartz (peaks 796 cm
-1

 and 778 cm
-1

 as Si-

O bending and Si-O-Si stretching vibrations, 

respectively) [5]. The presence of gypsum in sample RT8 

(Fig. 1) is related to S-O bending (671 and 602 cm
-1

) and 

stretching vibrations (1118 cm
-1

) [6]. Traces of organic 

compounds (around 2800-2900 cm
-1

) and nitrates (sample 

RT8, 1385 cm
-1

) were also recognized (Fig. 1) [5]. 

 

 C. TG/DSC and FTIR-EGA 

Initial weight of bulk sample and percentage of sieved 

fractions (<63μm) are reported in table 3. Being the finer 

particle size fraction mostly representative of binder 

[3,4], the B/A ratio can be roughly estimated (see Table 

3). 

Temperature ranges (Table 4 and 5) were selected as a 

function of the major thermal reactions suffered by 

mortars during the heating: loss of adsorbed water 

(<120°C), dehydration of salts as well as loss of zeolitic 

water and/or other hygroscopic compounds (120-200°C), 

loss of structural water from hydraulic compounds like 

phyllosilicates, C-S-H and/or C-A-H (200-600°C), 

release of CO2 by decomposition of calcium carbonate 

(600-850°C), and other phenomena (>850°C) as 

decomposition of sulphates and/or loss of residual water 

and carbon dioxide [3-5,7,8]. These thermal reactions 

were clearly recorded in TG/DSC curves and confirmed 

by FTIR-EGA. However in mortars of Roman Theatre 

(samples RT6 and RT8) dehydratation and decomposition 

of hydrated sulphates also occurred, as showed in figure 

2. Figures 2 and 3 also showed a double peak of CO2 

 

Fig. 1. FTIR spectrum of mortar RT8. 
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emission likely due to the presence of Mg-bearing 

carbonates [8]. On the contrary, mortars of Arch of Trajan 

showed carbon dioxide as primary gaseous emission and 

very low emission of water (Figs. 4 and 5). 

Other reactions occurred without loss of mass like, for 

example, polymorphic transition of quartz-α to quartz-β 

[5,7] recorded as weak endothermic peak in DSC curve 

for samples RT3, RT4 and RT5 at about 573°C. Data 

suggest that quartz was only occurring as aggregate since 

recorded only in coarser sieved fraction. 

Decomposition of calcite (CaCO3) was the main 

thermal reaction recorded. It generally occurred between 

600 and 850°C [3,4,7-9] with a distinctive endothermic 

peak (DSC curve) and a consequently release of CO2 as 

demonstrated by evolved gas analysis (Fig. 3). 

Table 3. Initial weight of bulk sample and  sieved 

fractions (%). B/A ratio in weight. Legend: CSF, coarser 

size fraction; FSF, finer size fraction. 

Sample 
Initial 

weight 

CSF  

(>63μm) 

FSF  

(<63μm) 

B/A  

ratio 

 (g) (g)     (%) (g)     (%)  

RT 1 6.30 4.24   67.37 2.06   32.63 0.48 

RT 2 6.60 4.75   71.98 1.85   28.02 0.39 

RT 3 6.46 4.73   73.22 1.73   26.78 0.37 

RT 4 6.22 4.80   77.22 1.42   22.78 0.29 

RT 5 7.97 6.32   79.32 1.65   20.68 0.26 

RT 6 7.19 4.55   63.33 2.64   36.67 0.58 

RT 7 7.13 4.95   69.42 2.18   30.58 0.44 

RT 8 6.63 3.95   59.55 2.68   40.45 0.68 

RT 9 7.25 4.74   65.43 2.51   34.57 0.53 

AT 1 1.62 1.37   84.61 0.25   15.39 0.18 

AT 2 2.20 1.76   79.96 0.44   20.04 0.25 

AT 3 4.65 3.56   76.54 1.09   23.46 0.31 

AT 4 3.06 2.54   82.85 0.53   17.15 0.21 

AT 5 2.26 1.70   74.87 0.57   25.13 0.34 

 

 

The amount of CO2 (weight loss between 600-850°C) 

in bulk samples ranged from 5.72 to 14.82%, 

corresponding to a content of calcite between 13 and 

33%, respectively (Table 6). 

In finer particle size fraction the loss of CO2 (600-

850°C) was higher than total sample (Fig. 6), witnessing 

a relative enrichment in lime as demonstrated in literature 

[4]. 

 

 

 
Fig. 2. TG, DTG and Gram Schmidt curves of bulk 

sample RT8. Gram Schmidt indicates the temperature of 

maximum emission recorded by FTIR-EGA apparatus. 

 

 

 

 

 

 
 

 

 

Fig. 4. TG, DTG and Gram Schmidt curves of finer 

particle size fraction of mortar AT4. 

 

Fig. 3. FTIR-EGA stacked plot of bulk sample RT8. 
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Fig. 5. FTIR-EGA stacked plot of finer particle size 

fraction of mortar AT4. 

Table 4. Results of thermogravimetric analysis on bulk 

sample (temperature in °C, weight loss in wt%). 

Sample <120 120-200 200-600 600-850 >850 

RT 1 0.64 0.66 3.36 14.52 0.13 

RT 2 1.15 1.33 3.48 6.34 0.33 

RT 3 0.33 0.43 2.09 10.98 0.11 

RT 4 0.10 0.19 1.93 14.82 0.27 

RT 5 0.20 0.32 1.86 12.02 0.23 

RT 6 2.22 2.40 6.90 12.10 2.12 

RT 7 1.23 1.81 3.67 12.24 0.42 

RT 8 1.19 2.56 6.98 11.31 2.92 

RT 9 3.49 2.00 9.16 5.72 1.78 

AT 1 0.25 0.32 1.49 10.80 0.14 

AT 2 0.30 0.48 1.72 10.25 0.14 

AT 3 0.65 0.70 2.23 8.83 0.38 

AT 4 0.70 0.76 2.74 9.40 0.47 

AT 5 0.47 0.77 1.78 9.70 0.13 

 

The amount of CO2 actually contained in the binder, as 

well as the real content of lime (Table 6), were carried out 

multiplying the percentage of CO2 released by finer size 

fraction and its percentage respect to total initial weight. 

It ranged from 2.39 to 6.16% corresponding to an amount 

of lime (calcite) between 5.44 and 14.02%, respectively. 

Therefore, as observed for total sample, binder was not 

formed exclusively by lime but it was also constituted by 

hydraulic compounds, as demonstrated by the increasing 

amount of structural bound water (200-600°C) in finer 

fraction (Table 4 and 5). 

The content of calcium carbonate in coarser sieved size 

fraction, mainly formed by aggregate and uncrushed 

binder, was calculated by difference between the amount 

of calcite in bulk sample and that in the finer fraction. 

Moreover, DSC curves showed generally a higher 

temperature of decomposition of calcite in total sample 

than finer fraction (Fig. 7) likely due to primary calcite 

contained in aggregate. 

Table 5. Results of thermogravimetric analysis on finer 

particle fraction (temperature in °C, weight loss in wt%). 

Sample <120 120-200 200-600 600-850 >850 

RT 1 0.83 1.01 5.00 18.89 0.19 

RT 2 1.98 2.18 5.53 8.54 0.33 

RT 3 0.51 0.83 3.65 18.92 0.25 

RT 4 0.23 0.38 3.65 24.58 0.55 

RT 5 0.42 0.68 3.77 22.30 0.42 

RT 6 2.41 2.66 8.52 13.97 2.35 

RT 7 1.58 2.32 4.52 15.17 0.36 

RT 8 1.15 3.15 8.95 14.37 4.24 

RT 9 4.43 1.91 12.28 7.48 2.19 

AT 1 0.96 1.44 3.84 17.62 0.05 

AT 2 0.66 1.10 3.57 17.07 0.18 

AT 3 0.83 1.36 3.66 17.16 0.93 

AT 4 0.91 1.45 3.94 23.59 0.80 

AT 5 0.71 1.12 3.50 16.99 0.51 

 

 

 

 
 

 

 

 

Fig. 6. Thermogravimetric comparison between total 

sample and finer sieved fraction for mortar AT5 . 
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Binder-to-aggregate ratio (B/A, Table 6) is defined as 

the ratio between the weight loss of CO2 (600-850°C) and 

the weight loss of structural bound water (200-600°C) 

[5]. The possible presence of calcite in aggregate and the 

presence of structural bound water in the binder makes 

inappropriate an evaluation of B/A ratio by TG data for 

ancient mortars of Arch of Trajan and Roman Theatre. 

Additional optical observations on thin section are strictly 

recommended. 

 

 

Table 6. Percentage of calcite in bulk sample, finer size 

fraction (FSF>63μm) and coarser size fraction 

(CSF>63μm). 

Sample 
Bulk 

sample 

FSF 

(<63μm) 

CSF 

(>63μm) 

RT 1 33.02 14.02 19.00 

RT 2 14.42 5.44 8.98 

RT 3 24.97 11.52 13.45 

RT 4 33.70 12.73 20.97 

RT 5 27.34 10.49 16.85 

RT 6 27.52 11.65 15.87 

RT 7 27.84 10.55 17.29 

RT 8 25.72 13.22 12.50 

RT 9 13.01 5.88 7.13 

AT 1 24.56 6.17 18.39 

AT 2 23.31 7.78 15.53 

AT 3 20.08 9.16 10.92 

AT 4 21.38 9.20 12.18 

AT 5 22.06 9.71 12.35 

 

 

Nevertheless, an accurate evaluation of hydraulic 

features of ancient mortars was carried out by CO2/H2O 

ratio defined as the ratio between the weight loss related 

to decomposition of calcite (600-850°C) and weight loss 

of structural bound water (200-600°C): this ratio is in 

inverse relationship to the index of hydraulicity. A 

classification of the hydraulic features of mortars was 

proposed by some authors [3-5]: mortars were classified 

as true lime mortars if CO2/H2O>10, hydraulic mortars 

for 4<CO2/H2O<10 and pozzolanic mortars for 

CO2/H2O<4. In Table 7 the  CO2/H2O ratio was reported 

for bulk samples and finer fractions, as well as the 

corresponding classification. In figure 8 the CO2/H2O 

ratio values and the percentage of hygroscopic water 

(120-200°C) show an inverse relationship. 

 

Table 7. CO2/H2O ratio in total sample and finer particle 

size fraction (FSF>63μm), and hydraulic classification of 

mortars. 

Sample 
Bulk 

sample 

FSF 

(<63μm) 

Hydraulic 

classification 

RT 1 4 4 Hydraulic mortar 

RT 2 2 2 Pozzolanic mortar 

RT 3 5 5 Hydraulic mortar 

RT 4 8 7 Hydraulic mortar 

RT 5 6 6 Hydraulic mortar 

RT 6 2 2 Pozzolanic mortar 

RT 7 3 3 Pozzolanic mortar 

RT 8 2 2 Pozzolanic mortar 

RT 9 1 1 Pozzolanic mortar 

AT 1 7 5 Hydraulic mortar 

AT 2 6 5 Hydraulic mortar 

AT 3 4 5 Hydraulic mortar 

AT 4 3 6 Hydraulic Mortar 

AT 5 5 5 Hydraulic mortar 

 

 

Indeed, the percentage of hygroscopic water in 

pozzolanic mortars (CO2/H2O>4) was higher than 

hydraulic mortars (4<CO2/H2O<10). These data witness 

the hydraulic nature of mortar mixtures and provide 

useful information in hydraulic classification of ancient 

mortars. However, it is worth noting that an inaccuracy in 

the estimation of CO2/H2O ratio due to potential pyrolysis 

phenomena of organic matter in nitrogen atmosphere [10] 

may occur, as demonstrated by FTIR-EGA of sample 

RT9 (Fig. 9) that showed a simultaneous emission of NO2 

and CO2 in the range 200-600°C. 

 

Fig. 7. Temperatures of decomposition of calcite in bulk 

sample and finer sieved fraction (mortar AT2). 
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 IV. CONCLUSIONS 

Simultaneous thermal analyses and infrared 

spectroscopy techniques are widely used for 

mineralogical and petrographic characterization of 

mortar-based material in historical buildings, and yielded 

useful information about the composition and 

technological features of ancient mortars from Arch of 

Trajan and Roman Theatre. 

Mortars of Roman Theatre has been classified as 

pozzolanic and lime hydraulic mortars with a B/A ratio 

ranging from 0.26 and 0.68, whereas in Arch of Trajan 

were exclusively hydraulic mortars with a B/A ratio 

between 0.18 and 0.53. 

In both sites mortars were made with heterogeneous 

aggregate formed by carbonates, quartz and other silicate 

whereas binder was made of marly-limestone likely 

added with natural pozzolanic admixtures. These raw 

materials possibly derive by local deposits. 

The presence of organic matter was likely related to 

decay and alteration pathologies, as well as the presence 

of hydrated sulphates. 
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Fig. 9. FTIR-EGA stacked plot of finer particle size 

fraction of mortar RT9. 

 

Fig. 8. Hygroscopic water (120-200°C) vs CO2/H2O 

ratio. 
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Abstract - In Apulia Region there is a dense historical-

architectural and archaeological heritage built  with soft 

calcarenitic stones. These materials present significant 

problems of conservation related to their low durability 

and therefore know the intrinsic characteristics is crucial 

to evaluate the performance properties and their 

susceptibility to degradation. To evaluate the physical-

mechanical characteristics of the stone materials is very 

useful to use non-destructive and non-invasive technologies 

such as ultrasonic, applicable both in situ and in the 

laboratory. 

The factors influencing the propagation of elastic waves in 

the rocks are the structure, density, size and shape of the 

granules, porosity, anisotropy, the water content, stress 

and temperature. In this paper the effects of saturation on 

the elastic wave velocity and the relationship between 

density and elastic wave velocity were studied on Leccese 

stone. The ultrasonic P and S  wave velocity measurements 

were performed on cubic samples, under natural 

condictions (e.g. without applying external pressure on the 

samples), using the transmission method. The variations of 

the P and S wave velocity   were related to both the density 

and to the percentages of water content.  
 

Keywords - P and S-wave velocity, bulk density, volumetric water 

content, sedimentary rock 

I. INTRODUCTION 

Monumental structures represent our cultural and historical 

heritage. However, damage of historical buildings, 

monuments, works of art and other cultural properties is 

reported from all over the world.  One of the greatest dangers 

for the historical monuments is weathering, caused by climatic 

changes and air pollution. Building stones are susceptible to 

various atmospheric factors causing their destruction, 

especially in Mediterranean basin, where the marine salts are a 

permanent cause of natural pollution, not only on the coast but 

also inland.  Weathering effects on the physical and 

mechanical properties of natural stones of monuments. These 

properties can be studied using the microgeophysics methods 

that includes all the methodologies derived from geophysics 

with more or less miniaturized instrumentations. Particularly 

ultrasonic measurement is one of the non-destructive 

microgeophysical methods commonly used in order to provide 

data related to the elasticity, anisotropy and mechanical and 

weathering resistance of the stones, porosity, dry density, and 

water absorption. This method can be applied both in the 

laboratory. The study of P and S waves velocity has used in 

several area of application such as rock mass characterization 

(Boadu, 1997; Leucci and De Giorgi, 2006; Bery and Saad, 

2012). There are several studies related to the application of 

ultrasonic method in order to study the damage of historical 

buildings and monuments (Zezza, 1993; Christaras et al., 

1997; Christaras, 2003; Cosentino et al., 2009; Leucci et al., 

2011; Leucci et al., 2012; Calia et al., 2013). Some authors 

have investigated on the relationship between seismic wave 

velocity and bulk density (Gardner et al., 1974; Miller and 

Stewart, 1991). Also the effect of water content on the 

ultrasonic velocities were studied by several authors (Wyllie et 
al., 2956; Wyllie et al., 1958; Thill and Bur, 1969; Nur and 

Simmons, 1969; Gregory, 1976; Carcione, 2001). Kahraman, 

(2007) performed P-wave velocity measurements were 

performed on 41 different rock types, 11 of which were 

igneous, 15 of which were sedimentary and 15 of which was 

metamorphic, he found a strong linear correlation between the 

dry- and wet-rock P-wave velocities.   

Although several researchers have investigated both the effect 

of saturation and the variation of bulk density on elastic-wave 

velocity of different rocks, none of them has derived empirical 

equations between dry- and wet-rock P and S-wave velocities 

and between P and S wave velocities and bulk density. 

Furthermore these studies will be useful for the rock used in 

the construction of historical and monumental heritage in 
south Apulia region. In this paper, the predictability of both 

wet-and dry rock vs P and S-wave velocity and bulk density vs 
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P and S-wave velocity was studied. In this paper experimental 

results related to the pietra leccese will be presentad. 

 

 

 

Figure 1. average water absorption curve related to the pietra leccese  

 

Figure 2. pietra leccese: ultrasonic wave velocity vs volumetric water content: 
a) P-wave; b) S- wave. 

II. THE ROCK SAMPLES 

The “Pietra Leccese” (PL – Lecce stone): was collect from 

Marti’s quarry, in the municipality of Cursi (Lecce). 

Widely cultivated in Salento, Lecce stone, white-yellowish, is 

a fine-grained limestone, classifiable as wakestone. From 

petrographic point of view, it is composed primarily of benthic 

and planktonic foraminifera fragments, numerous small 

greenish grains of “glauconite” and phosphate nodules. The 

dimensions of bioclastis vary between 100 and 150 microns, 

the matrix is composed of micrite and clay minerals, while the 

calcite cement is poor and has a cryptocrystalline texture. The 

porosity is mainly represented by pores type of inter- and 

intra-granular, with dimensions between a few microns and 

200 microns. The porosity is 36%, with predominant pore 

radius between 0.9 and 1.0 microns. Leccese stone shows in 

the dry state a  uniaxial compression strength of 25.54 MPa, 

while at the saturated state decreases strongly, in fact there is a 

loss of resistance that is on average to 42.36%, in agreement 

with Zezza (1974). 

 

 

III. THE LABORATORY TEST 

Both 70mm and 100mm cubes samples were used in the 

laboratory. Surfaces of the samples were cut and polished 

sufficiently smooth plane to provide good coupling (Fig. 1). In 

the measurements, the Epoch4 plus (by Olympus) and two 

transducers (a transmitter and a receiver) for both P and S 

wave having a frequency of 1 MHz were used. Transducers 

were pressed to either end of the sample and the elastic wave 

pulse travel time was recorded. The ultrasonic technique used 

was based on the transmitting pulse method. The propagation 

velocity was determined by measuring the specimen length 

and the travel time (time-of-flight) of the ultrasonic wave. 

Three readings were taken for each test specimen: in the 

center of the cross-section and on the upper and lower points 

of the cross-section. The ultrasonic velocity was calculated 

based on the average of the three measurements of time-of-

flight and the length of the specimen, using the equation: 

V = S/T 

where V is the longitudinal ultrasonic velocity, S is the length 

of the specimen, and T is the time-of-flight of the pulse 

through the specimen. Estimated margins of error in the pulse 

measurements were  6 - 8m/sec in “pietra leccese”.  

In the first step Vp and Vs were measured on dry samples. In 

the second step the samples were saturated with distilled water 

for 216 h (9 days). In the first day P and S-wave velocity 

measurements were performed, after weighting a sample, for 

the 20 minutes (every 2 minutes for  “pietra leccese), and 

successively every one hour for all samples. In the 

successively 8 days measurements were performed one per 

day. The method was repeated for each sample. Bulk density 

was based on weight when oven dry. The experiment was 

carried out under natural condictions (e.g. without exerting 

pressure on the samples). 

Figure 1 shows the average water absorption curve related to 

the pietra leccese rock. As shown in Fig. 1, a rapid increase in 

the water absorption was occurred in the three type of tested 

rock. For “pietra leccese” the major absorption was obtained 

in 30 minutes. However, after these time there are no 

remarkable changes.  

When the P-wave velocity plots as a function of normalized 

saturation degree was examined, it was shown that after initial 
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increasing with increasing saturation degree, P-wave velocity 

values were remained approximately same up to a saturation 

degree value depending on the rock properties.  

The P-wave velocity plots as a function of normalized 

saturation degree for “pietra leccese” rock is given in Fig. 2a. 

The correlation between Vp and w was the polynomial 

equation 

 

w = 6.9*10-11*Vp3 – 1.8*10-8 *Vp2 + 4.07*10-4  *Vp – 

0.312                      R² = 0.7792             (1) 

 

In the  “pietra leccese” rock the S-wave velocity decrease with 

an increase of normalized saturation degree (Fig. 2b). The 

correlation eqation was: 

 

w = -5*10-6*Vs3 + 0.0121*Vs2 – 10.881 *Vs +3367.2                      

R² = 0.9072             (2) 

 

Bulk densities were determined by the weight-volume method. 

Statistical analysis procedures were used to examine the 

relationships between the P and S-wave velocity and density 

for the three studied rocks type. The relationship between 

density and velocity could be represented by linear regression 

models. The coefficients of determination (R2) were found to 

be significant and ranged from 0.81 to 0.87. The relationship 

between ultrasonic velocity and bulk density indicate that the 

velocity tended to increase as the density of the samples 

increased.  

For “pietra leccese” Vp increase as density increases (Fig. 3a) 

with a linear equation: 

 

density = 0.1997Vp + 1332.7             R² = 0.8153             (3) 

 

The Vs versus density show a linear relationship (Fig. 8b) as 

follow: 

 

density = 0.2226Vs + 1324.9             R² = 0.8726           (4) 

 

 
 

Figure 3. pietra leccese: ultrasonic wave velocity vs bulk density: a) P-wave; 
b) S- wave.   

IV. CONCLUSIONS 

P and S wave velocity measurements were carried out on the 

pietra leccese rock type used in the building construction in 

the southern Italy. The results were evaluated as function of 

bulk density and normalized saturation degree variations. The 

following conclusions were obtained: 

• The Vp values increase as the normalized saturation 

degree increase; P-wave velocity values rapidly increases 

follow a liner equation that varies in the three types of rock; 

The Vs values decrease as the normalized saturation degree 

increase in the “pietra leccese” rock type; this anomalous 

behavior may be due to the intrinsic characteristics of studied 

rock types. In fact, this phenomenon is to be related to the 

framework which determines the natural resistance of the 

rocks . In wet conditions the loss of strength has a fall of 

resistance even greater than 40% as seen from the values of 

uniaxial compressive strength .  

• Regression analysis indicated that P and S-wave 

values were strongly correlated with the normalized saturation 

degree and density. When the regression analyses were 

repeated for the rock, it was seen that correlation coefficients 

were increased using a linear correlation. 
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Abstract - The Aragonese Castle is located in the 

southwesternmost part of the inland corresponding to the acropoli 

of Taranto during the Magna Grecia period. It is at the top of a 

calcarenitic body ascribed to the Last Interglacial time (MIS 5). 

Its building was completed in 1492 but there aren’t indications 

about an official beginning; some architectonic particulars, 

including the structure of the church inside, seem indicate that the 

building started during the X/XII century. Calcarenitc ashlars 

present in the wall have size characteristic of the Magna 

Grecia/roman time; therefore, it is possible that parts of present 

fortification were build up the Magna Grecia/roman one or, at 

least, reworking their parts. The present structure of the castle is 

result of different phases, not yet well documented, of improving 

and reutilization occurred during their five century of live. 

The channel that separate the past acropolis from the centre of 

Taranto was cut at the end of XIX century, in occasion of the 

realisation in this city of the biggest base of Italian fleet; however, 

old documents indicate that in this area a small valley could 

limited the acropolis from the outside. Goals of present work are: 

I - to individuate the original topography of the natural 

environment; II – to individuate past structures at present 

covered by new ones or by sediments. The preliminary results are 

encouraging and pointed out the presence of different structures 

that could be of archaeological interest. 

 

Keywords - Aragonese Castle, GPR survey 

II. GEOLOGICAL, HIDROGEOLOGICAL  AND 

GEOMORPHOLOGICAL SETTING 

The area is at the front of the southern Apennines, that is a 

fold – and – thrust belt developed following the closure of the 

Mesozoic Tethys Ocean, and the deformation of the Adraiatic 

passive margin during Tertiary and Quaternary times. The 

thick basement of carbonatic Mesozoic rocks is partially 

sealed by Pleistocene foredeep deposits, which represent the 

infill of the Bradanic Trough. The upper portion of the middle 

Pleistocene succession consists of marine sands and 

conglomerates forming several orders of terraces (Bentivenga 

et al., 2004; Doglioni et al., 1999; Ricchetti, 1967, 1979).  The 

morphology of the area (Fig. 1) is characterized by a broad 

plain, slightly sloping towards the sea, in many places marked 

by natural and/or man-made channels which form the drainage 

network. The altitude is between 3 and 4 metres above sea 

level. The coastal belt is one of the most beautiful of the 

Ionian gulf because of the existence of humid zones. The area 

contains two overlapping and hydraulically separate aquifers: 

the first (superficial) aquifer is formed by the Pleistocene 

marine Terraced Deposits overlying the Pleistocene clays, 

holding a phreatic groundwater body. Unfortunately, the 

quantity of water that can be drawn by this aquifer  is not 

enough to satisfy the water requirement of the surrounding 

fields, so numerous wells emerge from the deep aquifer; the 

second (deep) aquifer lies in the Mesozoic limestones, made 

up of fractured and karstic carbonatic cretaceous rocks, and in 

the overlying Lower Pleistocene calcarenite. This deep 

groundwater body floats on a base of sea water from 

continental invasion, in accordance with the principle of 

Ghyben-Herzber. In the area where the deep aquifer lies below 

the subapennine Clays, it contains water under pressure and is 

therefore of Artesian type.  

 
 

Figure 1. The geological map of Taranto 

 

III. GPR DATA ACQUISITION AND ANALYSIS 

The GPR survey was performed, with Sir 3000 georadar 

system, using a 200 MHz centre frequency antenna. The 
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following acquisition parameters were selected: samples per 

scan, 512; recording time window, 100 ns; gain function, 

manual. The quality of the raw data did not require advanced 

processing techniques. However, an easier interpretation using 

the GPR-Slice software (www.gpr-survey.com/). The 

following data processing has been performed: (i) amplitude 

normalization, consisting of the declipping of saturated (and 

thus clipped) traces by means of a polynomial interpolation 

procedure; (ii) background removal, whereby the filter is a 

simple arithmetic process that sums all the amplitudes of 

reflections that were recorded at the same time along a profile 

and divides by the number of traces summed the resulting 

composite digital wave, which is an average of all background 

noise, is then subtracted from the data set; (iii) Kirchhoff two-

dimensional velocity migration,which is a time migration of a 

two-dimensional profile on the basis of a two-dimensional 

velocity distribution is performed. The goal of the migration is 

to trace back the reflection and diffraction energy to their 

‘source’. A close examination of the data showed the presence 

of the numerous reflection hyperbolae from a point source. 

This allows us to estimate the EM wave velocity propagation 

ranging from 0.07 m/ns to 0.09 m/ns in the surveyed areas.  

 

 

Figure 2. GPR time slices A5 profile 

 

 

Figure 3. GPR time slices A6 profile  

 

The A5 profile (Fig. 2) has been acquired in the lectures room 

using the 200MHz antenna. The analysis of the raw data 

pointed out: a low penetration of the electromagnetic signal 

“60ns” (about 2.7m in depth with the average electromagnetic 

wave velocity  of 0.09m/ns ); the presence of an interface, 

labelled I, located to 1.6m in depth. Such interface could 

represent the bedrock; the presence of numerous anomalies 

with characteristic hyperbolic shape that, from ESE toward 

WNW, are denominated:  S) located along the abscissas 3m, 

8m, 10m, 13m, 22m, 27m, 29m, 34m, 38m, 42m, 47m 

respectively and 0.2m in depth; such anomalies are due to the 

probable presence of hydraulic network; G) located at the 

abscissas 1-5m and 1.6m in depth; such anomaly could be 

related to the presence of a structure of archaeological interest; 

H) located at the abscissas 34-40m and 1.6m in depth; such 

anomaly could be related to the probable presence of a man 

made structure (cistern?). 

 

 

 

Figure 4. GPR time slices A7 profile. 

 

Figure 5. GPR A1 profile 
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The profile A6 (Fig. 3) has been acquired in the courtyard 

using the 200MHz antenna .The analysis of the raw data 

pointed out: a good penetration of the electromagnetic signal 

“100ns” (about 4.5m) in depth with the average 

electromagnetic wave velocity of 0.09m/ns); the presence of 

an interface, denominated “saturated zone”, located 4.5m in 

depth. Such interface could represent the zone of transition 

with greater presence of water (groundwater); the presence of 

numerous anomalies with characteristic hyperbolic shape that, 

from WSW toward ENE, are denominated: S) located along 

the abscissas 10m, 21m, 33m at 0.4m in depth; such anomalies 

are due to the probable presence of hydraulic network; K) 

located along the abscissas 2-6m at 0.8m in depth; such 

anomaly could be related to the probable presence of a man 

made structures; R)     located along the abscissas 36-41m at 

0.8m in depth; such anomaly could be related to the probable 

presence of a zone strongly rehandled and therefore to man 

made structures subsequently filled with discard materials.  

The profile A7 (Fig. 4) has been acquired in the courtyard 

using the 200MHz antenna. The analysis of the raw data 

pointed out: a good penetration of the electromagnetic signal 

“100ns” (about 4.5m in depth with the average 

electromagnetic wave velocity of 0.09m/ns); the presence of 

an interface, denominated “saturated zone”, visible at 4.5m in 

depth. Such interface confirm the zone of transition with 

greater presence of water; the presence of numerous anomalies 

with characteristic hyperbolic shape that, from SSE toward 

NNW, are denominated: S) located along the abscissa 36m at 

0.4m in depth; such anomaly is due to the probable presence 

of hydraulic network; R) located along the abscissas 0-7m, 10-

22m, 27-31 respectively and to the depth of 0.6m; such 

anomalies could be related to the probable presence of a zone 

strongly rehandled and therefore to man made structures 

subsequently filled with discard materials. 

The A1 profile (Fig. 5) has been acquired on the vertical wall 

with the use of the 500MHz antenna. The analysis of the raw 

data pointed out: a good penetration of the electromagnetic 

signal 70ns (about 3.15m in depth with the average 

electromagnetic wave velocity  of 0.09m/ns ); the presence of 

numerous anomalies with characteristic hyperbolic shape that, 

from west to east direction, are denominated: A) located 

between the abscissas 8-11m and depth between 0.60 and 

2.4m; B) located between the abscissas 16-28m and depth 

between 0.60 and 2.4m; C) located between the abscissas 33-

38m and depth between 0.60 and 2.4m. 

The dimensions of such anomalies make to think about the 

probable presence of void zones or man made structures. The 

great amplitudes of electromagnetic signal could make to 

think about the probable presence of small voids. 

The profile A8 (Fig. 6) has been acquired in the courtyard, on 

the steps, using the 200MHz antenna. The analysis of the raw 

data pointed out: a good penetration of the electromagnetic 

signal “120ns” (about 5.4m in depth with the average 

electromagnetic wave velocity  of 0.09m/ns ); the presence of 

numerous anomalies with characteristic hyperbolic shape that, 

from SSW toward NNE, are denominated: S) located along 

the abscissa 19m; such anomaly is due to the presence of a 

gutter set in surface; M) located along the abscissas 4-9m at 

2.4m in depth; such anomaly could be related to the probable 

presence of a man made structure; N) located along the 

abscissas 12-16m at 2.4m in depth; such anomaly could be 

related to the probable presence of a man made structure; 

L) located at the abscissas 18-21m at 2.4 and 4.5m in depth; 

such anomaly could be related to the probable presence of a 

cavity.  

 

 

  

 

Figure 6. GPR A8 profile  

 

 

Figure 7. GPR pseudo 3D visualization  

 

Figure 9. Roman Theatre area: GPR time slices (461-497 cm depth; 200MHz 

antenna) georeferenced in the archaeological map of Lecce. 
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IV. CONCLUSIONS 

The GPR survey  carried out in the Aragonese Castle have had 

as objective the investigation on the presence of man made 

structures of archaeological interest.  

The individualization, in the radar sections, of different 

anomalies of hyperbolic shape, pointed out the presence of 

probable man made structures that could also have 

archaeological interest.  

Some of them could be due to the presence of cavity, such as 

the anomalies denominated  L, N; others are due to the 

presence of hydraulic network, such as the anomalies 

denominated S. The presence of anomalies of hyperbolic 

shape has made a rapids and accurate analysis of the 

electromagnetic wave velocity that results to be 0.09m/ns.  

Further investigations, possibly of detail, you/they could help 

to understand better the complexity of the structure of the 

subsoil of the castle.  
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Abstract – Several ceramic and calcareous finds, 
belonging to archaeological collection of the “A. 
Salinas” Museum of Palermo (Sicily), showing 
interesting examples of polychrome pictorial layers, 
has been analyzed by diagnostic non or micro invasive 
techniques to deepen scientific knowledge on the 
constituting materials aimed to support the current 
restoration works of the archaeological collection. The 
diagnostic investigation was intended to provide data 
to assist in identification of polychrome layers, 
deepening the knowledge on the use and evolution of 
colour in Archaic and Hellenistic period in different 
Sicilian archaeological sites, and to characterize the 
restoration materials, such as the protective and the 
assessment of the conservation status of the painted 
surfaces of the archaeological finds. The obtained data 
on pictorial materials represent a significant 
contribute to enhance the knowledge about the use of 
colour and pigments in the painting of the Archaic 
and Hellenistic period in Sicily. 

 I. INTRODUCTION 

During the recent restoration treatment, an extensive 
diagnostic non-invasive and destructive analysis was 
aimed to study the polychrome layers found on some of 
the exhibits from the collections of the Archaeological 
Museum "A. Salinas " in Palermo: a polychrome tile (ID 
26829);  
- an architectural fragment (ID 26954) characterized by 
vivid polychromy belongs to the B Temple of Selinunte, 
one of the most important examples of religious 

architecture of the early Hellenistic Sicily (3-4th century 
BC). The B Temple was a small tetrastyle prostyle type 
building (8.40 m × 4.60 m) with four Ionic columns and 
Doric entablature; 
- a polychrome fragment (ID 293);  
- two metope called “Europa rapita dal toro” and 
“Quadriga”.  The first metope represent the myth of 
Europa abducted by Zeus transformed in the likeness of a 
bull running through the sea by swimming; the second 
represent a Quadriga driven by two gods variously 
identified. These metopes are included in the so-called 
group of "small metopes" dated between 560 and 550 BC 
and probably belonged to the sculptural decoration of the 
Y Temple of Selinunte, of which many architectural 
elements, including metopes, were found in reused in the 
fortifications from the Hellenistic period. 
The chemical characterisation of pictorial materials 
constitutes a fundamental aspect to collect archaeological 
and technical information on the artworks. The difficulty 
of these investigations is related the complex structure of 
the pictorial materials and the need to identify several 
different materials used in multi-component mixtures. 
Moreover, a detailed characterisation of the materials and 
pigments allows to understand the executive techniques 
of pictorial layer and in some additional information (e.g. 
artist, period) [1-5]. It appears clear as only a real 
integrated analytical approach can provide an overview of 
their pictorial layer chemical composition and can 
highlight on the complex structures production. 
Moreover, the investigations have been taken always into 
account for the requirement of preserving the artwork 
integrity that is a mandatory aspect in Cultural Heritage 
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(CH). Based on the information to be acquired, starting 
from non-invasive way and consequently achieving 
insights by lab analysis on micro samples, the 
combination of non or micro invasive techniques can 
maximize the information and minimizing the damage on 
the work of art. 
About the non destructive analysis of pigments and/or 
pictorial materials in artworks, a wide range of analytical 
techniques can be employed. X-Ray Fluorescence 
spectroscopy (XRF), which has gained great attention in 
the CH field, can be used in situ and allow to collect 
elemental and spatially-resolved information about major 
and minor constituents of a large variety of materials [4].  
XRF is among the most used analytical techniques for 
investigating inorganic materials (pigments, glasses, 
ceramics) because it is capable to recognise so many 
chemical elements in an efficient and non destructive 
way. However, the lighter elements detection is difficult 
due to the instrumental limit capability or to the 
measurement conditions, and in case of a multilayered 
painted sample the element identification might be 
hampered, because of the absorption of X-Rays through 
different layers that affects the intensity ratio between the 
different characteristic lines [4]. For these reason, the 
results of the preliminary screening, obtained by non-
invasive XRF analysis and by the portable UV-Vis digital 
microscope, used to observe the surface state and layer 
overlapping, were appropriately integrated with 
laboratory analysis (FT-IR, micro-FTIR SEM-EDS) to 
achieve a better characterization of organic materials and 
the stratigraphic succession of analysed pictorial layers, 
and consequently to identify the executive techniques and 
to define the materials in the layer.. 

 

 II. SCIENTIFIC RESULT AND DISCUSSION 

In the following are shown the main results obtained for 
each of the object analyzed integrated the data coming 
from the different investigations. The analyzed pictorial 
layers are characterized in some cases by a good 
conservation state, in other cases they are suffering from 
alteration or reduced and hardly visible traces on the 
calcarenitic support. 
The polychrome tile (ID 26829) is characterized by red, 
light brown and black layers and by the presence on the 
surface of a protective, particularly polished, that causing 
an alteration of the original surface perception. The FTIR 
spectrum, shown in figure 1, provides peaks compatible 
with an aged resin dammar, due to not modern 
restoration/maintenance treatment but in the same time, 
realized after the 1827 (the use of dammar resin in 
Europe is attested after this date). The pictorial layer was 
realized using pigment which earths (pigment based on 
iron and manganese oxides) and clay. The pictorial layer 
was realized without a new firing: has not shown 
evidence of a heating process, as also detected by the 

EDS-SEM cross-section analysis (Fig. 2). The light 
brown paint layer interposed between the ceramic body 
and the painted decoration is constituted by ochre and/or 
earth; the black pigment has been identified as umber.  
 

 
Fig. 1. Polychrome tile (ID 26829): FTIR spectrum 

acquired to identified the protective layer. 
 

These results are clearly verified by XRF analysis carried 
out on different measurement point on red, black and 
brown ceramic surface (see in figure 3 the typical 
obtained spectra). 

 

 
Fig. 2. Polychrome tile (ID 26829): SEM image – by 

backscattered electrons - of cross section. 
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Fig. 3. Polychrome tile (ID 26829): XRF spectra 

acquired on red, black and light brown pictorial layers. 
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The analysis carried out for the study of architectural 
fragment - ID 26954 (Fig. 4) were aimed, in particular, to 
the identification of the binder and the pigments used for 
the realization of white, red and blue layers.  
The sample analysis in correspondence of a red fragment 
have allowed to determine that the pictorial layer is 
realized whit a red ochre, on a preparation constituting by 
calcium carbonate. It was also verified that the presence 
of organic matter does not relate to conservation 
treatments, attributable to the presence of outer material 
residue due to the burial site (see an example show in 
figure 5).  
The white was obtained by calcium carbonate while as 
blue was used blue Egyptian pigment (CaCuSi4O10 or 
CaO•CuO4SiO2), whose morphology was also observed 
by digital optical microscope (Fig. 5). 
 

 
Fig. 4. Polychrome architectural fragment (ID 26954). 

 

 
Fig. 5. The pictorial layer observed by backscattered 

electrons: the dark areas are characterized by a higher 
Fe content, due to the red layer on the sample surface, 

and carbon due to any organic substance. 
 
It is a double silicate, copper and calcium, obtained by 
heating the silica, malachite, calcium carbonate and 
sodium carbonate, for there are several recipes for its 
preparation. It is considered the first synthetic pigment. 
Known by the Egyptians, Etruscans, Greeks and Romans, 

it was also used in the Middle Ages and the Renaissance. 
The pigment was ground into coarse spatial dimensions 
to obtain more vivid and saturated colours. 
The colouring technique consisted in to apply the water 
colours on still wet plaster (calcium hydroxide). With the 
evaporation of water the hydroxide is transformed into 
calcium carbonate which crystallized in the form of 
calcite including the pigment granules and allowing the 
colour to remain so well visible and iridescent since the 
calcite is transparent high power birefringent mineral. 
The microscopic observation optical digital (50×) 
elaborating blue shows the glassy crystals ground in 
different size classes. 
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Fig. 6. Polychrome architectural fragment (ID 26954): 

50× OM images (a) and  XRF spectrum acquired on blue 
pictorial layer (b) 

 
Other important evidences on ancient polychrome 
archaeological finds of Salinas Museum have been 
provided by the study of two Hellenistic Metope.  
In particular, based on a careful observation of the surface 
of the limestone Metope showing Europa rapita dal toro 
- ID 3915- (Fig. 7) revealed the presence of blue-green 
pictorial layer traces with several shades. To understand if 
the different shades were the results of  different used 
pigments or of degradation phenomena, in non-invasive 
approach, the pictorial traces were observed  with digital 
optical microscope. The results showed that the green 
pigment is  generally found together with blue and 
allowed to define the conservation state of the traces, 
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showing several alteration phenomena. 
In particular, the green pigment are the result of alteration 
phenomena induced on an original blue pigment, that 
changed green (Fig. 8). 
The chemical analysis carried out in the same areas 
observed by OM, has revealed the presence of copper 
(Fig. 9), making it possible to assume that the pigment is 
probably azurite [2CuCO3•Cu(OH)2] affected by a colour 
alteration, due to the chemical transformation in 
malachite [CuCO3•Cu(OH)2]. It is generally recognized 
that malachite is more stable under atmospheric 
conditions than azurite. These two minerals are 
chemically very similar, and the transition from the first 
to the second occurs spontaneously, but it is still favoured 
by not optimal thermo-hygrometric conditions, like high 
levels of moisture in the presence of environmental CO2. 
 

  
Fig. 7. Metope showing Europa rapita dal toro (ID 

3915): XRF in situ acquisition by portable spectrometer. 
 

a) b) 
Fig. 8. Metope - Europa rapita dal toro (ID 3915): 50× 

OM observation (a); 200× OM observation (b). 
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Fig. 9. Metope showing Europa rapita dal toro (ID 
3915): XRF spectrum acquired on pictorial layer 

characterized by a green shade. 

The same alteration was found in polychrome fragment 
(ID 293). Also in this case, the analytical results allowed 
to hypothesize that the blue layer, realized with azurite, 
was affected by the chemical transformation to malachite. 
 
 

 a) 

 b) 

 c) 
Fig. 10. Polychrome fragment (ID 293): detail of 

analysed surface (a); OM observation 50× (b); OM 
observation 200× (c). 

 
 

Finally, another interesting case study is represented by a 
Metope showing a “Quadriga”. 
For this Hellenistic find a non-invasive study was carried 
out for the identification of two traces of red paint layers 
characterized by different shades (Figg. 12-13).  
The results have documented the presence of a retouching 
layer (Q1, probably an organic dye) on the trace of the 
original one (Q2), identified as cinnabar (HgS) pigment.  
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Fig. 11. Polychrome fragment (ID 293): XRF spectrum 

acquired on a green shade pictorial layer.  
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Fig. 12. Calcareous Metope showing a “Quadriga”: XRF 
spectra acquired on red pictorial layer: Q1, integration 
area (black line) and Q2, traces of original painting (red 
line) 
 

 a) 

 b) 
Fig. 13. Calcareous Metope showing a “Quadriga”: 

detail of original and integration analysed surface; OM 
observation 50× (a); 200× OM observation on red 

original traces (b). 

Digital optical microscopic observations of the two traces 
of pictorial red shown orange coloration attributable to 
the cinnabar original (see spectrum Q2, Fig. 12) partially 
hidden because of a superimposed integration layer (see 
spectrum Q1) characterized by a purple coloration. 
 

 III.  CONCLUSION 

The diagnostic analysis on pictorial layers of 
archaeological finds belonging to the A. Salinas Museum 
(Palermo) collection are shown several traces, 
characterized in some cases by a good conservation state, 
in other cases they are suffering from alteration or 
reduced and hardly visible traces on the calcarenitic 
support. 
In order to schedule and monitor the conservation 
measures for these archaeological finds, it was important 
identify the pictorial materials used polychrome layer still 
observable as trace on ceramic and calcareous surface.  
An integrated methodological approach has allowed to 
understand the precious palette of colours used for 
painting and, in any cases, the chromatic alteration due to 
degradation phenomena. The obtained data on pictorial 
materials (pigment and binder) of archeological 
investigated finds, among those exposed at Salinas 
Museum, represent a significant contribute to enhance the 
knowledge about the use of colour and pigments in the 
painting of the Archaic and Hellenistic period in Sicily. 
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Abstract – Defining the occupation sequence of 
medieval rural farming sites is complicated, since they 
feature low density of stratigraphic relationships and 
few finds and because of the intensive agricultural 
activities developed there during the last few decades. 
This paper presents the chronological 
characterization of the medieval village of Zornoztegi, 
located in the Basque Country, in the province of 
Álava. At this site, dwellings extend over an area of 
approximately 2 hectares and consist mainly of 
negative structures excavated in the bedrock. 
Radiocarbon dating measurements carried out on 32 
samples, together with other information obtained 
from stratigraphic relationships, changes in the 
settlement organization and the study of material 
culture; allowed structuring and characterizing the 
occupation sequence of Zornoztegi. Furthermore, 
through Bayesian statistics, it was possible to reduce 
the range of the calibrated dating and to refine the 
chronology of the sequence. 

 I. INTRODUCTION 
During the last fifteen years, all across southern Europe, 
extensive digging projects have for the first time allowed 
archaeological interventions on vast areas, uncovering 
new typologies of archaeological sites. In particular, the 
recovery of abandoned medieval villages has brought 
peasant agency into the debate and has enabled the 
development of an “Agrarian Archaeology” based not 
only on the study of dwellings, but also on the cultivated 
areas [1]. These approaches are useful to study the 
formation and development of medieval villages and the 
transformation of historical landscapes [2, 3, 4]. 
However, this delay in the introduction of extensive 
excavations has worsened the impact of mechanized 
agriculture and field concentration processes on the 
conservation of the archaeological deposits and the 
potential to understand abandoned villages. Therefore, 
the construction of the occupation sequences of this type 
of sites cannot only be based on the stratigraphic 
sequence. As it was recently pointed out by M. Carver 
[5], when dealing with poorly stratified sites, it is 
necessary to combine different strategies. Among them 

radiocarbon dating is especially relevant. The 
geoarchaeological analysis of the formation processes of 
the archaeological deposits is very useful too for the 
understanding of this type of site [6]. 
The aim of this article is to analyze the occupation 
sequence of the site of Zornoztegi, an abandoned village 
located in the Basque Country (Spain), dated between the 
Chalcolithic and the medieval period.  

 II. THE ARCHAEOLOGICAL SITE 
The site of Zornoztegi is located 2.5 km north of the 
medieval town of Salvatierra, in the east plain of Alava, 
in the Basque Country (fig. 1). Archaeological evidence 
showed that the first occupation of the site dated back to 
the Chalcolithic. After a long hiatus, it was again 
occupied in the Late Roman period. Written documents 
prove a continued occupation until Late Middle Ages. 
The existence of the abandoned village has been known 
at least since the 18th century. However, only after 
extensive removal of upper deposits, it was possible to 

Fig. 1. Location of the site of Zornoztegi (Álava, Spain). 
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uncover the site and to ascertain it was made up of 
modest and poorly preserved structures, mainly negative 
elements excavated in the bedrock. Most of them were 
holes for posts supporting domestic structures, as well as 
stockades, fences and other constructions. Trenches and 
drains for different purposes and several cuts of difficult 
interpretation were also recorded. Especially relevant 
were the circular holes of different dimensions, which 
were interpreted as silos for underground storage of 
foodstuffs [7]. Originally these silos were 1-2 meters 
deep but at Zornoztegi only the bottoms were found, 
rounded and with depths between 80 and 10 cm, 
depending on the heterogeneous impact of the erosion 
processes caused by recent agrarian works. Wall 
structures were only uncovered in the northern sector of 
the residential area, where the basements of two Roman 
dwellings and the foundations of the parochial church of 
St. Mary –demolished during the Late Middle Ages, 
when the site was abandoned– were recorded. 
As a consequence of the post-depositional alterations in 
vast sectors of the village, most of the superficial 
archaeological deposits were lost and with them the 
stratigraphic relationships, useful to establish relative 
dating between the structures. Moreover, the scarcity of 
archaeological material (for example pottery) recovered 
at the site made the construction of the occupation 
sequence even more difficult. Therefore, it could only be 
marginally based on the stratigraphic sequence. Then, the 
integration of radiocarbon dating, spatial distribution of 
the structures and analysis of the single finds becomes 
essential to investigate the complexity of this site. 

 III. SAMPLING STRATEGY 
The sampling strategy for radiocarbon dating was based 
on two main aspects: a) the analysis of the formative 
processes of the archaeological deposits, and b) the 
proper choice of the organic materials for dating. In this 
sense, it must be noted that most of the archaeological 
deposits uncovered at Zornoztegi were secondary or 
tertiary deposits employed as fillings for negative 
structures excavated in the bedrock. 
The complete inventory of the structures recorded during 
the excavation included 35 silos, 150 postholes and 
several trenches and drains of diverse nature. All of them 
were filled with rubbish and heterogeneous deposits when 
they were not used any more. Primary deposits (levels of 
domestic use, wall structures, collapse levels, fireplaces) 
were only uncovered in the northern area of the site, in 
particular in the sector of the church of St. Mary and in 
the area of the Roman occupation. 
The negative structures were mostly filled in with a single 
deposit. This denotes the clear intention of filling them 
quickly when they were not useful any more. The 
abundance of domestic waste and building materials in 
their inside has allowed to infer the existence of central or 
individual dumping grounds, probably located at the edge 
of the domestic units. Furthermore, in this kind of rural 
settlements it is common to find fragments of a single 

artefact, frequently pottery, distributed within the fillings 
of more than one silos, sometimes at tens of meters of 
distance. For example, at Aistra –a contemporary 
settlement 5 km northeast to Zornoztegi– fragments of a 
single handle made of antler were found in the fillings of 
different silos [8]. This is the final proof of the existence 
of such intermediate dumping grounds. It is proposed, as 
it has been demonstrated for other similar sites [9, 10], 
garbage management in rural areas entailed its deposit in 
peripheral zones. Then, these residues were used for a 
number of purposes (fertilization, constructive fillings, 
occlusion of negative structures, etc). Therefore, landfills 
were regularly worn out. As reported in table 1, four 
primary (levels of domestic use, structures) and 28 
secondary deposits (silos, postholes, agrarian fillings, 
other fillings) were sampled.  
Taking into account the complex dynamics exposed 
above, it was considered that the most appropriate 
material for radiocarbon dating were archaeobotanical 
remains, because they have short use cycles. Therefore, 
seeds (20 samples) were preferred to charcoals (11 
samples), since it is known that the use period of seeds in 
these villages was annual. In particular, in early medieval 
contexts wheat seeds were chosen, whilst barley was 
preferred for the later contexts. These decisions were 
based on the abundance of each species [11] throughout 
the different periods. Regarding charcoal, the selection 
only discriminated small firewood, so as to avoid posts, 
beams or other timber used in construction, which could 
be much older. Finally, a sample of mortar from the 
northern wall of the nave of the church of St. Mary was 
also dated. 

 IV. MATERIAL AND METHODS 
Soil samples were wet-sieved at the Laboratory of 
Archaeology of the University of the Basque Country. 
The total number of samples processed was 145, which 
corresponded to about 9815 litres of soil. However, in the 
end archaeobotanical materials from only 31 contexts 
were chosen. The flotation was carried out with meshes 
sized 1 and 2 mm, to collect the larger fractions, and 250 
and 500 microns, to recover wild species too. The mortar 
sample was extracted from blocks of the section of the 
church of St. Mary, once it had been stripped down 
during the Late Middle Ages [12]. 
Organic samples underwent graphitization for AMS 
radiocarbon dating [13], while mortar was processed 
following the CRyoSOniC protocol [14]. The 
measurement of the isotopic ratios was carried out at the 
CIRCE laboratory of the Second University of Naples 
[15]. Calibration of AMS measurement (radiocarbon age) 
was performed using the software OXCAL ver. 4.2.4 [16] 
and using the calibration curve INTCAL13 [17]. 
Thereafter, a Bayesian model was created, in order to 
better relate the dating results with the other 
archaeological indicators available. This enabled 
reducing the calibration ranges, as well as understanding 
the duration of each phase.
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Table 1. List of contexts from Zornoztegi radiocarbon dated, indicating the material analysed and the nature of the 
deposits the sample comes from. Radiocarbon age (BP), calibrated age (AD, unless otherwise specified) and modelled 
ages (AD) are also reported. In the column ‘Phase’, ‘Indet’ means ‘indeterminate phase’. In the column ‘Deposit type’, 
‘Prim’ means ‘primary deposit’ and ‘Sec’ means ‘secondary deposit’. In the column ‘Modelled date, 2σ (AD), ‘N/A’ 
means ‘not applicable’. 

Phase Context Code Material Deposit 
type 

Radiocarbon 
age (BP) Calibrated date, 2σ (AD) Modelled date, 

2σ (AD) 

1 1889 DSH1114 Charcoal Sec: Filling 3965±31 2573-2434 BC (86.1%), 2422-2402 BC 
(3.6%), 2308-2348 BC (5.6%) N/A 

3 4277 DSH1666 Seed Sec: Posthole 1420±46 551-671 (95.4%) 604-683 (95.4%) 

3 4294 DSH1663 Seed Sec: Posthole 1365±37 605-711 (90.6%), 746-764 (4.8%) 623-688 (95.4%) 

3 4229 DSH1671 Seed Sec: Posthole 1312±47 638-778 (92.7%), 792-804 (1.0%),  
816-823 (0.5%), 841-861 (1.3%) 636-711 (95.4%) 

4 1745 DSH339 Charcoal Sec: Posthole 1027±18 986-1026 (95.4%) N/A 

4a 4119 DSH1113 Charcoal Sec: Silo 1878±28 69-220 (95.4%) N/A 

4a 1647 DSH348 Charcoal Sec: Silo 1284±18 671-729 (58.0%), 736-769 (37.4%) 701-774 (95.4%)  

4a 4243 DSH1928 Seed Sec: Posthole 1247±33 677-780 (67.9%), 787-876 (27.5%) 712-881 (95.4%) 

4a 1744 DSH341 Charcoal Sec: Silo 1224±20 695-700 (0.8%), 710-745 (19.9%),  
764-883 (74.7%) 

724-743 (8.1%), 
764-881 (87.3%) 

4a 1738 DSH340 Charcoal Sec: Silo 1218±18 721-741 (10.0%), 766-882 (85.4%) 728-738 (3.3%), 
766-882 (92.1%) 

4a 1302 DSA731 Charcoal Sec: Silo 1205±21 732-735 (0.8%), 769-886 (94.6%) 769-885 (95.4%) 

4a 4103 DSH1110 Seed Sec: Silo 1180±23 771-895 (92.5%), 928-940 (2.9%) 771-895 (93.0%), 
929-940 (2.4%) 

4a 1921 DSH1108 Seed Sec: Posthole 1171±61 690-750 (9.7%), 761-959 (85.7%) 727-745 (2.2%), 
761-987 (93.2%) 

4a 4201 DSH1678 Seed Sec: Silo 1168±81 684-999 (94.3%), 1004-1012 (1.1%) 730-991 (95.4%) 

4a 1907 DSH1103 Seed Sec: Posthole 1166±23 773-901 (82.6%), 921-952 (12.8%) 773-902 (83.2%), 
921-951 (12.2%) 

4a 1606 DSH350 Seed Sec: Silo 1115±29 779-789 (1.0%), 871-998 (93.9%), 
1005-1012 (0.5%) 

779-789 (1.0%), 
868-995 (94.4%) 

4a 1662 DSH343 Seed Sec: Filling 1086±27 894-930 (30.7%), 938-1015 (64.7%) 892-1003 (95.4%) 

4a 1638 DSH346 Seed Sec: Silo 1066±18 901-921 (9.5%), 950-1020 (85.9%) 900-923 (18.0%), 
951-1016 (77.4%) 

4a 1844 DSH1105 Seed Sec: Filling 1057±33 896-928 (15.0%), 941-1026 (80.4%) 895-929 (24.9%), 
940-1018 (70.5%) 

4a 4264 DSH1929 Seed Sec: Posthole 1033±44 893-1049 (86.8%), 1085-1124 (6.7%), 
1137-1150 (1.9%) 

893-931 (23.8%), 
937-1022 (71.6%) 

4b 4234 DSH1672 Seed Sec: Dump 1221±25 695-701 (1.0%), 710-745 (17.1%),  
764-885 (77.3%) N/A 

4b 1903 DSH1104 Seed Sec: Posthole 827±26 1166-1261 (95.4%) N/A 

4b 1949 DSH1111 Charcoal Sec: Posthole 987±26 992-1052 (57.6%), 1081-1152 (37.8%) 1016-1062 (79.0%), 
1076-1115 (16.4%) 

4b 1235 DSH1112 Charcoal Prim: Level of 
domestic use 954±24 1023-1059 (27.9%), 1065-1154 (67.5%) 1022-1109 (95.4%) 

4b 1685 DSH338 Seed Sec: Silo 944±28 1026-1156 (95.4%)  
1024-1105 (95.4%) 

4b 1919 DSH1107 Seed Sec: Posthole 907±25 1036-1190 (94.5%), 1199-1203 (0.9%) 1027-1102 (95.4%) 

5a 1226 DSH2399 Mortar Prim: Wall 978±40 994-1155 (95.4%) 1072-1166 (95.4%) 

5a 1776 DSH1106 Seed Sec: Posthole 969±22 1018-1054 (39.3%), 1079-1153 (56.1%) 1085-1155 (95.4%) 

5a 1784 DSH1109 Seed Sec: Agrarian 
filling 960±23 1021-1059 (31.4%), 1065-1155 (64.0%) 1085-1156 (95.4%) 
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Phase Context Code Material Deposit 
type 

Radiocarbon 
age (BP) Calibrated date, 2σ (AD) Modelled date, 

2σ (AD) 

5b 4404 DSH1673 Seed Prim: Level of 
domestic use 895±27 1041-1108 (40.3%), 1116-1214 (55.1%) 1071-1216 (95.4%) 

5c 1110 DSA735 Charcoal Prim: Level of 
domestic use 757±16 1228-1231 (1.1%), 1245-1282 (94.3%) 1222-1280 (95.4%) 

Indet 4219 DSH1676 Charcoal Sec: Posthole 1815±27 127-256 (91.9%), 299-318 (3.5%) N/A 

        

 V. RESULTS AND DISCUSSION 
In table 1 phase, context, laboratory code, type of 
material dated, type of deposit and radiocarbon age of the 
samples analysed are shown. Moreover, results of the 
radiocarbon dates just calibrated are compared to those 
resulting from the Bayesian model. 
An early occupation sequence was drafted based on four 
parameters: a) the stratigraphic relationships preserved; 
b) the diachronic transformation of the settlement 
morphology; c) the study of the archaeological finds, 
especially pottery; d) the dating of the single contexts by 
AMS.  
The combined use of all these indicators allowed us to 
identify residual finds, such as the prehistoric pottery 
found in the medieval structures in the southern sector of 
the site or the Roman artefacts recovered in a medieval 
dumping site in the northern area. However, it was not 
possible to identify redeposition phenomena in medieval 
contexts, although this possibility should not be 
discarded. In this way, six occupation periods, ranging 
from Chalcolithic to Late medieval Ages, were defined 
(table 2). 
Unfortunately not all contexts from period 4 could be 
attributed to either phase 4a or 4b, because of the lack of 
stratigraphic relationships and the small number of 
archaeological assemblages found. This is also true for 
period 5 and phases 5a, 5b and 5c. In addition, the 
calibration curve for several periods of the sequence (in 
particular the time-lapse between 8th and 9th and 11th and 
14th centuries) is rather flat. This causes the chronological 
ranges obtained from the calibrations to be wide [18]. 
Therefore, it was not possible to establish accurate 
chronological limits between single periods and phases. 
This first chronological sequence does already provide an 
adequate framework for the interpretation of the main 
dynamics at Zornoztegi. But the limitations of the 
archaeological materials available, the scarcity of the 
stratigraphic relationships and the limited number of 
radiocarbon dates available, compared to the large 
number of isolated contexts, encouraged the researchers 
to build a Bayesian model of calibration. This was based 
on the sequences of events and occupation phases of the 
site better defined by the stratigraphy and the chronology 
provided by pottery, and implied to analyse every single 
calibration individually, in order to reduce the uncertainty 
ranges. Another one of the main objectives of this 
Bayesian model was to understand the duration of each 
period. 
In this case, the Bayesian model, in its uniform-phases 

version, worked well (Amodel=85.7), because the 
excavation contexts were homogeneous and the 
stratigraphic sequence allowed establishing, with the 
utmost certainty, some useful bonds and discriminants to 
analyse the dating. These terminus ante quem (TAQ) and 
terminus post quem (TPQ) were essential for separating 
the different phases of occupation of the site. They are 
described in detail below, as their correct definition will 
condition the results of the whole model.  

Table 2. Phasing of Zornoztegi. 

Periods Subperiods 
1. Large Chalcolithic domestic structure (ca. 2500 BC) 

2 Late Roman farm (4th-5th c.)  

3. Early Medieval farm (6th-7th c.)  

4. Early Medieval village (8th-11th c.) Phase 4a, 8th-10th c. 

 Phase 4b, 11th c. 

5. High Medieval village (12th-13th c.) Phase 5a, 1st half 12th c. 

 Phase 5b, mid 12th-mid 13th c. 

 Phase 5c, 2nd half 13th c. 

6. Late Medieval abandonment (14th-16th c.) 

The boundary between periods 2 and 3 was based on two 
facts: On one hand, the southbound physical movement 
of the residential areas, since period 3 buildings were 
located at the edge of the Roman occupation. On the 
other, a clear change in the characteristics of the 
archaeological assemblages. The houses of period 2 were 
built with mud walls on dry-stone bases and contained 
plenty of domestic material: pottery (especially Late 
Hispanic Terra Sigillata, TSHT), glass, animal bones, 
metals and coins. On the contrary, period 3 dwellings 
were built on postholes and the few fragments of pottery 
recovered from their fillings corresponded undoubtedly to 
Late Antiquity and Early Middle Ages. 
The transition between periods 3 and 4 was even clearer. 
Period 2 and 3 dwellings were located in the northern 
area of the site and extended over ca. 300 m2. Instead, it 
was a clustering and nucleation process of the settlement 
that turned into the period 4 village, which occupied the 
whole hill of Zornoztegi and covered an extension of 1.2 
Ha. The changes were also evident in the material 
culture: many silos were organically built across the 
whole settlement and new types of dwellings were 
constructed, both on postholes and cut in the bedrock. 
The passage between periods 4 and 5 was defined by a 
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new change in the urban distribution of the village. The 
foundation of the parish church of St. Mary, north of the 
residential area, generated a new clustering process of the 
domestic units in its surrounding area and the 
abandonment of the residential and productive structures 
south of the hill. This zone was then transformed into a 
cultivation space by the deposition of a massive filling 
over the early medieval structures of period 4 [19]. 
Finally, the boundary between periods 5 and 6 was 
defined by the abandonment of all the dwellings and the 
progressive dismantlement of the parish church. This 
process must be related with the foundation in 1256 of 
the small town of Salvatierra, about 2.5 km south of 
Zornoztegi, by intervention of the King Alfonso X of 
Castile. The new town started absorbing the neighbouring 
villages as early as the second half of the 13th century, 
including probably the inhabitants of Zornoztegi. 
The most relevant result obtained from the Bayesian 
model was the confirmation of the periods initially 
proposed and the precise definition of their respective 
chronological extension: 

1. For period 3, the results identified a very 
homogeneous chronological phase, beginning 
during the interval [552, 677] and ending within 
the time-lapse [646, 735]. 

2. Period 4 started around the year 700 and 
extended for a long period. The Bayesian model 
estimated its start during the interval [680, 766] 
and its end during 11th century [1032, 1116]. 

3. Period 5 started around the year 1100 [1047, 
1136] and finished approximately two centuries 
later [1224, 1357]. 

Another important result achieved thanks to the Bayesian 
model was the identification within period 4, which was 
very long (8th to 11th centuries), of two different phases, 
representing two different moments of occupation of the 
site. It must be noted, though, it was not possible to 
extend these subperiods to all the archaeological contexts, 
because many of them (particularly postholes, silos and 
huts) were isolated and did not have stratigraphic 
relationships with any structure dated through 
radiocarbon, nor diagnostic materials. 
Therefore, it was possible to distinguish phase 4a 
(contexts 1302, 1606, 1638, 1647, 1662, 1738, 1744, 
1844, 1907, 1921, 4103, 4201, 4243, 4264) from phase 
4b (contexts 1235, 1685, 1745, 1919, 1949). More 
precisely, the start of phase 4a could be contextualized 
within the interval [680, 766] and its end within the range 
[924, 1049]. In the same way, start of phase 4b was 
situated within the interval [1000, 1100] and its end 
during the period [1032, 1116]. 
The start of phase 5, defined by the Bayesian model 
within the interval [1047, 1136], is very relevant too, 
since it was the moment when the church of St. Mary was 
built. This important constructive event implied the 
abandonment of two domestic structures (E5 and E6) 
from the previous period located exactly under the 
temple. The pottery and domestic materials found in both 
structures were very similar. The recovery of plenty of 

construction material (slabs and mortar) identical to those 
used in the church in the fillings of these underground 
structures indicates both were contemporaneously 
destroyed to build the church. To date this event, a 
sample from an in situ level of domestic use from 
structure E5 (context 1235) and a mortar sample from the 
northern wall (context 1226) of the church were 
radiocarbon dated. The former gave a modelled calibrated 
interval of [1022, 1109], which places the use of 
structures E5 and E6 during the central decades of the 
11th century. The later gave a modelled calibrated range 
of [1072, 1166] and situates the construction of the 
church during the first half of the 12th century.   
Thanks to the Bayesian model it was possible to assign a 
precise chronological context to the large structure E8 
too. First, the postholes radiocarbon dated were assigned 
to phase 4a (contexts 1907 and 1921) or 4b (contexts 
1919 and 1949) based on the pottery found in them. 
Then, the model was executed, performing excellent 
agreement and confirming the long duration of this 
structure, its reform probably along 9th century and its 
abandonment during the central decades of 11th century. 
The stability of this residential building contrasts with 
other domestic structures in the same site, which were 
rebuilt every one or two generations. In other European 
contexts [20, 21] the steadiness of this kind dwellings has 
been considered a marker of high social status. 
Finally, the dating of the massive agrarian filling 1784 
was assessed. It covered the big domestic structure E8 
just analysed. Combining this stratigraphic information 
with the data from the radiocarbon dating of the agrarian 
filling itself (context 1784), a modelled calibration 
interval of [1085, 1156] was obtained for its arrangement. 
This leads to the conclusion that the functional 
transformation of the southern area of the site took place 
between the end of the 11th century and the first half of 
the 12th century, that is, virtually simultaneously to the 
construction of the church. 

 VI. CONCLUSIONS 
The generalization of radiocarbon dating applied to 
medieval sites has not always come together with well-
founded integral chronological strategies which take into 
account the limits and potential of the different datasets 
available. Rural villages and burials without grave goods 
are among the most complex sites to date, because they 
are often poorly stratified and feature particular formation 
and post-depositional processes. 
This paper presents an integrated approach to the analysis 
of the occupation sequence of this kind of poorly 
stratified sites, based on a Bayesian model built on the 
combination of data from the archaeological record and 
radiocarbon dating. The application context was 
Zornoztegi, a rural site located in the Basque Country and 
spanning from the Chalcolithic to the Late Middle Ages. 
Its objective was to overcome the comprehension issues 
of the chronology and occupation periods of these 
improperly so-called “non stratified sites” [22]. In 
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addition, it is common these sites to be deeply altered by 
recent agricultural practices and pottery and 
archaeological diagnostic materials are usually infrequent 
and rather fragmented. In this case, they were the urban 
transformations and the spatial articulation of the 
different structures to set the boundaries between the 
archaeologically defined periods. These were then used to 
refine the calibration of the AMS measurements. In this 
way, it was possible to define six periods and five phases. 
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Abstract – This study deals with the 

characterization of ancient hydraulic mortars 

from the Piscina Mirabilis, the Roman Cistern of 

Miseno (1st century B.C.) in Campania, Italy. 

This research was performed in collaboration 

with archeologists and Superintendence of 

Archeological Heritage of Campania. Results 

confirmed that the Roman engineers extensively 

used coarse tuff aggregate, hydrated lime fresh 

water, and cocciopesto. 

The typical mineralogical association of 

phillipsite > chabazite > analcime, points out the 

provenance of the tuff aggregate from the 

Neapolitan Yellow Tuff (NYT), which is the 

product of a Phlegraen fields eruption dating 

back to about 15,000 years ago. Extremely 

interesting is the composition of the cementiceous 

binding matrix, with the contemporary presence 

of gel-like C-S-A-H, calcite, gypsum and finally 

tobermorite. 

 

I. INTRODUCTION 

 

Geomaterials from Piscina Mirabilis, one of most 

important archeological monuments of the Campania 

region (Italy), are here analyzed and studied. A study on 

mortars, principally used as coating of pillars and walls, 

was performed in order to improve the knowledge on raw 

materials exploited to produce mortars, as well as their 

alteration products. Non-invasive, but representative, 

samples were obtained thanks to Superintendence of 

Archeological Heritage of Campania. A literature data 

research was also performed before analyses, in order to 

collect all existing information on previous interventions 

on the monument. 

Objectives of this work are to improve the knowledge of 

Roman construction techniques by means of detailed 

microstructural and compositional examinations of the 

cementitious binding matrix, and aggregates, to point out 

the provenance of raw materials, mix-designs 

proportioning, and, finally, aspects related to the 

extraordinary durability of ancient concretes in the 

freshwater environment. 

 

II. THE HISTORY OF PISCINA MIRABILIS 

 

In Miseno, on the north-west side of the gulf of Naples, 

stands the biggest Roman cistern of fresh water ever 

built, realized during the Augustan period. Entirely 

excavated in the Neapolitan Yellow Tuff, it has a 

capacity of 12,000 m
3
 of water, it is 15 m high, 72 m long 

and 25 meters wide and it is covered by a barrel vault, 

supported by 48 enormous cruciform pillars, set in four 

lanes forming five long naves. The cistern was built to 

collect water for the members of the Classis Misenensis, 

later named Classis Praetoria Misenensis Pia Vindex, the 

most important fleet of the Roman Empire that moored in 

Miseno’s harbour. It represented the final tank of the 

Augustan aqueduct (Aqua Augusta) that, from its springs 

in Serino (Fig.1), about 100 km far, brought water to 

Naples and the Phlegraean Fields. (Amalfitano et al., 

1990).   

 

 
Fig. 1: Route of the Augustan aqueduct from Serino to Miseno (De     

Feo et al., 2007) 

 

 

III. THE RESTORATION 

 

The restoration took place in the first half of last century 

and was mainly focused on consolidation of some tuff 

pillars and voults in addition to the filling of some cracks 

and the consolidation of  the voults. 

The Superintendence's archives record some restorations, 
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since the Twenties of the last century, with two major 

speeches, one from 1926 to 1929 and another in 1936. 

The first documented work is the completion of the 

excavation of the monument between 1910 and 1926 

beyond the consolidation of damaged walls. 

In 1926 was made the restoration of the injuries of the 

second and third arch supporting the vault of the first 

nave at scale down (from a height of 13 m from the floor 

level), the walls of the pillars were also restored with 

mortar lime and local pozzolan (4th pillar of the 1st row 

from south to north; 5th pillar 5th row next; 5th pillar 9th 

row; 3th pillar 12th row; 4th pillar 12th row), and walls in 

opus reticulatum, with holes (north side scale down; west 

side; south side). 

In 1929 excavations were performed to make sure that  

the original stairs access ladder in the modern stairscase 

that was pulled down. 

The original staircase was then coated by a layer of 

cement and cocciopesto with a thickness of 3 cm. 

In 1936 the consolidation works for the damaged arches 

were made to rebuilt the missing parts of the vaults with 

hydraulic mortar and tuff; injuries of extradoses were 

closed with cement and concrete; It was also created a 

layer of cocciopesto thickness of 10 cm in the zones of 

reconstructed vaults and closed injures. 

Finally, it was placed a layer of cement and baked in the 

parts of the not restored vaults to stop the crumbling . 

After this restoration only in the 2007 a new project was 

planned to consolidate and waterproof the roof terrace of 

the monument. 

  

 

IV.  ANALYTICAL METHODS 

 

Knowledge of mineralogical composition, and 

microstructural properties, of cement-based materials is 

of fundamental importance for the understanding of their 

chemical and physical properties. In order to reach these 

results, the following analyses were carried out: 

-   Mortars sampling for thin sections realization; 

-   Optical and stereoscopic studies on thin sections; 

- Mechanical separation of the different constituent    

phases (matrix, cocciopesto aggregate), according to the 

UNI 11305 

- X-ray powder diffraction (XRPD); 

- Scanning electron microscopy (SEM); 

- Microanalyses (EDS); 

Optical microscopic methods are commonly applied 

using a polarizing petrographic microscope to study thin 

sections of material; in this case we used Leica Laborlux 

12 pol. 

Thin sections are very thin slices of material, that can be 

considered, essentially, two dimensional cross sections 

through the sample mounted on clear, flat glass slides. 

The reduction of thickness of the material (commonly to 

20-30 m) allows light to pass through crystalline or 

amorphous materials, in order to conduce detailed 

analysis and recognition, by an experienced operator, of 

the mortar's components. The sample fixed to the slide is 

reduced to a thickness of about 20 - 30 m plane-parallel 

to the microscope slide through successive sawing, 

milling and lapping. Therefore, the abrasive and abrasive 

aggregate have to be carefully matched to the phase 

composition and physical properties, especially hardness, 

of binder and aggregate. Although the binder fraction is 

mostly very fine, identification of the type of binder 

(gypsum, lime, natural hydraulic lime, cement) is mostly 

possible. Owing to their form and/or their interference 

colors, aggregate particles can also be viewed and 

identified by using polarized light. The structure of 

aggregate as well as the reciprocal position and size of 

the aggregate particles can be described as a textural 

feature. If organic fibres (e.g. hair, straw) or pozzolanic 

reactive materials, such as trass, brick dust etc. are in the 

mortar, they can often be detected using the petrographic 

microscope. 
In addition to microscopy, X-ray diffraction (XRD) analysis 

is suitable for the identification and differentiation of binders 

and kinds of aggregate within a mortar, if they are 

crystalline. Operative conditions of XRPD analyses were 

the following: CuKα radiation, 40 kV, 40 mA, 2θ range 

from 4° to 70°, equivalent step size 0,017° 2θ, 30 s per 

step counting time on a modular Panalytical X’Pert Pro 

diffractometer equipped with a RTMS X’Celerator 

detector. The software for identification of mineral phases 

was Panalytical Highscore Plus 2.2 with ICSD database.  
The importance of this method for diagnostics is the 

possibility to evidence the differentiation of cement and 

natural hydraulic lime, only possible by mineralogical 

XRPD (x-Ray Powder Diffraction) analyses. Samples 

were prepared by dry crushing samples by hand in agate 

mortar, in order to prevent the loss of information on 

soluble phases.  
Phases identification allows the determination of the 

relationship between the binders, aggregates and mixtures, 

as well as hints at possible interaction with the environment 

(e.g. efflorescence).  

Observations at higher magnifications (Scanning electron 

microscopy - S.E.M.) allow the recognition of the 

microstructure of such hydrated hydraulic phases (e.g. 

needle - shaped calcium silicate-hydrates (CSH), 

hexagonal portlandite plates, etc). If the SEM is equipped 

with an X-ray detector (EDX, WDX) a qualitative 

determination of the chemical elements within the 

components of the sample is possible.  

In our case the Scanning electron microscopy (SEM) 

observations were performed on a JEOL JSM5310 

instrument at Centro di Servizi Interdipartimentale per le 

Analisi Geomineralogiche – CISAG – University of 

Naples Federico II. Chemical analyses were obtained 

through energy dispersive spectrometry (EDS) on an 

Oxford INCAx microanalyser.  
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Using SEM, the structure of a mortar can be analyzed at 

high magnifications and in three dimensions on rough and 

broken surfaces to directly visualize the structural 

components of the mortar. SEM-observations are very 

important to characterize free-grained hydraulic mortars. 

The hydrated hydraulic phases in cement or hydraulic lime 

mortars are mostly too free to identify with conventional 

petrographic microscopy and cannot be identified by XRD 

since most of these phases are less crystalline or amorphous.  

 

V. MATERIALS AND RESULTS 

 

Fifteen samples of mortars were collected and analyzed: 

eleven of pillars, five of walls. (Fig. 2). 

 
  Fig. 2 :Planimetric maps of Piscina Mirabilis with sampling size 

 

A macroscopic visual analysis was used, as the first 

approach to investigate the samples, in order to properly 

identify the mortar type and to direct the successive 

detailed analysis. 

Macroscopic observations of samples of hydraulic 

mortars show light brown colored mortar, with coarse 

aggregates ranging in diameter from 4 mm up to 12 mm, 

constituted by cocciopesto and volcanic tuff fragments. 

Frequent white nodules are present (2-4 mm) consisting 

of reacted lime, apparently produced by the long-time 

reaction of lime with “pozzolanic” materials. Small 

fibrous nodules are also present, constituted by pale 

yellow to yellowish-brown pumiceous scoriae. 

Samples of mortars show coarse aggregate constituted 

only by volcanic tuff and pumiceous scoriae. Also in 

these samples of mortars there is a presence of white 

nodules. Microportions from investigated mortars were 

sampled in representative zones, and used for the 

realization of thin section for optical microscopy. 

Coarse grained aggregate (d > 4 mm): 

Romans generally referred to decimeter-sized rubble 

aggregates as the caementa. They are constituted mainly 

by tuff and cocciopesto fragments. The volcanic tuff 

displays a predominant cineritic matrix, incorporating 

pumice, lithic fragments and phenocrysts. The matrix 

shows a fine-grained pyroclastic texture. 

Cocciopesto fragments (Fig. 3a) display diameter even 

larger than 12 mm. The “cocciopesto” is an aggregate 

that is obtained by mixing one part of lime, two parts of 

sand and one part of pozzolana or powder obtained by 

grinding ceramic materials, such as tiles, bricks and 

pottery to obtain the desired particle size (Collepardi et 

al., 2009). 

Scoriae/pumice: both these clasts are present in the tuff 

and form discrete particles within the cement matrix. 

Pumice shows rounded shapes, with typical pumiceous 

texture, and deep alteration (Fig. 3b). 

Scoriae show a reaction rim with lime, gradually fading 

into the groundmass of the concrete. 

White grains: they are hardened lumps of lime reacted 

with the water, characterized by the following features a) 

brown color in the inner part whenever observed in plane 

polarized light, and b) no birefringence in crossed 

polarized light, (Fig. 3c). 

Phenocrysts: magmatic crystals are present both in the 

groundmass and in the volcanic aggregate. They come 

probably from the fine cocciopesto sand, used in the 

mixture, and/or from tuff aggregate crushed during the 

preparation of mixture for casting the mortar. They are 

mainly sanidine, plagioclase (Fig. 3d) and clinopyroxene.  

Zeolites: These mineral phases are present only in pumice 

vugs of Yellow Neapolitan Tuff fragments. 

Cementiceous matrix: the binding matrix was generally 

defined by Romans as the opus caementitium. This is a 

hydraulic material composed by the reaction products of 

water, lime (or hydraulic lime) and “pozzolanic” 

materials. Hydration products that may be found 

nowadays could not totally concide to the original ones, 

considering that further reactions with the environment 

could be developed during almost two thousand years. 

Samples were separated in three different groups: 1- 

binder, 2- aggregates and 3 - cocciopesto (according to 

UNI 11305: mortar characterization) and these three 

different fractions were successively analyzed by XRPD. 

Results are shown in following tables: 

 

MM2m Calcite Feldspar Quartz Mica Gypsum Tobermorite CSAH

MM3m Calcite Feldspar Mica Gypsum Tobermorite

MM4m Calcite Feldspar Quartz Mica Gypsum Tobermorite

MM5m Calcite Feldspar Phillipsite Chabazite Tobermorite CSAH

ZM6m Calcite Gypsum Mica

ZM8m Calcite Feldspar Feldspar Mica Tobermorite CSAH

ZM9m Calcite Feldspar Quartz Phillipsite Analcime Mica Tobermorite

ZM10m Calcite Feldspar Phillipsite Chabazite Analcime Mica Tobermorite

M3m Calcite Feldspar Phillipsite Chabazite Analcime Mica CSAH

M7m Calcite Gypsum Feldspar Phillipsite Analcime Mica

M11e Calcite Feldspar Phillipsite Chabazite Analcime Mica

Binder

MM2i Phillipsite Chabazite Analcime Feldspar Pyroxene Mica Calcite

MM3i Phillipsite Chabazite Analcime Feldspar Pyroxene Mica Calcite

MM4i Phillipsite Analcime Chabazite Feldspar Pyroxene Mica Calcite

MM5i Phillipsite Feldspar Pyroxene Mica Calcite

ZM6i Phillipsite Pyroxene Mica Calcite

ZM8i Phillipsite Chabazite Pyroxene Mica Gypsum Calcite

ZM9i Phillipsite Chabazite Analcime Pyroxene Mica Calcite

ZM10i Phillipsite Analcime Feldspar Pyroxene Mica Calcite

M3i Phillipsite Analcime Chabazite Feldspar Pyroxene Mica Calcite

M7i Phillipsite Chabazite Feldspar Pyroxene Mica Gypsum Calcite

M11ei Phillipsite Chabazite Analcime Feldspar Pyroxene Mica Calcite

Aggregates
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MM: walls and pillars hydraulic mortars; ZM: curbs hydraulic 

mortars; M: mortars. 

 

 

 
Fig 3: a) cocciopesto in thin section MM2 (PPL); b) Pumice in thin 

section MM5 (PPL); c) white grain in section MM4 (CPL); d) 

Plagioclase in thin section MM7 (CPL). 

 

To support and integrate XRPD results, thin sections 

were studied by optical microscopy and SEM 

observations. Thanks to SEM-EDS analysis we obtained 

detailed compositional profiles.   

The results confirm the presence of neoformation 

hydraulic phases (CSH e CAH) in the binders (Fig. 4a) 

deriving from reaction between lime and cocciopesto 

oxides and reveal the presence of tobermorite 

[Ca5Si6O16(OH)2•4H2O] Ca-silicate hydrate (Fig. 4b).  

Aggregates were identified as little fragments of NYT 

due to the presence of phillipsite, chabazite, smectite 

(Fig. 4c,d), rare analcime, and volcanic glass.  

The SEM-EDS analysis of cocciopesto confirmed the 

presence of quartz, calcite (Fig. 4e), feldspars, mica and 

hematite (Fig 4f). 

 

 

 
Fig. 4: a) Gel CSAH in samples MM5, b) Tobermorite in samples 

MM4, c) Chabasite e Phillipsite in Samples M7,  d) Smectite in 

samples MM2, e) Calcite in samples ZM9, f) Hematite in samples 

MM3. 
  

 

VII. DISCUSSION AND CONCLUSION 

 

Mineralogical and petrographic examinations performed 

on geomaterials from the Piscina Mirabilis point out that 

an hydraulic raw material was mixed with the lime for 

casting the mortars.  

The yellow tuff aggregate fragments, their mineralogical 

petrographic composition and, especially, the typical 

mineralogical association (phillipsite > chabazite >  

analcime) allow us to say that they surely come from the 

Neapolitan Yellow Tuff (NYT) formation, which is 

related to the Phlegraean Fileds volcanic activity of 

15,000 years ago (de’ Gennaro et al., 2000). 

The main aggregate is the cocciopesto, characterized by a 

mixture of lime, pozzolan and a part of the inert formed 

by shattered tiles, bricks and pottery. It is exactly the 

presence of cocciopesto which confers hydraulicity to the 

mortar. In fact, this component assumes a pozzolanic 

behavior or reacts with free lime forming hydraulic 

compounds, high-stability and water resistance. 

Extremely interesting is the composition of the 

cementiceous binding matrix, with the contemporary 

presence of gel-like C-S-A-H, derived from the reaction 

between lime and cocciopesto, calcite, gypsum, and, 

finally, tobermorite. The presence of calcite is likely 

connected to the not-well reacted clasts of underburned 

lime, although it is not possible to exclude that some 

carbonation subsequently happened from the residual 

portlandite, since mortars have been stored in a subaerial 

environment. Gypsum [CaSO4·2(H2O)] is to be ascribed 

to sulphatation of calcite. As far as the tobermorite is 

concerned, there is not a reliable interpretation to explain 

its formation at the current state of knowledge. This 

phase is concentrated within relict of lime clasts, but also 

inside mortar porosities. The tobermorite formation was 

MM2c Quartz Calcite Feldspar Pyroxene Mica Hematite

MM3c Quartz Calcite Feldspar Mica Hematite

MM4c Quartz Calcite Feldspar Mica Hematite

MM5c Quartz Calcite Feldspar Mica Hematite

ZM6c Quartz Calcite Feldspar Mica Hematite

ZM8c Quartz Calcite Feldspar Pyroxene Mica Hematite

ZM9c Quartz Calcite Mica Hematite

ZM10c Quartz Calcite Feldspar Mica Hematite

Cocciopesto

a) b) 

c) d) 

a) b) 

c) d) 

e) f) 
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previously related to those of natural rock-forming 

cement systems in pyroclastic deposits immersed in the 

ocean and in saline lake brines (Jackson et al., 2010). 

Literature attests that tobermorite forms at higher 

temperatures (150-200 °C) than those of lime-based 

materials; moreover it is well known that the heat of 

hydration in hydraulic mortars is lower than in ordinary 

cements (Collepardi et al., 2009). Probably, the long 

curing time in water is the key-factor for understanding 

the formation of tobermorite from gel-like C-S-A-H at 

ordinary temperatures.  
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Abstract – In this work, the dielectric characterization
of pietra gentile (a kind of stone typically found in Cul-
tural Heritage structures in Southern Italy) was carried
out. Measurements were performed for increasing level
of water content of the pietra; thus identifying, empiri-
cally, the relation between moisture content and dielec-
tric permittivity. The obtained laboratory results can
be used to derive moisture content/dielectric permittiv-
ity calibration curves that could be used, in practice, for
noninvasive on-the-field moisture monitoring of pietra
gentile-made Cultural Heritage structures. For exam-
ple, it would be possible to use the obtained calibration
curves with non-invasive measurement systems, such as
time domain reflectometry in conjunction with anten-
nas, coaxial probes, or waveguides apertures.

I. INTRODUCTION
In the last few decades, the interest of the Scientific

Community in characterizing, monitoring and preserving
Cultural Heritage objects has increased considerably [1],
also due to the more widespread awareness (both the Gov-
ernments’ and the Public’s) of the importance of preserv-
ing the invaluable cultural treasures. Indeed, the deteriora-
tion processes of ancient structures and manufacts is intrin-
sically related to the occurrence of particular microclimatic
conditions inside monumental buildings/structures [2]; in
particular, the presence of moisture is one of the major
causes of decay of ancient building materials. As a result, a
wide range of measurement techniques is presently applied
for detecting its presence in structures [3]. Because of
the inestimable value of the Cultural Heritage, it is crucial
to employ moisture content investigation techniques that
could guarantee non-invasiveness (or, at least, non destruc-
tivity) of the investigated structure. Among these tech-
niques, ground penetrating radar (GPR) [4, 5] and Elec-
trical Resistivity Tomography (ERT) [6] have been used
extensively for non-invasive moisture characterization of
subsurfaces.
Another possible strategy is to infer the moisture content of

the structure from dielectric permittivity measurements on
the structure. For example, in [7], time domain reflectom-
etry (TDR) was employed in conjunction with a microstrip
antenna (used as a sensing element) for non-invasive esti-
mation of water content of materials. In this way, it was
possible to obtain specific calibration curves that could be
used for successive investigations on the same materials.
In fact, once the calibration curves are obtained (for exam-
ple, through laboratory measurements), they could be used
for successive monitoring of structures made of that mate-
rial.
Starting from these considerations, in this work, the di-
electric characterization of pietra gentile (a kind of stone
typically found in Cultural Heritage structures in South-
ern Italy) was carried out. Laboratory measurements were
performed for increasing level of water content of the
pietra; thus identifying, empirically, the relation between
moisture content and dielectric permittivity. The obtained
laboratory results can be used to derive moisture con-
tent/dielectric permittivity calibration curves that could be
used, in practice, for non-invasive on-the-field moisture
monitoring of pietra gentile-made Cultural Heritage struc-
tures. For example, it would be possible to use the ob-
tained calibration curves with non-invasive measurement
systems, such as TDR in conjunction with antennas, coax-
ial probes or waveguide apertures.

II. MATERIAL AND METHODS
As aforementioned, the material considered in this work

is the so-called pietra gentile. The name, which is the
Italian for gentle stone, indicates the excellent workabil-
ity of this material. Pietra gentile is a calcarenitic ground
stone, and its mineralogical composition is that of cal-
cite [8]. This material was chosen because, thanks to its
good technical properties, it has been widely used in the
local built environment with several functions, for ashlars
and load-bearing elements but also for coatings, decora-
tions and statuary [9]. For example, pietra gentile was also
used for the construction of the Cathedral of Ostuni (Brin-
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Fig. 1. Picture of the experimental setup.

disi, Italy) [10].
In this work, dielectric permittivity measurements were
performed on a pietra gentile sample through a standard
WR90 waveguide system, operating between 8.2 and 12.4
GHz (i.e., X band) connected to a vector network analyzer
(Agilent E8363C).
A pietra sample was milled to fit into the WR90 flange (di-
mensions 22.8 mm × 10.1 mm × 8.2 mm). Fig. 1 shows
the experimental setup. The WR90 waveguide system is
based on commercial components (with the exception of
the sample holder, realized with a milling machine with
0.005 mm repeatability) [11].

III. EXPERIMENTAL RESULTS
Starting from the oven-dried material, the sample was

moistened at progressively higher values of volumetric wa-
ter content (θ). For each value of θ, the real part (ε′r) and
the imaginary part (ε′′r ) of the dielectric permittivity were
measured: Fig. 2(a) and Fig. 2(b) show the results. It can
be seen that, as expected, the values of ε′r and ε′′r generally
increase (over all the considered frequency range) with θ.

IV. CONCLUSIONS
In this work, the dielectric characterization of a stone

typically used for the construction of churches and mon-
uments in the South of Italy was presented. Dielectric
permittivity measurements were performed for increasing
values of moisture content, thus identifying empirically
the relationship between dielectric characteristic and wa-
ter content.
In practical on-the-field applications on structures made of
pietra gentile, the laboratory measurements can be used
to estimate a calibration curve, which could be employed
to infer the moisture content from dielectric permittivity
measurements performed through systems employing non-
invasive electromagnetic techniques (e.g., time domain re-
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Fig. 2. Real part (a) and Imaginary part (b) of the rela-
tive dielectric permittivity of pietra gentile as a function of
frequency, f , for increasing level of moisture content, θ.

flectometry in conjunction with antennas, coaxial probes
or waveguide apertures).
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Abstract – In this article we develop a case study in 
order to obtain orthophotos to a wall surface of “Villa 
di Giulia Felice” in Pompeii. Given the length of the 
section and a very small distances to the object, it was 
necessary to test the use of an action camera: a “GoPro 
Hero 3 Black”. The distorting effects are the factors 
that characterize this type of camera and they are 
caused by the wide-angle lens mounted on it. For this 
reason, the “GoPro Hero 3 Black” is not particularly 
suitable for photogrammetric purposes. The photos 
were processed in different software and the 3D 
models obtained were compared in terms of  geometric 
and radiometric information. 

 I. INTRODUCTION 
The realization of photoplan is often required in 
Archeology to collect chromatic and metric information 
in a single file. 
However, it is not always possible to use the non-
conventional photogrammetry due to intrinsic (e.g. non-
planar surfaces) and/or extrinsic (e.g. reduced distance to 
the object) conditions. The use of multi-image 
photogrammetry is a possible solution; acquiring more 
images, relying on the parallel or convergent axes, in 
respect of the theoretical principles of the discipline, 
process them through algorithms based on collinearity 
equations and scale them with the topographic points of 
support. 
The final output obtained is a photo-realistic 3D model, 
suitable to generate metrically correct orthophotos that 
can be verified only with accurate topographic surveys. 
In this paper, we develop a case study in which we 
consider the problems afore-mentioned and it was 
necessary to test the use of an action camera. We show 
the following steps: (i) the photographic acquisition, (ii) 
the processing in different software (Agisoft PhotoScan 
1.0.4, Pix4dMapper 1.4.46 and the service cloud Recap 
360 Photo Autodesk) considering the photogrammetric 
restitution, and (iii) the effectiveness of the metric 
method and the infographic performance (Fig. 3). In 
addition, all the images were 'corrected' by distorting 
effects, through the filter "lens correction" of Adobe 

Photoshop version 8.2, recently released for the type of 
camera used (Fig. 2). The models obtained from the 
filtered images were compared with unfiltered images to 
highlight advantages and / or disadvantages that this step 
can bring to the result for documentation of narrow 
spaces. 

 II. PHOTOGRAMMETRIC ACQUISITION 
The project involved the use of an "action camera", a 
GoPro Hero 3 Black. The distorting effects are the factors 
that characterize this type of camera and they are caused 
by the wide-angle lens mounted on it. For this reason, the 
use of these shots is not particularly suitable for 
photogrammetric purposes. [Kim et al., 2014]. 
This type of camera are tested in order to obtain an 
orthophoto of a perimetric wall, on the east side of “Villa 
Giulia Felice”in Pompeii. 
Given the very small distances to the object (0.7- 0.9 m), 
the length (about 20 m) and the height of it (about 4 m), 
the wide-angle optics mounted on it is an advantage in 
the acquisition phase of the images; indeed, this type of 
lens increases the angle field and consequently the visual 
field. Sometimes, in photogrammetry, the increase of the 
visual field may be advantageous because it decreases the 
number of photogrammetric shots carry out. Further 
advantages the use of GoPro Hero 3 Black are its small 
size and low weight of the camera body, which facilitate 
the photographic acquisition in narrow spaces. On the 
other hand, the wide-angle lenses are more exposed to 
distortions, generating distorting effect known as "barrel 
distortion" [Balletti et al., 2014], especially at the 
extremes of the frame (an example is shown in Fig. 1).  
The strong distortion effects are accentuated due to the 
very small distances to the object; for this reason the 
shots are not particularly suitable for photogrammetric 
purposes. However, some software on the market are able 
to process photos with wide-angle lenses distortions, 
because inside the calculation algorithm, they already 
have the parameters of the camera, and therefore they are 
able to eliminate them in post-processing. 
The acquisition project of the shots included the use of a 
telescopic pole to obtain the photos for the entire height 
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of the wall. We have acquired 321 images in 11 
horizontal strips with overlapping of 80%, with parallel 
axis camera and without the use of additional converging 
shots. The essential element, for the correct metric of 3D 
final model, is the use of topographic points of support in 
the absolute orientation phase; in particular, we have used 
14 topographic points well distributed on the investigated 
wall (about one point per 5 m2, Fig. 4). The 
overabundance of control points allows a better control 
on the error dispersion over the entire wall surveyed 
[Fiorillo et al., 2012]. The processing steps, in each 
software used, were then analysed, separating the filtered 
and unfiltered images processing. 

Fig. 1. Deformations due to the wide-angle mounted on 
GoPro Hero 3 Black. 

Fig. 2. Elimination of deformations through Adobe 
Photoshop filter. 

Fig. 3: Activity flow chart. 

III. DATA PROCESSING
A possible approach to reduce these distortions is to 
apply the filters before the photogrammetric processing. 
It is possible to eliminate the distortions from each single 
shot knowing the type of lens mounted on the camera. 
Adobe Photoshop version 8.2, recently released, has 
incorporated in its function "correction lens" the camera 
used. The images, obtained in the acquisition phase, were 
filtered in Photoshop to eliminate the distortion effects 
caused by the wide-angle and subsequently processed in 
photogrammetric software afore-mentioned. 

III.A AGISOFT PHOTOSCAN
Agisoft PhotoScan is an advanced solution photo-
modelling to obtain high quality 3D models from images. 
Based on the latest multi-view 3D reconstruction 
technology, it operates with arbitrary images and it is 
efficient in both controlled and uncontrolled conditions. 
Both the images alignment and the 3D reconstruction are 
fully automated. The photo processing is based on 4 
consecutive steps: (i) Align photos (in which takes place 
the calculation of internal and external orientation 
parameters and the creation of sparse cloud), (ii) Build 
Dense Cloud, (iii) Build Mesh and (iiii) Build Texture. In 
Agisoft PhotoScan, two different projects were created, 
one originated from unfiltered images and one originated 
from filtered images by the filter of Photoshop. The results 
show that the software can align a number of shots higher 
to the processing of filtered images, with respect to 
unfiltered shots. With filtered images, all the shots were 
aligned (321/321; 100%), while the processing with 
unfiltered images has aligned, 243/321 images (about 
75%). The model generated from unfiltered images 
presents some information gap due to reduced number of 
photos aligned with respect to those incorporated in the 
project. Furthermore, the software gives us a report of the 
errors with respect to topographic control points, which 
results to be a benefit during the metric control of the 3D 
model. The topographic points are manually inserted by 
the user, identifying the pixels that represents the 
topographic points in every image; associating the 
topographic point and its coordinates to pixels, the 
software project it on the cloud and calculate the metric 
error (in X, Y, Z), for each control point inserted. In Fig. 5 
and 6 the errors calculated in PhotoScan are represented, in 
the Z direction (height of the wall) and Y (longitudinal axis 
of it) for the project with the unfiltered images (blue) and 
the project with filtered images (yellow). It can be noted 
the errors in the model with unfiltered images are always 
greater than the model with filtered images. For the model 
generated from unfiltered image the average error in the Y 
direction is approximately 0.26 m while for the model 
generated from filtered images it is approximately 0.01 m. 
In the Z direction, the respective metric errors are 0.22 m 
and 0.01 m. In Fig. 7 and 8 the orthophotos obtained from 
the respective models are shown. 
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Fig. 4: Topographic points in Agisoft PhotoScan. 

Fig. 5: Error in the Y direction in PhotoScan. 

Fig. 6: Error in the Z direction in PhotoScan. 

Fig. 7: Orthophoto and top view from filtered images in 
Agisoft PhotoScan. 

Fig. 8: Orthophoto and top view from unfiltred images in 
Agisoft PhotoScan 

III.B PIX 4D MAPPER
Pix4D Mapper is a software that processes the photos 
acquired from the ground or UAV, to get digital 3D 
models and orthomosaics that can be used in a wide range 
of applications. The GoPro model has been inserted in the 
latest versions of Pix4D Mapper; knowing the parameters 
of the camera used, the software is able to eliminate the 
distortions, caused by the wide-angle lens, in post-
processing. 
It, as Agisoft PhotoScan, is a software that automatically 
processes the images, according to a flowchart based on 3 
steps: (i) Initial process (in which takes place the 
calculation of internal and external orientation parameters 
and where you can choose full or reduced resolution of 
the image), (ii) Point Cloud and Mesh (this step generates 
the dense cloud of points, the alignment of the photos and 
subsequently the generation of the 3D model with 
texture) and (iii) DSM orthomosaic and index (this phase 
generates the orthophoto, according to resolution 
requested by the user and error report calculated by 
topographic control points inserted on the photos). 
Both filtered (in Adobe Photoshop) and unfiltered images 
were processed also in Pix4D. The insertion of the 
topographic control points is identical to Agisoft 
PhotoScan. The metric results, calculated according to the 
14 topographic control points, are shown in Fig. 9 and 10. 
It can be noted that the metric errors of the filtered 
images are higher than the unfiltered images, directly 
obtained from GoPro. The main reason is that the 
algorithm in Pix4D is optimized for the kind of action 
camera tested; with the filtered images, the algorithm 
applies the filter a further, so the benefits, obtained from 
filtered images, are vain. The graphs show that the 
algorithm works well with the unfiltered images, it to 
aligns 269/321 (about 84%); the average error on the 
points is about 0.006 m in the Y direction and 0.01 m in 
the Z direction. For the model generated from filtered 
images the number of aligned photos increases (311/321, 
96%) but their average errors are to 0.52 m in the Y 
direction and 0.02 m in the Z direction. In Fig. 11 and 12 
the orthophotos obtained from the respective models are 
shown. 

Fig. 9: Error in the Y direction in Pix4D Mapper. 
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Fig. 10: Error in the Z direction in Pix4D Mapper. 

Fig. 11: Orthophoto and top view from filtered images in 
Pix4D Mapper. 

Fig. 12: Orthophoto from unfiltered images in Pix4D 
Mapper. 

 IIII.B RECAP 360 PHOTO 
Recap Photo, cloud service of the Autodesk 360 in free 
version educational, allows the reconstruction of 3D 
mesh (of objects, buildings and land) from digital photos. 
In the trial version, it is possible to insert maximum 50 
images, in educational version maximum 250 images. 
The imported shots are processed in cloud; the non-
aligned shots can be manually collimated by the user 
through the identification of at least three homologous 
points between consecutive images (manual stitching). 
This operation is also necessary in the absolute 
orientation and in the insertion of the topographic control 
points, to obtain an object in real size and shape [Buscemi 
et al., 2014]. We have processed the images obtained 

from Photoshop filter and unfiltered images to underline 
the differences between the two models. 321 images were 
not processed due to the limit of number of images in the 
educational version; the images with greater overlap were 
eliminated; therefore we have processed 247 images 
(both filtered and unfiltered), remaining under the 
maximum number of images that can be processed. 
Recap 360 Photo does not provide any report of the 
metric control of 3D model returned, so it is not possible 
any metric analysis about it. In Fig. 13 and 14 the 
orthophotos obtained from the respective models are 
shown. It can be noted that the model obtained from 
unfiltered images, has significant information gap, but it 
maintains the planarity of the wall surface, contrary to the 
model obtained from filtered images in Photoshop that 
has a lot of metric information of the wall surface but 
does not maintains its planarity. In the last model, it is 
also possible to note gross errors in the alignment phase. 

Fig. 13: Orthophoto and top view from filtered images in 
Recap 360 Photo. 

Fig. 14: Orthophoto and top view from unfiltered images 
in Recap 360 Photo. 

IV. RESULTS AND CONCLUSIONS
The filter "lens correction" of Adobe Photoshop can be a 
useful tool when the software operates with algorithms in 
which the distortions, deriving from this kind of action 
camera, are not implemented. In Agisoft PhotoScan, for 
example, the processing of unfiltered images has any 
problems in the alignment phase: it does not maintains 
the planarity and it makes high metric errors with respect 
to control points. Conversely, processing of filtered 
images, improves the metric quality of the model and the 
planarity of the surface is maintained. In the model 
generated from unfiltered images the average error in the 
Y direction is approximately 0.26 m, while for the model 
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generated from filtered images it is approximately 0.01 m. 
In the Z direction, the respective metric errors are 0.22 m 
and 0.01 m. 
It is be noted that in the latest version of Agisoft 
PhotoScan (1.1.6) was implemented a function to 
eliminated the distortions of the images obtained from 
GoPro, in post-processing (as in the tested version of 
Pix4D).  
In Pix4D Mapper, the situation is reversed: the algorithm 
is calibrated for this specific type of camera, so the 
processing of unfiltered images provided excellent 
metrical results, where the average error is often less than 
the cm with respect to control points, and excellent 
results in infographic quality of the 3D model. 
Instead, using pre-filtered photos in Photoshop, the 
algorithm provides metric results with high errors and it 
does not maintains the object planarity. Therefore, the use 
of filter of Photoshop in Pix4D Mapper is useless, 
because the calculation algorithm implemented in it 
operates well with unfiltered images. In the 3D model 
generated from unfiltered images the average error in the 
Y direction is approximately 0.006 m while for the model 
generated from filtered images it is approximately 0.52 m. 
In the Z direction, the respective metric errors are 0.01 m 
and 0.02 m. 
The processing in Recap 360 Photos showed that the 
filter of Adobe Photoshop worsens the alignment phase. 
It does not maintain the planarity and it aligns 
erroneously a high percentage of photos. The use of 
unfiltered images allows maintaining the planarity, but it 
is able to align a low number of photos, generating some 
information gap. 
In Tab. 1 are summarized the results obtained in the 
tested software.  

Table 1: Average Errors of tested software. 
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Abstract – In this paper a very recent application of
remote sensing techniques to the investigation of arche-
ological sites is discussed. In the last two decades non-
invasive techniques have been preferred to old and less
modern operations like excavations and corings that
have appeared to be risky, expensive, too invasive and
very time-consuming. At this end, objective of this pa-
per is to present new added-value tools by the integra-
tion of different satellite platforms: data from NASA
Landsat-8 and ESA Sentinel-1 have been used and com-
bined. Since the two systems are very different, their
data combination provides useful and interesting re-
sults. Data from optical/multispectral sensors and data
from SAR are processed and integrated to monitor and
identify not only the cultural heritage monuments but
also the surrounding vegetation, and the green areas
and parks inside. Satellite images can put in evidence
boundaries modifications, vegetation state, their degra-
dation, and other phenomena, such as changes in the
territories due both to natural and to anthropogenic
causes. The Royal Palace of Caserta has been chosen
as case study: the site in fact by presenting besides the
central building a huge extension of parks and foun-
tains has appeared to be suitable to our aims.

I. INTRODUCTION
In the past, capturing images of our planet Earth from

space has fascinated people, and it still does. In these days
images of the earth are continuously detected and acquired
and scientific communities use them to better understand
and improve the management of the land itself and its en-
vironment [1]. These images allow us to see the world
through a wide frame, to witness large scale phenomena,
with an accuracy and completeness that human efforts on
the ground could barely reach [2]. This becomes extremely
beneficial for acquiring data in the world of areas too re-
mote or otherwise inaccessible. The applications range in a

wide circle of study subjects, such as geology (i.e. topog-
raphy or production of DEMs, Digital Elevation Models
of the terrains), agriculture (i.e. classification of crops, soil
moisture), forestry (i.e. tree biomass, height, species, plan-
tation, deforestation, or forest monitoring and fire detec-
tion), cities (i.e. urban structure and density, control for the
detection of unauthorized urban construction), natural dis-
aster management (i.e. earthquake monitoring, identifica-
tion of landslides, damage monitoring and classification),
oceanography (i.e. waves, wind, ship detection), man-
caused disasters management (oil spills and monitoring of
patches), to name a few [3]. In very recent years scientists
have realized how remote sensing can find a new appli-
cation by providing accurate, inexpensive, and timely in-
formation related to artistic heritage, either natural (parks,
landscapes, etc.) or cultural (monuments, archaeological
sites, and so on) [4]. The action of man, pollution, corro-
sion due to rain, cold, harsh weather conditions, solar radi-
ation and thermal stress, can damage the artistic heritage.
In addition, operations like excavations and corings have
appeared to be risky, expensive and invasive techniques.
On the other side, remote sensing techniques present many
advantages: a global vision of the artistic and cultural sites,
included the surrounding area; a periodic monitoring of
the events, with quite fast intervention in case anomalies
or dangers are detected; the identification of certain sites
in the world, that present special characteristics such that
they can be classified and associated, for instance, as part
of World Heritage; besides the possibility to locate buried,
not yet excavated sites. Another consideration is that en-
vironmental changes and their actions are very slow and
the resulting damages appear only after a very long time.
Remote sensing can help also in this sense, because of its
ability to discriminate even small changes. We underline
in this work the peculiarity of remote sensing to provide
information not only on the cultural heritage but also on
the surrounding vegetation or parks inside. This aspect
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is more recent, because more extensive research has been
performed in the field of artefacts and manufacts, less in-
stead in the field of archeological parks and green areas
related to them.

At this end, objective of this paper is to present new
added-value tools by the integration of different satellite
platforms: data from NASA Landsat-8 and ESA Sentinel-
1 have been used, combined and compared.
The paper is organized as follows: in the Section II
Landsat-8 and Sentinel-1 main characteristics are pre-
sented and some anticipations on our work given; in the
Section III characteristics of Landsat-8 and Sentinel-1 se-
lected data are discussed for the area of interest; in the Sec-
tion IV first results are provided; different Landsat-8 data
bands are combined and Sentinel-1 signals processed; in
the last Section, NDVI and CTest1 are compared and some
conclusions derived.

II. LANDSAT 8 AND SENTINEL 1
A. Landsat 8

The Landsat-8 ( official name LDCM - Landsat Data
Continuity Mission) is the last of the historic Landsat se-
ries designed by NASA, one of the first missions of Earth
observation and by far the most long-lived with decades
of experience from the first satellite in 1972. Launched in
February 2013, just a month later the satellite became op-
erational providing shots with a time of 16 days. The im-
proved image quality, compared to the previous Landsat-
7, the introduction of new spectral channels and the avail-
ability of constant acquisitions make Landsat-8 a useful
tool for monitoring and analysing the territory. It mounts
aboard the optical sensor OLI (Operational Land Imager)
and the thermal sensor TIRS (Thermal InfraRed Sensor).
Thanks to their different spectral bands (11 in total) and
their characteristics, it’s possible to get satellite maps con-
solidated as Real Color Maps, Infrared Maps, Change De-
tection, Vegetation Indexes, Multiband Fusion with the
Panchromatic channel. In addition with the availability of
two new bands of the thermal sensor it is possible to ob-
tain maps of temperature with limited noise pollution and
production of maps of gravity on land routes from fires.
Moreover, the IR (infrared) band 9 allows clouds monitor-
ing in the atmospheric field, while the new Deep Blue band
(Band 1) is ideal for the study of coastal zones and phe-
nomena related to aerosol pollution. The mission Landsat-
8 is guaranteed up to 2018 and beyond, thus ensuring sta-
bility and comparison in analysis for many decades, with
the coaching in the coming years of comparable ESA Sen-
tinel missions. More detailed information can be found at
[5].

B. Sentinel 1
Sentinel-1 constitutes the first series of operational satel-

lites responding to the Earth Observation needs of the

EU-ESA Global Monitoring for Environment and Secu-
rity (GMES) programme. Its design has been driven by
the need for continuity of ERS/Envisat class data provision
([6], [7], [8]). The two-satellite Sentinel-1 constellation
carries on a Synthetic Aperture Radar (SAR) instrument
at C-band and has been designed to address medium and
high resolution applications. The SAR operates at a cen-
ter frequency of 5.405 GHz and has the ability to scan the
area with double polarization, that is with support for HH-
HV and VV-VH simultaneous co- and cross-polarization
receive channels. Sentinel-1A was expected to be launched
in 2013 and its sister Sentinel-1B 18 months later. Ac-
tually, the launch of the first satellite, Sentinel-1A, hap-
pened on 3rd of April 2014 and the launch for the second
is scheduled by 2016. Four operational modes are sup-
ported in terms of resolution and swath width: Strip Map
mode (SMM); Interferometric Wide Swath (IWS); Extra-
Wide Swath Mode (EWSM) and Wave-Mode (WM). See
([9], [10], [11]) for more details.

A Sentinel-1 toolbox is distributed with free license by
ESA and available at [10]. In the Figure 1 a Window of

Fig. 1. A window of Sentinel-1 toolbox - version 1.1.0

Sentinel-1 toolbox is shown, with the different processing
that can be launched, as an example. In particular, for the
polarimetric elaboration the available PolSARPro package
has been used. It is a universal program for the manage-
ment of satellite SAR data, a valuable tool used for any
satellite platform. The drawback is that it has many mod-
ules and their functionality is wide. Therefore the anal-
ysis and processing of the Sentinel-1 SAR data has been
a daunting task to get to know all products this software
could generate. Another issue has been that SAR data in
order to be compared with other data need to be georefer-
enced. In effect, both the Sentinel-1 toolbox and the Pol-
SARPro software have the georeferencing function. The
problem with PolSARPro was that by dealing only with
bursts couldn’t process the whole image. Therefore we
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made the necessary coordinate transformation through a
specific QGIS program module. After that, a classification
algorithm was used. There are some algorithms for SAR
images classification. We used the Unsupervised Wishart
classification, provided by PolSARPro. More precisely on
the basis of a SAR image, we generated a Wishart Super-
vised classification after an automatic pre-setting with a
Wishart Unsupervised.

III. AREA OF INTEREST AND SELECTED DATA
The chosen test site was the province of Caserta and

included the city of Caserta and the surrounding area for
an extension of about 300 square kilometers. The site has
been selected by taking into account a number of particular
characteristics that could favor the process of combination
between SAR and optical/multispectral data. In particular,
we found a little accentuated morphology that could facil-
itate the observations within the SAR scope, well-defined
alternating between urban and predominantly agricultural
areas, mountainous areas distinguishable as the different
ground covers. These conditions typical of some areas of
the Apennines can be optimal for defining parameters and
methods of analysis that can then be extended to other ar-
eas of interest. Given the wide coverage area of single ac-
quisitions by Landsat-8 and Sentinel-1 satellites, a single
(90×20)Km-size Burst has been selected for the Sentinel-
1, the Burst n.9 of the second Swath, and the correspond-
ing area chosen from Landsat-8 image. The covered area is
still broad enough to encompass various types of territory:
mountain, hilly, urbanized areas, cultivated fields, hedges
and wooded grasslands.

To conduct our study we have used Landsat-8 data
downloaded from [12] and Sentinel-1 data downloaded
from [13] after registration.

In Table 1 all the characteristics for the selected data are
summarized.

Table 1. Characteristics for Landsat8 and Sentinel 1

Characteristic Landsat 8 Sentinel 1
Acquisition date 25dec 2014 01nov 2014

Product Type L1T L1SLC
Acquisition Mode OLI/TIRS Ascendent-IWS

Information All bands Amplitude and phase

In the Figure 2 we can see for the area of interest, the
image from Sentinel-1 (related only to Burst n.9) overlaid
to a portion of Landsat-8 (georeferenced through QGIS).

The two regions are not completely overlapping, in fact
at the left bottom corner there is a small portion not cov-
ered. This however has not been a problem because the
territory of our interest is all within the selected area.

Moreover, we will concentrate our analysis and finalize
our conclusions to an artistic and cultural site of big inter-

Fig. 2. Overlay of Sentinel-1 (only Burst n.9) and georef-
erenced Landsat-8 (QGIS image)

est, the Royal Palace of Caserta [14].
In the Figure 3 an aerial photo of the site is shown.

Fig. 3. Aerial photo of the Royal Palace of Caserta-
nov.2014

As we can see from the picture, the Royal Palace is
adorned with a vast grassland in front and behind the main
building. The choice fell on this site right because of the
presence and the huge extension of parks and fountains that
have appeared to be suitable to our aims.

IV. RESULTS FOR THE SELECTED AREA
A. Area analysis with Landsat-8 bands combination The

NDVI index.
Landsat-8 offers eleven bands, some with the OLI sen-

sor, some with TIRS, and Band5 with both. By their com-
bination different images can be plot and several conclu-
sions derived. For sake of simplicity, we will refer to
the different combination just with the corresponding band
numbers. In the Figure 4 many QGIS images are presented
in sequence. The band combination number appears in
the bottom corner on the left. From the area of interest
a portion including the Royal Palace of Caserta has been
selected. In effect, the Royal Palace shape appears in the
middle oh each image, on the right side.

The different bands have been combined in the three-
channel RGB (Red, Green, Blue), so as to obtain different
unique images in false or true colors, that bring into show-
ing properties of the territory.For instance, the 543 combi-
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nation corresponds to the image in RGB where in Red is
the band 5, in Green the band 4 and in Blue the band 3.
Combination 543 is the standard image in "false colors".
The vegetation appears in shades of red, urban areas are
cyan and soil varies from dark to light brown. Conifers ap-
pear dark red for hardwoods. This combination is useful
for studies of vegetation, monitoring of the drainage, ter-
rain models and control of different stages of crop growth.
In general, deep shades of red indicate wide leaf and / or
healthy vegetation, while the light red tones mean grass-
lands or sparsely vegetated areas. Urban areas appear in
blue. We can see that the Royal Palace appears in blue
and all the parks behind and in front of the main central
building appear red; it’s also possible to see the wooded
area in a deep shade of red, surrounding the park on the
top. Combination 432 is the image in "true colors". The
ground features appear in colors similar to their natural
look. Healthy vegetation is green, unhealthy vegetation
is brown and yellow; the streets are gray and shorelines
are white. Sparsely vegetated or disposed areas are not as
easily detected as in 562 or 543 combinations. Moreover
also the types of vegetation are not easily distinguishable
as in the 562 combination. Shallow waters are not as well
distinguished from the soil as in 764 combination. About
the Royal Palace, the parks appear in a green color and the
building is light brown. The presence of tanks and foun-
tains is here more evident than in 543. Combination 753
provides a "natural-like" yeld. The healthy vegetation ap-
pears bright green, grasslands appear green, pink areas rep-
resent sterile soil. The orange and brown are for sparsely
vegetated areas. Dried vegetation appears orange and the
water of blue color. Sand, soil and minerals are highlighted
in a multitude of colors. This band combination provides
amazing pictures for the desert regions. It is useful for
geological studies, agricultural and wetlands. Urban ar-
eas appear in shades of magenta. Grasslands appear bright
green and points of green light inside the city indicate a
grassy cover, i.e. parks, cemeteries or golf courses. Here
the parks of the Royal Palace are very evident with a very
bright green color. In Combination 562 healthy vegeta-
tion appears in shades of red, brown, orange and yellow.
The deep waters appear to be very dark. Soils can be
green and brown; urban characteristics are white, cyan and
gray; bright blue areas represent land recently working and
reddish areas show new growth of vegetation or grassland
probably scattered. For studies of vegetation, the sensi-
tivity to detect various stages of plants growth or stress is
increased. In this combination it’s possible to differenti-
ate the yellow parks of the Royal Palace from the wooded
area surrounding them, that appears very red testifying a
wooded area.

Also the Combination 764 provides a "natural-like"
yeld and also penetrates the weather particles, smoke and
haze. The vegetation appears in shades of dark green and
bright green during the growth season. Urban characteris-

Fig. 4. Combinations of Landsat-8 bands-QGIS Images

tics are white, gray, cyan or purple; sand, soil and minerals
appear in a variety of colors. Water sources are well high-
lighted in the image. Flooded areas appear blue or very
dark black, much better than the 432 combination where
the non-deep flooded regions appear gray and are diffi-
cult to distinguish. Combination 654 as the 562 provides
the user with a large amount of information and contrasts.
Healthy vegetation is bright green and soils are mauve.
While the 753 combination contains geological informa-
tion, the 654 contains information of a more agricultural
nature. This combination is useful for the study of the veg-
etation and is widely used in the fields of the wood man-
agement and pest infestation. Combination 765 can be
used to study the characteristics of soil weaving and mois-
ture. The vegetation appears blue so if green is preferred
this combination should be replaced. This band combi-
nation is also useful for geological studies. Combina-
tion 642 showcases the topographical features of the land,
while replacing the band 7 to 6, then with the combination
742, the differences between the types of rocks can be dis-
play.
The last image refers to the NDVI index. It was generated
by combining the near infrared and the visible bands for
Landsat-8, in order to obtain information on the type of
vegetation present on the scene. The index is given by the
following equation 1

NDV I = (B5 −B4)/(B5 +B4) (1)

The NDVI index gives all the information about the sta-
tus of the crop which are mainly related to the density of
biomass produced. For immediate display a scale of color
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representation has been chosen, which combines the min-
imal values to deep blue and the maximum to deep red.
Thus the blue color indicates areas where vegetation is vir-
tually absent, as buildings, infrastructure and bare lands.
Very light blue colors indicate areas where the vegetation
is mostly absent or dry. Red colors indicate areas with a
certain type of vegetation, that can be poor (very light red)
or thick (deep red). Where red is deep, it indicates that
the vigor of the vegetation is very high, so it can indicate
a plantation in growth or a healthy grassy. Thus the in-
formation that is derived concerns mainly the presence of
vegetation cover.

B. Area analysis with Sentinel 1. The CTest1 index
After its launch, Sentinel-1A has shown all its great

potentiality in terrain observation and high resolution re-
trievals for getting information on land surface and soil
moisture ([6],[15]). A Sentinel-1 SAR image of the area
of interest, after a Wishart Supervised Classification, and
the image of the same area, processed with the algorithm
of Pauli are presented in the Figure 5 on the left and on the
right respectively.

You may notice that when Wishart is applied,the urban-
ized area is represented by the red color while the natu-
ral areas are green-yellow. Infrastructures such as roads
and railways, and rivers are shown in blue. Furthermore,
also the forested areas or in general surfaces with a mainly
volumetric geometry are represented in blue. When the
same area is processed with the algorithm of Pauli, the im-
age appears a bit different. The polarimetric interferometry
module has been used trough a Pauli decomposition. The
Pauli coherent decomposition provides interpretation of a
full polarimetric SLC (Single Look Complex) data set in
terms of elementary scattering mechanism. See ([11], [16])
for a full description of algorithm overview. Trough a RGB
combination according to the rule of Pauli, the SAR image
presents the urbanized area in â light blue color, whitish
for more reflective infrastructures. The land and cultivated
fields appear with a color that ranges from light brown to
dark blue, depending on their surface geometry. Mainly
flat lands (eg. gravel) are represented by a dark brown.
The waterways (rivers) are represented by the black color.
Mountain areas are shown with the side facing the incident
direction of the radar and appear very bright (white) and
with the other side in the shade (dark brown).

Similarly to Landsat-8, instead of NDVI we have calcu-
lated the CTest1 index for Sentinel-1. This index has been
obtained by data of Sentinel-1 according to the formula 2

CTest1 = (SV V − SV H)/(SV V + SV H) (2)

that represents the amount of signal received back by the
radar respectively in the two directions: vertically and hor-
izontally polarized. The term SV V is representative of the
acquisition mode VV, while the term SV H is representa-

Fig. 5. Sentinel-1 SAR images after Supervised Wishart
classification (left) and after Pauli rule application (right).

tive of the VH acquisition mode. The same colored scale
used for the NDVI, has been used also in this case, to facil-
itate the viewing and comparison of information. The val-
ues range from blue color (minimum) to red (maximum).
Compared to the same target, the minimum values indi-
cate a predominance of the VH mechanism reflection com-
pared to VV: in reception mode with horizontal polariza-
tion, the signal component that is received from the satel-
lite is very high. This means that the sent signal (vertically
polarized) once hit the target, it is reflected almost totally
with a horizontal polarization. As a consequence, in the
reception mode with vertical polarization, the satellite will
receive from the same target a reflected signal component
very low. This experimental index, therefore, is essentially
linked to the geometric characteristics of the territory sur-
faces. Depending on how the signal is received after been
reflected from a target, it is possible to understand the type
of geometry that has changed the signal reflection. Since
the signal is transmitted by the SAR with vertical polariza-
tion, the geometry of a target capable of returning a signal
of this type, it must be mainly vertical or close up. As
regards the vegetated areas, targets associated to this type
of geometry are "high" covers, such as vineyards, wheat
crops, crops of corn, reeds, etc. In areas where blue is pre-
dominant, the index Ctest1 indicates that the radar signal
has encountered obstacles that have reflected the sent sig-
nal as a almost totally horizontally polarized signal. Tar-
gets based on this signal have a geometry predominantly
"flat", that are surfaces which dissipate most of the signal
sent from the satellite. The targets associated to this type
of response coverages are "low", such as grassy fields, joke
grounds, available plantations, etc..

V. RESULTS COMPARISON AND CONCLUSIONS
To define and classify the type of coverage present on

the ground and show the results of our analysis, we have
compared the information obtained from the NDVI index
with those obtained from the CTest1. We have further re-
stricted the area of interest by taking into consideration just
a part of the zone around the Royal Palace of Caserta.

As shown in the Figure 6 the NDVI is on the left and
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Fig. 6. Comparison between Landsat-8 NDVI and
Sentinel-1 CTest1 indexes

identifies the central building with a deep blue color, while
grassland appear in red. The index gives also information
about the vigor of the vegetation, that is high, but does not
provide other information for instance on the type of cover-
age. Through the index Ctest1, on the right, the building is
identified with a light pink color and the ground grass with
a deep blue color. This indicates that from the building
the signal is sent back to the radar trough a double bounce,
thus the horizontal and vertical components of the signal
are almost equal, typical response of buildings; while the
response on grasslands highlights how the signal sent back
to the radar disperses almost completely and the satellite
can capture back only a horizontal component sent from
the reflection on the ground. This is clearly indicative of
the fact that the target has a predominantly flat geometry.

If we put together this information to that given by
NDVI (vegetation of high vigor) we can conclude that the
place corresponds to a healthy grassy field, just as the pic-
ture of the Royal Palace confirmes. Moreover, we can ob-
serve that the thin strip of water formed by the tanks in the
garden of the Palace appears blue both with the NDVI in-
dex and with the Ctest1. This means that the area is flat
and without vegetation, i.e. a water mirror. In practice, the
NDVI index can tell us how vegetation is: dry or healthy;
and the CTest1 index tells more about geometry: flat or
rugged profiles, presence of high or small targets. In the
case of The Royal Palace the two indexes together say:
"grasslands healthy, well maintained".
Our study on different combinations of Landsat-8 bands,
on Sentinel-1 SAR images, and on the NDVI and CTest1
indexes, wants to represent a suggestion and a starting
point to use remote sensing techniques in order to develop
tools suitable to monitor and observe areas of interest, and
above all not only the artistic and cultural heritage, but also
the vegetated parts inside them or surrounding them. In
fact always more and more interest is paid not only by sci-
entists but also by international organizations concerned
with the protection of the artistic heritage, such as UN-
ESCO [17].
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Abstract – The aim of this paper is the study of the 

principal pigments (red, green, blue, white, yellow and 

rose) on a canvas during its restoration. In particular, 

the analysis was performed by using an Energy 

Dispersive X-Ray Fluorescence (EDXRF) portable 

equipment on the painting “San Felice in Trono” by 

Lorenzo Lotto. 

Thanks to the versatility of the EDXRF portable 

instrument we carried out a complete scan of the 

artwork in a relatively short time and this has enabled 

to provide restorers with valuable information. 

The use of in situ non-destructive techniques has great 

potential for the evaluation of the state of 

conservation of an artwork and the data so obtained 

can be helpful for both restoration and conservation 

studies. 

Moreover, we demonstrated that it is possible to study 

the stratigraphy of pigments in presence of cinnabar 

and white lead. 

 

Keyword: pigments, non-destructive techniques, EDXRF, 

portable apparatus, stratigraphy   

 I. INTRODUCTION 

The paintings on canvas are among the most 

heterogeneous artworks and their characterization is a 

very difficult analytical job [1]. In the past, 

characterization of canvas painting has been mainly 

carried out by art-historians and restorers by naked eye 

and by microscopic analysis. Information obtained in this 

way, combined with consistent evidence of the art 

materials obtained by analytical techniques can help 

conservators and restorers to select the most appropriate 

procedures for the purposes of restoration [2]. The 

scientists always have to balance the possible risks of 

damage against the benefits that are gained from the 

investigation of the artwork [3]. Significant progress in 

this area is made by continuous advances in non-invasive 

and portable techniques [4]. 

In this paper we present non-destructive study of 

painting “San Felice in trono” (Figure 1), canvas of 

139x57 cm, that was found on April 1897 by Bernard 

Berenson, who attributed it to Lorenzo Lotto [5]. Lorenzo 

Lotto’s activity is documented in “Libro dei Conti”, 

where the artist scrupulously annotated his debts and 

credits [6]. In his book it is written that, commissioned by 

a merchant from Barletta (Apulia, Italy) whose name was 

Alouise, he started the painting of the triptych of the 

Church of Saint Domenico in Giovinazzo (Apulia, South-

east Italy) on 16
th

 June 1542 in order to be able to 

complete it within the end of the year for a cost of 30 

ducats. The painting “San Felice in Trono” is one of three 

sections of a polyptych, the only one that survived a fire 

in Giovinazzo’s cathedral in the XVI century. After this 

event, the painting was transferred to Saint Domenico 

church in Giovinazzo, where it was found by Berenson 

and where it is still located. The painting was restored for 

the first time before 1919 by Prof. Venturini-Papari, but it 

is not know which treatment was used [7]. During the 

second restoration, executed in 1951 by Istituto Centrale 

del Restauro (Rome, Italy), numerous additional touches 

at the bottom and at the base of the painting were done 

[8].  

In this paper, Energy Dispersive X-Ray Fluorescence 

analysis (EDXRF) was carried out in order to study the 

main pigments (red, green, blue, white, yellow and rose) 

used by Lotto for this painting. Moreover, we validated 

that it is possible to study the stratigraphy of pigments in 
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presence of cinnabar (HgS) and white lead 

(2PbCO3·Pb(OH)2). 

 

 II. EXPERIMENTAL 

Energy dispersive X-ray fluorescence analysis was 

performed by using a portable instrument [9]. It  is 

composed of an X-ray tube produced by MOXTEK, 

which is characterized by an air-cooled Pd-anode, that 

works at 4-40 kV of voltage and 0-100 mA of current, a 

Si-PIN detector, produced by AMPTEK model 

XR_100CR, thermoelectrically cooled having a Be 

window of 12.5 µm of thickness and 2 mm in diameter, a 

resolution of 190 eV at 5.9 keV and a pocket multi-

channel analyser produced by AMPTEK model 

MCA8000A, interfaced with a laptop. 

The following operating settings were used during the 

measurements: 3 μA of tube current and 15 kV of anode 

voltage for 60 seconds. The region investigated has an 

area of between 4 and 5 mm
2 

and a depth of analysis of 

some tens of microns. 

 

 III. RESULTS AND DISCUSSION 

 

Figure 1 shows the forty-five regions analyzed by  

using EDXRF. Table 1 summarizes, for each 

measurement point, the color, main, secondary and 

present in trace elements. Experimental results show the 

presence of lead all over the surface of the painting. This 

may be due to a thin layer of biacca (white lead, 

hydrocerussite,  (PbCO3)2·Pb(OH)2), under the painting, 

probably used by the artist as priming. 

Red pigments are particularly interesting, in fact they 

all contain lead and they can be classified into three 

different groups: the first mainly composed of Hg and S 

(cinnabar, HgS), the second of Pb (minium, 2PbO·PbO2) 

and the third of Fe and Hg with trace of S (mixture of 

cinnabar and red ochre). The red of the velvet that covers 

the altar step corresponds to cinnabar (see Figure 1, 

positions n. 30, n. 31, n. 32, n. 40, n. 42 and n. 43). The 

red areas n. 17 and n. 18 are minium, while areas n. 35 

and n. 38 are red ochre. It is useful to compare positions 

n. 39 (dark red), n. 40 (red) and n. 41 (light red) (Figure 

2): the first was obtained by mixing red ochre and 

cinnabar (presence of Fe and Hg peaks), the second was 

cinnabar, while the third was obtained by using cinnabar 

and biacca. 

The study of the green pigments shows that positions n. 

02, n. 12, n. 19 and n. 44 are composed of Cu (malachite, 

Cu2(CO3)(OH)2). Position n. 01 is darker than the 

remaining green pigments: this is an area not treated 

during the restoration work of 1951 and, therefore, it 

preserves the information of the previous restoration of 

1919. At that time it was customary of the Istituto 

Centrale del Restauro to leave an untreated area during a 

restoration in order to highlight the differences between 

before and after restoration. The area of the painting that 

was not restored is the region n. 01, in fact it appears 

darker than the other. This sample is mainly characterized 

by iron, probably due to green earth. Figure 3 shows the 

EDXRF spectra of samples n. 01 and n. 02. Sample n. 01 

also shows the signals of Cr, Zn and traces of Co, 

probably due to the presence of chromium oxide green 

(Cr2O3) and cobalt green (CoZnO2). These pigments, 

used since XIX century, confirm the restoration work 

antecedent 1919. 

The blue pigments are mainly constituted of Cu 

(azurite, Cu3(CO3)2(OH)2) with the exception of region n. 

05 (blue ring of the Saint) characterized by Pb (with 

traces of Fe, Ca and S): the presence of lead, calcium and 

iron can be attributed to imprimitura used by the artist, 

while the presence of sulfur could indicate the use of 

ultramarine (Na8-10Al6Si6O24S2-4), a pigment also 

characterized by the presence of Na, Al, Si and O 

(elements not determinable through the analytical 

technique we used). 

The white pigments are mainly composed of Pb (white 

lead), with Ca, Fe and Hg as secondary elements or in 

trace elements. 

The yellow pigments are mainly composed of Pb, 

whereas Ca and Fe (yellow ochre) as secondary elements. 

The rose pigments are mainly composed of Pb (white 

lead), whereas Ca, Fe and Hg are secondary elements or 

in trace elements. 

Finally, we proved that it is possible to study the 

stratigraphy of pigments in presence of cinnabar on white 

lead. The cinnabar is spread on a layer of impriming of 

white lead (Figure 4). The cinnabar thickness may be 

approximately evaluated by determining the ratio of the 

Pb-L to Pb-L lines, that are differently absorbed by 

cinnabar. The radiation Pb-L (12.6 keV) is more 

absorbed than the radiation Pb-L (10.5 keV) since the 

respective mass attenuation coefficients are the 

following: µ = 146.3 cm
2
·g

–1
 and µ= 98.3 cm

2
·g

–1
. 

x (g·cm
–2

) indicates the radiation path of Pb-L and Pb-

L into cinnabar, the symbols I0 and I indicate the 

intensity of the radiation, before and after, the layer of 

cinnabar, respectively. The equations 1, 2, 3 and 4 allow 

to estimate x and consequently the “equivalent” thickness 

of cinnabar (d): 
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The ratio (I)0/(I)0 was evaluated by analysing a 

sample of pure white lead. 
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Table 2 resumes the experimental results obtained in 

the positions where pure cinnabar was determined, such 

as n. 30, n. 31, n. 42 and n. 43. Data represent the mean 

values obtained by numerous measurements of the same 

position and the uncertainty corresponds to standard 

deviations. 

 

 

Figure 1. The painting “San Felice in trono”by Lorenzo 

Lotto. The points on the painting show the regions 

analyzed by EDXRF 

Table 1. Color and EDXRF results for each measuring 

point 

Sample Color Main element Secondary element Trace 

01 Green Pb, Fe, Ca Cr, Zn  

02 Green Pb, Cu  Ca 

03 Blue Cu, Pb   Ca 

04 Blue Cu, Pb  Ca, Fe 

05 Blue Pb  Fe, Ca, S 

06 Blue Cu Pb Ca 

07 Blue Cu Pb Fe, Ca 

08 Blue Cu Pb Fe, Ca 

09 Blue Cu,  Pb  Ca Fe 

10 Blue Cu, Pb Ca Fe 

11 Canvas Ca Pb Fe, S 

12 Green Cu, Pb  Ca 

13 White Pb Fe, Ca  

14 White Pb Fe, Ca  

15 Yellow Pb Fe, Ca  

16 Rose Pb Ca, Fe Hg 

17 Red Pb Ca K 

18 Red Pb Ca  

19 Green Cu, Pb Ca  

20 Red Hg, Fe Pb, S, Ca  

21 Blue Cu Pb, Ca Fe, K 

22 Blue Cu Pb Fe, K 

23 Blue Cu, Pb  Ca, Fe 

24 Red Pb Fe, Cu Ca 

25 White Pb Fe, Ca   

26 White Pb  Fe, Ca 

27 White Pb  Ca 

28 Grey Pb Ca  

29 Rose Pb Hg Ca 

30 Red Hg Pb, S, Ca  

31 Red Hg Pb, S  

32 Red Hg Pb, S Ba 

33 Yellow Pb Fe, Ca  

34 Rose Pb Fe, Ca  

35 Red Fe Pb, Ca  

36 Red Pb Fe, Ca  

37 Red Pb Fe, Ca  

38 Red Fe Pb, Ca  

39 Dark red Fe Hg, Pb, Ca, S  

40 Red Hg, Pb   

41 Light red Pb Hg  

42 Red Hg Pb  

43 Red Hg Pb  

44 Green Pb, Cu  Cr 

45 Blue Cu Pb, Ca Fe, K 
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Figure 2. EDXRF spectra of samples n. 39 (dark red), n. 

40 (red) and n. 41 (light red) 

 

Figure 3. EDXRF spectra of samples n. 01 (dark green) 

and n. 02 (green) 

 

Figure 4. Simulation of pigments layer painted by Lotto 

Table 2. “Equivalent” thickness of cinnabar 

Sample Thickness (m) 

30 6.8 ± 1.1 

31 8.3 ± 0.5 

42 7.6 ± 1.0 

43 7.9 ± 1.7 
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Abstract – The focus of the project is to create new 
approaches to the study of the past through the use of 
innovative aero-space technologies to measure, 
analyze and reconstruct the ancient landscape and its 
remaining natural and anthropic traces.  
The équipe, based at the University of Padua, is 
constituted by archaeologists, egyptologists, engineers, 
physicists, computer scientists and astronomers  and 
is working on two different archaeological contexts:  
the proto-historic site of Rozto in Italy and the 
Egyptian site of Tebtynis. 
The research includes the analysis of the historical 
records, as old maps and aerial photographs of the 
past, field use of drones and the creation of two GIS 
platforms to collect and see the data all together.  

I. INTRODUCTION 
This project is designed to promote collaboration 

between aerospace engineering and archeology to 
propose new strategies of investigation of the earth from 
above and reconstruct the ancient world through 
historical documents and modern technologies. 

In this view, Horus project was funded in 2014 by the 
University of Padua as innovative project proposed by the 
students. The name is reminiscent of the Egyptian god 
Horus, the falcon-headed, who observed and protected 
the land of Egypt from above, thus drawing the earth and 
the sky, the two subjects investigated by this research. 

II. DESCRIPTION OF ANCIENT CONTEXTS 

 A. Rotzo, Asiago, Italy  
The archaeological site of Bostel, in the municipality of 

Rotzo (VI), is located on the western edge of the Asiago 
Plateau (Italy) at about 850 meters above the sea level in 
a strategic location for controlling the Assa and the 
Astico Valleys. The human occupation was sporadic from 
the middle to late Final Bronze Age and become 
permanent between the V and II century BC (Second Iron 
Age). The settlement was discovered in the late 
eighteenth century and has been systematically 
investigated by the University of Padua since 1993 [1]. 
Horus project aims to examine a near-site area within 1.5 
km from the center of Bostel. Our goal is to promote a 
deeper understanding of extent and urban structure of the 

village, which is not fully accessible for excavation 
because partly located on private fields. The use of 
remote sensing will thus help us to integrate current data 
and target future interventions. 

 B. Tebtynis, Egypt  
The village of Tebtynis is located in Egypt, in the 
southern area of the oasis of Fayum. The archaeological 
site is today called Kom Umm el Breigat, name that 
derives from the Arabic, "Mother of the little towers".  
It was probably founded around 1800 years BC during 
the Middle Kingdom, then it had a remarkable 
development during the Graeco-Roman period as an 
agricultural and religious centre, related to the temple of 
the god Sobek, lord of  Tebtynis. It was lived also during 
the Coptic and Arabic periods, till it was covered by the 
sand of the desert in the XI century AD [2].  
The site was investigated in the Thirties of the Twentieth 
century by the Italian Mission in Egypt, directed by Carlo 
Anti, professor of the University of Padua since 1922 and 
present in Egypt since 1928. 
He and his colleague, Gilbert Bagnani, made a research, 
which involved the use of various technologies and 
instruments, such as some aerial photos, taken by the 
Egyptian Air Force, in order to understand and observe  
the site from a complete point of view [3]. 
The documentation on Anti’s investigations, considered 
by the Horus Project in order to identify the excavated 
area and Anti’s discoveries in Tebtynis, is now kept at the 
Museum of Archaeological Sciences and Arts of the 
University. The great part of the material has not yet been 
published.  

III. SOME LINES ON THE HISTORY OF THE 
RESEARCH 

In recent years the widespread availability of military 
remote-sensing technologies brought into civilian use, 
provided a totally new way to look at the past and opened 
unexplored perspectives for the archaeological research. 
From the first decades of the XX century to date the 
technology of Unmanned Aerial Vehicles has increased 
significantly; at first their use was limited to military 
purposes, but recently they were also applied for 
surveillance, forest fire detection, search and rescue 
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operations. The archaeological applications are a natural 
step forward in the same direction. 

Until the last few years, archaeology used to rely on 
aerial photographs registered for military, cartographic or 
environmental-monitoring purposes. The possibility to 
carry out dedicated aerial tests with a relatively low 
budget is instead leading to a more detailed investigation 
of the archaeological landscape [4]. 

IV. THE PROJECT: FOCUS, RESEARCH AND 
PERSPECTIVES 

The project aims at developing new strategies of remote 
sensing in order to assess their specific potential and 
experience multidisciplinary approaches suitable for 
different archaeological contexts.  

It’s a university funded project lead by students;  the 
idea is to gather students with different backgrounds and 
know-how to create a unique team where information are 
shared in a straightforward way and where the different 
aspects of research, technology and history work together 
for scientific investigations more profitables. This is the 
reason why the team is composed by 20 archeologists and 
20 engineers students and supervised by professors of 
both the areas. Several tasks are under investigations:  
• the creation of a platform, a forum, in which the 
information are shared between the entire équipe in real 
time and the brain storming has been improved; 
• the use of a commercial quadricopter for aerial imaging 
of the local pre-roman site of Rotzo and the development 
of a custom drone, specifically designed for the 
archaeological research, for aerial imaging (in different 
parts of the light spectrum) of the same site with the idea 
of extending it to other sites; 
• the selection of a visual camera for aerial imaging (from 
camera calibration to data acquisition); 
• the development of the pipeline for image processing; 
• the digitalisation of an antique map of the Egyptian 
Tebtynis site, starting from the great plan of the temple, 
preserved in the University of Padua; 
• self-acquired and historical ortho-photo sequences will 
be mosaicked to create Digital Elevation Models of Rotzo 
and Tebtynis. All the acquired imagery (that will also 
include radar data and IR images) will be post-processed, 
enhanced and interpreted according to archaeological and 
scientific methods. 
• the creation of a GIS to better contextualise the 
topography of the two so different sites and their artifacts 
and to reflect on the data collected with those various 
instruments. 

V. ACTIVITIES UNDERGOING 
 

A) The Forum 
 
The use of a forum was finilised  in order to share all the 
available informations: Horus project Google groups is 

available to all participants (around 40 members, students 
and professors)  There are several sections (one per 
working group) were all the daily updated news are 
present. News are visible to all the participants so 
suggestions and advises can be immediatly available to 
everybody. 
 

B) The commercial DJI Phantom 
 
A commercial DJI Phantom II (Fig.1) was used to train 
the team with a test flight in a suburb area.  Pictures were 
captured every 2 seconds and merged together. The 
images were captured at two different altitudes: 10.5m 
and 17.5 m. 
A set of more than 50 images were acquired and used for 
reconstruction of the flyed zone (Fig. 2). The flyed region 
was georeferenced using 8 fixed position in the observed 
aerea.  
The Phantom drone will be used, jointly to the costum 
student made one, in the area of Rotzo (VI) during the 
excavation campaign and acquired images will be 
compared and eventually merged. 

 
Figure 1. Phantom 2 DJI equipped with a GoPro3. 
 

Operating environment 
temperature  -10°C to 50°C 

Power consumption  5.6W 
Weight (including the 
battery)  1000g 

Take-off Weight  ≤1300g 
Hovering Accuracy  (Ready to Fly) Vertical: 

0.8m; Horizontal: 2.5m 
Max Ascent / Descent 
Speed  

Ascent: 6m/s; Descent: 
2m/s 

Max Flight Speed  15m/s (Not 
Recommended) 

Tab.le 1. Phantom characteristics 
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Figure 2. The flyed area overlapped to GoogleEarth layer. 
 

C) The Tebtynis map Digitalisation 
 
A 2 day campaign was organised for the digitalisation of 
a hand made Aegyptian Tebtynis site map (Fig. 5 - detail) 
present in the Archeological Museum of the University of 
Padova (Fig. 3). The importance for the digitalisation is 
twice: first it was necessary to have the map in a format 
not subject to aging (in fact the map is very fragile) and 
secondly it was necessary to have a digital file that could 
be used in a GIS where other informations of the 
analysed egyptian area are available. 
 

 
Figure 3. Setup for Map digitalisation. 1) Camera; 2) 
lamps; 3) exposimeter; 4) map wood base. It i salso 
possible to see the sustaining metallic structure. 
 

        
Figure 4. Nikon D5100 camera and AF Micro Nikkor 
optics. 

The camera used is a Nikon D5100 with a 16.2 billion 
pixel CMOS sensor; the camera was equipped with a 
fixed camera zoom Nikon AF Micro Nikkor 60mm f/2.8 
D for the high resolution images and with the Nikon AF-
S DX Vr Zoom Nikkor 18-105 mm f/3.5-5.6G ED for 
low resolution images (Fig. 4). 
Lightning  was made with a couple of compact flash 
Hensel E - 500, positioned on stands symmetrically 
respect the map (along the short direction) with an angle 
of approximately 30 degrees from the floor, spread with 
umbrellas; the exposure was determined by measuring the 
incident light on the map with a flash meter Konica - 
Minolta Auto Meter VF, the exposure  was syncronised 
with the camera flash. 
The low resolution images are acquired with a focal 
length of 38mm and an f-number of 8. 
 
 

Image type Number of Images 
Low resolution 8 
Medium resolution 17 
High resolution 2 

Table 2. Acquired images 
 

 
Figure 5. Detail of Temple external house digital image. 
 

VI.  TASKS FOR TECHNOLOGIES 
In the past decades images taken from aircrafts have been 
utilized in archaeological research to provide a 
perspective that enhances ground features; with the use of 
instruments sensible at different wavelengths also hidden 
features can be revealed and differences in ground level, 
soil density and water retention can be highlighted, 
revealing the presence of buried features. 
Horus project aims at using low cost UAV technologies 
for  on-site investigations: two drones, a commercial DJI 
Phantom 2  drone and a custom designed  octocopter 
drone will be equipped with both visible and IR cameras. 
The custom drone will provide an increased payload 
capacity and improved flight duration in camparison with 
the commercial one. 
The rotor wings have been selected due to their ease of 
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operations (take-off, flight and landing), low 
susceptibility to wind and turbulence during flight, and 
greater repeatability in image capture quality. 
In particular, the DJI is equipped with a GoPro Hero3+ 
camera with a narrow field of view (7 MB images are 
store) and images are taken at 0.5 Hz; the Octocopter is 
equipped with a GoPro Hero4 camera and a Flir lepto 
thermocamera. 

 
Figure 6. The Tarot T15 octocopter selected by the Team  
 
The T15 (Fig. 4) is a Foldable 1100 size made with 3K 
Carbon Fiber Plates and Tubes, Aluminum machined 
parts, plus a thick carbon fiber plate as the motor base 
mount. It has two battery plates on top, were we will put 
two batteries (Tattu 10000MAH 22.2V 25C 6S1P LIPO 
BATTERY PACK) for more than 25 minutes of flight 
time. It will be equipped with 18” blades  giving a 
payload lift capacity of around 15kg. 
The two systems can be manually controlled or GPS 
guided (through dedicated proprietary software) and 
tracked to allow geo-referenced data acquisition. 
The Octocopter is controlled via the 3DR Pixhawk 
autopilot system (Fig. 7) 
Principal instrumentation on board are a GoPro Hero4 
camera, a Flir lepto thermocamera, and a LIDAR Lite-
V2/Sparkfun. These instruments will be acquired by a 
dedicated on-board computer (Raspberry – Fig. 7), tagged 
with drone timing and position data and then stored on-
board for later analysis. All the instruments are mounted 
on a custom designed Gimbal controlled via Arduino 
UNO. 
 
Several software platforms are used in the data pipeline, 
to control acquisition (GoPro Studio) and  data handling, 

open source softwares (such as QGIS) or proprietary 
softwares (such as Agisoft) will be used for images  
elaboration. 
 

  
Figure 7. The pixhawk autopilot system (left) and the 
Rasberry acquisition board (right) 
 
 

VI.  FIRST RESULTS AND CONCLUSIONS 

This research is at its very first steps, but the 
cooperation has already given new results on the 
archaeological and historical study of the two different 
sites, on their environment and on the history of their 
study seen through the various instruments used in the 
past.  
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Abstract – Electrical Resistivity Tomography (ERT) 

and Ground Penetrating Radar (GPR) surveys were 

conducted in the Anghelu Ruju hypogeic necropolis in 

northern Sardinia (Italy). The goal was to calibrate 

both techniques on a known and already dug tomb 

and repeat the survey in a neighboring unexplored 

area. A comparison of the high-resolution GPR and 

ERT models was made, and their integrated results 

are discussed in terms of providing a more complete 

picture that would not be attainable using a single 

method. Several anomalies were identified that might 

represent previously unknown rock-cut tombs and 

burial sites in the central part of the investigated area.  

 I. INTRODUCTION 

A variety of geophysical techniques can be used to 

detect the presence of caves below the surface, either 

filled with a variety of debris or voids. The efficacy of 

geophysical methods depends on the contrast between the 

physical properties of the material filling the cavity and 

those of the host material: the greater the contrast the 

more effective the method [1]. 

Underground voids develop naturally in karst 

topographies while cavities such as tombs or catacombs, 

underground mines, tunnels, buried passage-ways,etc., 

are produced by human activities. Since the electrical 

resistance of the void is higher than the surrounding 

substrate, 2-D electrical resistivity tomography (ERT) is 

used successfully to non-destructive characterization of 

mounds and tumuli [2] [3], to investigation of 

multilayered human settlements [4] [5] [6], to mapping of 

buried walls, voids and passage-ways [7] [8], to detect 

buried and hypogean tombs and to define their geometry 

[9]. 

ERT surveying, in the automated multi-electrode system 

[10], is particularly helpful, allowing two-dimensional 

resistivity models of the subsurface to be created; 

additional benefits include low cost, the absence of 

destructivity and rapid acquisition. 

Ground Penetrating Radar (GPR) is well established in 

archaeological surveying [11] [12] [13], it is often  

 
 

 
Fig. 1. A) Satellite image of the study area with 

geophysical survey location. The red lines represents ERT 

surveys while the blue grid indicates the GPR survey. B) 

Scheme of surveyed area. 
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employed for mapping shallow cavities [14] because it is 

characterized by rapid data acquisition, dense data 

coverage and high resolution. Its main drawbacks are 

limited depth of penetration (especially in cases of 

conductive overburden) and high sensitivity to anthropic 

noise (generated by power lines, underground networks, 

etc.). 

The main objective of this work was to apply both ERT 

and GPR surveys to detect rock-cut tombs in the 

archaeological site of Anghelu Ruju in northern Sardinia 

(Italy) (Fig. 1A). To obtain an indication of the accuracy 

of the methods and their power to locate cavities, the 

geophysical surveys were first calibrated at known and 

already dug tomb.  

 

 II. ARCHAEOLOGICAL FEATURES 

The Anghelu Ruju necropolis was casually discovered 

in 1903 and unearthed in subsequent excavations in 1904-

1908, 1936 and 1967 [15]. It contains 37 underground 

funerary chambers (the so-called “domus de janas”, or 

“houses of fairies”) and graves, cut out with stone picks 

in two outcrops of mild cemented sandstone near a small 

stream, the Rio Filibertu.  

The necropolis dates back to the Late Neolithic – Early 

Copper Age (3300-2700 b.C.). The hypogeal tombs, 

which have several chambers, are classified in two main 

categories based on their type of entrances: the 

“pozzetto” type, thought to be earlier, and the “open 

passage” type, considered as belonging to a later period. 

Given some exceptions, the “pozzetto” tombs have 

irregular plans; while the plans of the “open passage” 

tombs are symmetrical, either T-shaped or radially-shaped 

(Fig. 2).  

The architecture of the tombs is often enriched with steps, 

alcoves, fascias, false architraves and pillars, all 

prompted by details in the houses of the living, and with 

bulls’heads, false doors and geometric figures carved in 

the largest central chambers, those intended for the 

obsequies. Almost every tomb yielded archeological 

material dating back to the Ozieri culture, Late Neolithic 

(3300-2900 b.C.), thus showing the first period of usage 

of the necropolis. Many tombs were eventually re-used 

throughout the Copper Age (2900-1500 b.C.). 

Being sealed from the outside with small stone doors, 

occasionally supported by heaps of stones, several tombs 

when excavated showed mass burial usage, mostly 

individuals lying on their backs, sometimes even 

skeletons whose flesh had been removed before burial, 

and a few cases of semicremation. 

Charcoal, shells and animal bones found inside the 

chambers or by the entrances bear witness to the 

prehistoric custom of eating funeral meals. 

Clams or stony ornamental objects, vessels, stone or 

bronze weapons, and goddess-idols accompanied the 

dead in their journey into the afterlife. 

 
Fig. 2. Tomb XXbis with extraordinary flight of steps at 

the entrance.  

 

Fig. 3. A) Abem Terrameter SAS1000 and ES 10-64 

electrode selector. B) GPR IDS model "RIS_MF-HiMod". 

 

 

 III. GEOPHYSICAL METHODOLOGY 

 

 A. The ERT surveys and data processing 

The ERT survey was performed by using a multi-

electrode system consisting of an Abem Terrameter SAS 

1000 device combined with an ES 10-64 electrode 

selector (ABEM Instrument AB, Sweden) [16] (Fig. 3A).  

For each 2D electrical line, 64 metal electrodes were 

deployed in a straight line with a constant spacing of 50  

cm and a unit length of 31.5 m. Four ERT surveys were 

executed using a dipole–dipole array, which is sensitive 

to horizontal changes in resistivity and therefore suitable 

for detecting vertical structures such as cavities. The 

complete layout of the electrical lines and GPR survey is 

provided in figure 1B. 

The apparent resistivity values for each electrical line 

were downloaded from the Terrameter SAS1000 control 

unit to a laptop, and converted into a compatible format 

with the Res2DInv inversion software [17].  

The L1-norm (robust-constrained) implementation [18] of 

the regularized least-squares optimization method and the 

finer model with a cell width of half the minimum 

electrode spacing were applied.  
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The standard Gauss-Newton optimization method was 

used, with a convergence limit of 0.005, and the Jacobian 

matrix was recalculated for the first two iterations. Good 

convergence between the observed and the model 

resistivity data was achieved after five iterations, as 

indicated by a root mean square (RMS) error lower than 

4.0% for all the tomographies. 

All resistivity models were represented using the same 

colour and value scales. 

 B. The GPR surveys and data processing 

 The GPR surveys were conducted using a monostatic 

GPR IDS model “RIS_MF_HiMod Duo”, consisting of a 

control unit (DAD control unit, fast wave) working 

simultaneously with two transmitters operating at 

frequencies of 400 and 900 MHz, and two receivers (Fig. 

3B). A hitherto unexplored area of approximately 750 m
2 

(Fig. 1B) adjacent to the excavations was investigated by 

regular grid, with 50 cm lines spacing. 

A global positioning system (GPS) survey, using a GPS 

Leica TM Viva in differential configuration, was 

performed to position the investigated area and to 

orientate the resulting models with respect to the 

excavated features of the necropolis. 

The GPR data were processed using standard two-

dimensional processing with GRED v. 02.01.008 (IDS 

Ingegneria dei Sistemi) software.  

The processing consisted of the following steps:  

(i) the function ‘moves start time’ calculated the 

two-way travel time from the moment when the 

electromagnetic waves pass between the air to 

ground interface;  

(ii) the function ‘background removal filter’ 

eliminated banding noise in the models;  

(iii) the function ‘vertical band-pass filter’ was used 

to remove any spurious frequencies not related to the 

targets present in the subsurface;  

(iv) the manual gain curve was applied to amplify 

the data signal and diminish the effects of 

attenuation. 

The end result of a series of reflected waves stacked side-

by-side mimics a vertical section or B-scan along the 

length of a survey transect.  

The B-scans at 400 and 900 MHz have been interpolated 

to produce a series of horizontal ‘time slices’ (C-scans) at 

various depths below the surface. 

 

 IV. RESULTS 

Three recognizable sub-horizontal levels are present in 

the 2D ERT models (Fig. 4): 

- the most superficial level, with resistivity values ranging 

from 70 to 250 Ωm (yellow-orange colour), is attributable 

to a heterogeneous soil with a variable thickness from 0.5 

m to 0.8 m; 

 
Fig. 4. AR1 and AR2 electrical resistivity tomographies. 

 

Fig. 5. A) Entrance of excavated XXbis tomb. B) AR3 

tomography. C) L1 GPR model.  

 

 
Fig. 6. A) AR4 electrical tomography. B) B-scan acquired 

at the AR4 resistivity tomography. 

X-axis 

X-axis 

A 
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Fig. 7. Scheme of surveyed area with C-scan plotted on 

the GPR survey grid. 

 

- the intermediate level, characterized by resistivity 

values ranging from 250 to 1000 Ωm (red-violet colour), 

is compatible with a layer of sandstones with carbonatic 

cement; 

- the conductive deeper level, with resistivity values less 

than 100 Ωm (blue-green colour) is attributable to an 

altered and saturated sandstone. 

The calibration tomography (AR3) shows the resistive 

anomaly produced from the main cell of an “open 

passage” tomb dug in the sandstone (Fig. 5B). This 

anomaly, that extends from 4 m to 10.5 m (x-axis), is 

distinguished clearly from the surrounding lands because 

the void (air-filled) cavity, is very poor conductor of 

electricity, with resistivity values >1000 Ωm.  

The depth and shape of the excavated tomb is correctly 

detected in L1 GPR model (Fig. 5C). Two strong 

reflectors at 0.20 and 1.5m in depth, indicate the top and 

the bottom of the tomb, respectively. Several anomalies 

were identified that might represent previously unknown 

rock-cut tombs in the central part of the investigated area. 

In particular in AR4 electrical tomography (Fig. 6A) 

displays two resistive anomalies at 4 m and 12 m (x-axis) 

with geometric feature matching the cells of an “open 

passage” tomb. Also the georadar section (Fig. 6B), 

acquired along the AR4 resistivity profile, shows two 

continuous reflectors (about 1 m and 3.5 m deep) that 

probably identify the top and the bottom of a buried 

tomb. 

The C-scans at different depth were redrawn using a false 

colour palette. In the presented case, the areas in white  

have very low energy (no reflections), whereas the areas 

with high energy are shown in orange. 

In the time slice at 0.15 m (Fig. 7), derived by 

interpolation of all B-scans at 400 MHz, the 

electromagnetic anomalies are located in the southern  

edge and in the central area.  

The edge anomalies identify the dug tombs (XXbis, II, 

XX, XXI) while the anomalies located in central part 

suggest the presence of one or more buried tombs. 

 

 V. CONCLUSIONS 

The geophysical surveys performed in the Anghelu Ruju 

necropolis confirmed a geological setting of the site 

characterized by a layer of subhorizontal sandstone with 

carbonatic cement that passes in stratigraphic continuity 

to an altered sandstone and sometimes to an incoherent 

sand in depth.  

ERT and GPR data were calibrated on a known and 

already dug tomb (XXbis). 

The resistivity values of AR1 and AR2 tomographies, 

located in the northeast of the site, are compatible with a 

sandstone layer covered by a thin topsoil. In the not-dug 

rock no resistive anomalies comparable – in shape and 

size - to those shaped by XXbis tomb in the AR3 model, 

were detected. 

The AR4 electrical tomography and GPR data are rather 

remarkable and deserve further investigations through 

direct archaeological essays. 

In detail this work has highlighted the following aspects: 

- the integrated use of both GPR and ERT models is 

an effective approach to detect buried hypogeal 

necropolis or single tombs of archaeological interest;  

- GPR was a useful tool to reconstruct the geometry 

of the tomb (real dimension and positioning of the top 

and bottom), but it was unable to characterize the 

strata lithology, which was obtained by ERT.; 

- the resulting models have indicated the sites upon 

which archaeologist can address future excavations.  
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Abstract – The advances in object analysis and data 
processing is a real asset in science and in particular 
in the cultural heritage field. However, results 
interpretations depend on the reliability of the 
information obtained on the archeological material 
studied. At the AGLAE facility, a specific 
methodology using the theory of analysis of variance 
(ANOVA) was followed in order to calculate the 
uncertainty of the RBS analyses due to the machine 
and to the data processing. Repeatability and 
reproducibility of measurements are studied on a RBS 
standard and the corresponding uncertainty is 
developed. Then results on cultural heritage objects 
are presented to illustrate the discussion.  

 I. INTRODUCTION 

For more than 25 years in Le Louvre premises, non-
invasive study of Cultural Heritage materials by ion beam 
analysis (IBA) at the AGLAE facility gives precious 
information on their provenance, manufacturing process 
or conservation state, which are essential issues in 
archaeology [1-4]. Directly applied in air on objects 
presenting various sizes, shapes and conservation states, 
PIXE (Particle Induced X-ray Emission), PIGE (Particle 
Induced Gamma-ray Emission), RBS (Rutherford 
Backscattering Spectroscopy) and IBIL (Ion Induced 
Iono-Luminescence) are IBA signals that can be 
simultaneously measured at the AGLAE facility [5,6]. 
Systematic imaging of such complementary information 
can be made from tens of µm² up to several cm² area size 
[5,7,8]. 

Scientific results presented in lectures or publications 
should permanently be accompanied with the 
corresponding uncertainty. In the Cultural Heritage field, 
this uncertainty of experimental data can be significant, 

as objects are most of the time heterogeneous, rough, 
porous etc. However, appraising these values are of great 
importance as it allows a discussion on the reliability of 
the results and of the interpretations made from the 
experiments. 

The uncertainty of experimental data can be divided in 
two parts: one concerns the object itself (area 
representation, potential sample collection and 
preparation) and the other one concerns the analysis 
(uncertainty due to the instrument and data processing). If 
the former can be appraised by the users, the latter is of 
great importance for the AGLAE operators in order to 
assess the energy stability of the beam and to offer the 
best experimental conditions to the users. Moreover, the 
New AGLAE project (grant ANR-10-EQPX-22) aims at 
automating the accelerator and improving the 
stabilization of the beam in energy and position. The new 
beamline will be operational in 2017 and the uncertainty 
of the measurements is expected to decrease enabling 
sharpest data interpretations. 

However, determining uncertainties is not always easy 
to reach. For many experiments, two or more analyses are 
made for each sample or object, or even for each area of 
an object, in order to present a mean result of the 
experiment. As for each measurement an uncertainty can 
be calculated from all factors described above, then how 
will be calculated the uncertainty of the mean result for 
the entire experiment or the entire object? And how this 
calculation will help assessing the instrument stability 
and the data processing reliability? 

In order to reach this aim for RBS analyses at the 
AGLAE facility, repeatability and reproducibility 
methodologies were performed on the gold-layered 
standard, usually reserved to calibrate RBS spectra. 
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 II. METHODS 

A. AGLAE set-up for RBS analyses 
The Rutherford Backscattering Spectroscopy is based 

on the elastic collision between incident charged particles 
and nucleus of atoms present in the analyzed target [9].  

Experiments were performed at the AGLAE facility at 
atmospheric pressure with an external beam composed of 
protons particles at 3 MeV. The beam was 30 µm in size 
and with 0.7 µC integrated charge for each run. 

The beamline nozzle ends with a 100 nm thick Si3N4 
window, representing the interface with the atmosphere, 
and the target was placed at a work distance of 2 mm. 

RBS measurements were performed with a detector 
collecting backscattered protons set at 130° with respect 
to the incident beam (Fig.1a). The housing of the detector 
is placed under vacuum and, as for the nozzle, is 
terminated by a 100 nm thick Si3N4 window.  

The target is a multi-layered standard composed by a 
superficial 1.6-µm-thick layer of gold applied on a SiO2 
substrate with in between a 10-nm-thick adhesive chrome 
layer (Fig.1b). 
 
B. RBS data processing 

RBS data were processed using the SIMNRA software 
V6.05. This program aims at simulating RBS spectra and 
comparing them to the experimental ones in order to 
assess the composition and the thickness of the different 
layers of the sample analyzed [10]. To simulate a 
spectrum, once the experimental set-up is defined (see 
above), the target is described as a succession of layers 
specifying, for each layer, its thickness and the relative 
atomic concentration of elements. The value of the 
thickness is given in Thin Film Unit (TFU), 
corresponding to 1015 atoms.cm-2. As for Au 1.1015 
atoms.cm-2 corresponds to 0.1694 nm, the thickness of a 
100 %-Au layer of in the metric system is expressed 

from the thickness in TFU by [9,11]: 
  enm = eTFU x 0.1694   (1) 
 
The aspect of the RBS spectra can be altered by 

multiple factors, two of them will be discussed here: the 
porosity of the layers, and the roughness of the surface.  

To simulate the first factor, the element of the 
underlying layer can be added in the porous layer, which 
will reduce the relative concentration of the elements of 
the layer. Indeed the porosity of a layer will induce a 
decrease of the intensity of the peaks coming from the 
elements present in this layer. 

Concerning the second factor, the back edge of the peak 
of the elements present in the rough layer in the 
experimental spectrum will not be vertical as the theory 
would plot it. A specific option is present in the SIMNRA 
software to simulate its effect on the spectrum: a full 
width at half maximum (FWHM) can be defined in TFU 
for the considered layer to determine the width and shape 
of the thickness distribution (SIMNRA assumes a 
Gamma distribution of layer thicknesses, resembling a 
Gaussian distribution visible on the spectra) [12,13]. 
When the simulated spectrum with a defined standard 
derivation is considered as the closest representation of 
the experimental spectrum, the uncertainty due to the 
roughness can be calculated as follow [12,13]: 

σ = FWHM/2.35   (2) 
 
C. The analysis of variance (ANOVA) 

The analysis of variance is a useful technique for the 
preparation and certification of reference materials in 
multiple science fields. Indeed, this statistic tool allows 
the assessment of the homogeneity of groups of data and 
gives the uncertainty of the values obtained on the 
materials in order to verify the compliance with 
requirements [14].  

For this study, the ANOVA calculations with one factor 
were used from the Excel software. Even if in the 
archaeological field the scattering of results is often 
studied by the intermediate of the standard deviation,  

Au peak
O
Si

Au
Cr

 

Fig. 2. RBS spectrum obtained with protons at 3 MeV 
from the Au standard processed by SIMNRA with in red 

the experimental spectrum and in blue the simulated one. 
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Fig. 1. a) AGLAE set-up for RBS analyses; b) Description 
of the standard used as a target to estimate the 

uncertainty of RBS analyses due to the instrument and to 
the data processing. 
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Table 1. Detailed report of the Au thicknesses of the 
standard calculated after RBS analyses. 

Groupes Number of 
mesure 

Average 
(nm) 

Variance 
(nm²) 

Day 1 10 1638 489 

Day 2 10 1605 40 

Day 3 10 1536 71 

Day 4 10 1564 98 

Day 5 10 1559 51 

Day 6 10 1576 40 

Day 7 10 1545 52 

Day 8 10 1542 110 

Day 9 10 1587 107 

Day 10 10 1580 119 

 
ANOVA uses another value for each group of 
measurements: the variance. These calculations follow 
the different formulas giving the sum of squares, the 
degrees of freedom, the mean squares (MS), the F factor 
(given by the Snedecor Table), the probability and the 
critical F value, the third first terms indicated within the 
different groups of data, and among the same groups [14]. 
These results can be interpreted by comparing the 
probability to the significant threshold defined by the user 
(0.05 for our study), or by comparing the F factor with 
the critical F value: if critical F value > F factor 
(probability > threshold) then variances are considered as 
identical and their relation follows the Fisher-Snedecor 
law. This consideration is important for further statistic 
analyses. 

 
From all these ANOVA values, uncertainties of the 

measurements considered can be estimated. The 
repeatability can be expressed by [14]:  

  swithin
2 = MSwithin   (3) 

The standard deviation at the top level of ANOVA is 
given by [14]: 

  sA
2 = (MSamong – MSwithin)/n0 (4) 

with n0 a function of the degrees of freedom [14]: 
  n0 = 1/(a-1) x (Σini – (Σini

2)/ Σini) (5) 
with a the number of groups and ni the number of value 
in the group “i”. 

The non systematic uncertainty, which can be used 
afterwards for the certification, is then calculated, in the 
unity of the input values, by: 

  s = √((sA
2 + swithin

2/n0)/a)  (6) 
To obtain the value as a percentage, it has to be divided 
by the global average: 

  s% = s / (Σjxij/ni)   (7) 
with xij the value number “j” in the group “i”. 

Table 2. ANOVA results obtained on the Au thicknesses 
calculated after RBS analyses. 

Source of variation Among 
groups 

Within 
groups 

Total 

Sum of squares 89882 10582 100464 

Degrees of freedom 9 90 99 

Mean squares 9987 118  

F factor 85   

Probability 4.10-40   

F critical 1.99   

 

 III.  RESULTS AND DISCUSSION 

A. Uncertainty at the AGLAE facility 
Thanks to the ANOVA calculation, repeatability and 

reproducibility of measurements are studied on a 4-month 
period on a standard routinely used to determine the 
depth repartition of the elements by RBS. 

The standard was analyzed approximately on the same 
area during 10 days distributed over 4 months 
(reproducibility). Each day, 10 RBS measurements were 
performed on the same exact point (repeatability). After 
processing the spectra with SIMNRA (Fig. 2) and 
calculating the thickness of the Au layer with the equation 
(1), 10 groups of 10 values were processed by ANOVA.  

 
The detailed report of the data is given in Table 1 and 

the results of the ANOVA calculation is reported in the 
Table 2. Calculations from the different groups show that, 
apart from the day 1, variances vary from 40 to 120 nm². 
The variance reflects the instability of the instrument, 
which can be sometimes very important (see day 1) and 
different for every day (Fig.3b). The scattering of the 
results (Fig.3a) casts doubt on the homogeneity of the 
standard used in this study. The surface of the target is 
probably damaged, presenting some holes or reduced 
thickness on some area. 

 
The global average of the values is 1573 nm (9286 

TFU). The following results are calculated from the 
values obtained from the ANOVA calculations presented 
in Table 2. The repeatability, expressed by swithin (equation 
(3)), is calculated as 11 nm and the standard deviation at 
the top level of ANOVA (equation (4)) is 31 nm. The term 
n0 (equation (5)) equals to 10. The result of the equation 
(6) gave an uncertainty of the thickness of this Au layer 
of s = 10 nm (59 TFU), which gives in percentage 
(equation (7)) s% x 100 = 0.6 %. 

 
These values represent the uncertainty of a thickness 

obtained by a RBS analysis performed at the AGLAE 
facility, including the potential instability of the 
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instrument and the bias due to the data processing with 
the software SIMNRA.  

However, as the standard is dating from a few years, 
these results can be improved by performing the same 
study on relatively new standards which would present a 
better homogeneity in the Au layer (thickness, porosity 
and roughness) characterized by complementary 
techniques (SEM-FEG, XPS, AFM). 
 
B. Reliability of RBS data interpretations 

In spite of the instability of the instrument, the 
uncertainty calculated above by ANOVA (0.6 %) is quite 
low compared to the scattering of the thickness ones (148 
nm). However, other factors can alter the spectrum and 
change the values of thickness of various layers.  

 
Modern silver leaves (closed to the way ancient ones 

were made) were analyzed with the same methodology 
and experimental set-up described above. Even if they are 
modern and not altered, these leaves present different 
features of roughness and especially of porosity on their 
surface. Indeed the intensity of the silver peak is different 
from one leaf to another which implies a change in the 
atomic percentage of silver in the corresponding layer 
and then a change in the calculation of the thickness. RBS 
spectra were processed by SIMNRA and the thickness of 

silver were calculated from the simulations obtained with 
the equation (1) applied to silver (for Ag 1015 atoms.cm-2 
corresponds to 0.1711 nm) weighted by the atomic 
percentage of the silver in the layer. For every sample, 
roughness of the surface of the target had to be added to 
the simulation in order to fit closely to the experimental 
spectrum (Fig. 4). 

The average value of the calculated thickness is 206 nm 
and the average uncertainty calculated is 39 nm (19 %). 
This result is relatively closed to 223 nm, the thickness 
expected from the information given by the supplier 
(Dauvet, France). Even on this modern material, the 
uncertainty due to the analysis at the AGLAE facility is 
negligible compared to the relatively low one due to the 
roughness of the sample analyzed. 

 
Analyses on historic or archaeological objects can 

present an even more important difference. 

a) b)

Ag peak

 

Fig. 4. RBS spectra obtained from analyses with 3 MeV 
protons of an historic gilt leather, processed by SIMNRA, 
showing in red the experimental spectra and in blue the 

simulated one, a) without the simulation of the roughness 
and b) with a thickness distribution to simulate the 

roughness of the surface. 
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Fig. 3. a) Averages of the thicknesses for each day of 
experiment. The vertical error scales represent the 

scattering of the values for each day; b) Variances of 
thicknesses calculated for each day. 
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C. Application to Cultural Heritage questions 
Analyzing historic or archaeological objects implies 

even more complicated data processing and 
interpretations. Studying the thickness of layers is one of 
the multiple possibilities for a scientist to answer some 
specific problematic in the Cultural Heritage field. RBS 
analyses present several advantages, especially at the 
AGLAE facility where the beam is air extracted and 
sampling is not necessary.  

 
In the CORDOBA project, the study focuses on silver 

leaves applied on leather and covered by a yellow varnish 
to form gilt leathers, which are famous and luxurious 
decorations used from the 16th to the 18th century all over 
Europe [15, 16]. The hypothesis is that the characteristics 
of the silver, and in particular the composition and 
thickness of the leaf, could lead historians toward the 
provenance of the object [4]. 

To reach that aim, a corpus of 45 historic gilt leathers 
fragments or samples were analyzed at the AGLAE 
facility with the set-up described above. RBS spectra 
were processed by SIMNRA and thicknesses of silver 
were calculated from the simulations obtained by the 
same calculation as described above. For every sample, 
roughness of the surface of the target had to be added to 
the simulation in order to fit closely to the experimental 
spectrum (Fig. 4). The uncertainty due to this roughness 
was then calculated following the equation (2). 

Analyses of these historic samples showed that results 
are scattered and the uncertainties are relatively high on 
average. This can be explained by the evolution of the 
objects within the exposure time which could imply the 
presence of silver corrosion at the surface or a lack of 
material due to degradations or restoration campaigns. 
For example, for a decoration produced in the 

Netherlands in the early 17th (gilt-leather 1 in Fig.5), the 
average thickness is 123 nm but the average uncertainty 
is calculated at 46 nm (37 %). Another fragment also 
produced in the Netherlands but in the 18th century (gilt-
leather 2 in Fig.5) showed a thicker silver leaf at 234 nm 
with an uncertainty of 77 nm (33 %). Next to these 
uncertainties due to the roughness of the surface of the 
samples, the ones due to the instability of the instrument 
(respectively 0.7 and 1.4 nm for gilt-leather 1 and 2) are 
negligible. Thus, considering these uncertainties, the first 
thickness could be 123+46+0.7=169.7 nm and the second 
one 234-77-1.4=155.6 nm. 

In this context, the consideration of the uncertainties is 
of great importance before comparing data and jumping 
to conclusions and care is necessary to interpret analytical 
data. 

 IV. CONCLUSION 

Repeatability and reproducibility measurements during 
RBS analyses over a 4 months period were performed at 
the AGLAE facility. From these experiments, the 
uncertainty was calculated from ANOVA. This value 
concerns the instrument and the data processing, but not 
the characteristics of the target itself, which should also 
be taken into account in the interpretations of the results. 
In the Archeological field, objects present most of the 
time a heterogeneous surface, then, as for the example of 
gilt-leathers presented here, the instrument uncertainty 
would probably be negligible next to the one due to the 
roughness, the porosity, the alteration or to other 
characteristics of the target. 

However, this study was performed on a relatively aged 
standard. These calculations will be reconsidered with 
new standards currently under preparation in 
collaboration with the Institut Lavoisier de Versailles. 
Homogeneity and roughness will be checked by other 
analytical techniques (SEM-FEG, XPS, AFM).  

This study is of very high interest for the future 
AGLAE RBS experiments. As the New AGLAE 
beamline will be operational in 2017, the uncertainty is 
expected to decrease. So, the methodology will soon be 
extended to other ion beam analytical techniques present 
on the instrument (PIXE, PIGE, IBIL) by analyzing 
specific and corresponding standards. ANOVA and the 
corresponding calculations of uncertainty could also be 
applied on any type of results and analyses in the future 
in order to offer the possibility of a better discussion on 
data reliability and interpretation. 
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Abstract – Islamic occultism formed on the basis of 
Sufism in the Golden Horde territory during the 
Middle Ages. Findings confirming this fact have been 
discovered in the territory of “Mayachny Bugor” 
burial ground in Astrakhan Oblast. The unique 
archaeological items comprised undamaged eggshells 
with Arabic inscriptions on the surface. The 
researchers were faced with a task of complex 
research and restoration of the findings. The authors 
of this work performed a research of the eggshells 
using scanning electron microscopy, X-ray 
fluorescence analysis (XRF) and colour photoscanning 
techniques. The Arabic inscriptions were subjected to 
research and interpretation. A special adhesive 
composition for bonding was developed. 
Keywords – eggshells, the Golden Horde, burial 
ground, Islamic ritual, chemical composition. 

 I. INTRODUCTION 

A large number of archaeological sites dating back to 
the Golden Horde period are located in the territory of 
Astrakhan Oblast (Russian Federation). Unusual artefacts 
[1] were revealed during the research of one of the sites – 
“Mayachny Bugor” burial ground dated late 13th - early 
14th centuries. Two digyric vessels were discovered two 
metres apart in the South-Western section of the burial 
ground. There were no burials in close vicinity which the 
findings could be related to. Digyrs are ceramic redware 
vessels with tulip-shaped bodies which were used as 
buckets for drawing water. (Fig.1, а). Numerous 
fragments of bird eggshells were discovered inside the 
vessels. Preliminary research has revealed that the 
discovered eggs belong to a gallinaceous bird. After 
material treatment and partial restoration, six egg forms 
were obtained from the shells contained in each vessel. 
As a result, it was determined that the black inscriptions 

in Arabic script were drawn on the outer surfaces of the 
eggs. (Fig.1, b). The inscriptions are spirally twisted 
around the egg surfaces beginning at the point end, and 
on many eggs they have only preserved fragmentarily. 
The inscriptions are poorly preserved. A part of the 
symbols are unreadable or can only be approximately 
interpreted. 

 
a 

 
b 

Fig.1. “Mayachny Bugor” burial ground. Excavations of 
2001: 

а - digyric vessel; b - eggshells with inscriptions. 
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A total of ten similar findings were discovered at the 

same archaeological site in 1991 [2]. The only close 
analogy to the ritual of eggshell painting in Arabic script 
encountered at “Mayachny Bugor” burial ground is 
recorded in the materials of excavations performed in 
1987 at Mizdahkan necropolis in Uzbekistan. 

This work is related to the interdisciplinary research of 
the specified findings with the use of various techniques: 

1. scanning electron microscopy; 
2. X-ray fluorescence analysis; 
3. colour photoscanning. 

 II. RESULTS AND DISCUSSION 

Scanning electron microscopy. 
EVO LS 10 scanning electron microscope with INCA 

X-MAX energy dispersive spectrometer were used for the 
performance of the analysis. Two fragments with remains 
of inscriptions were submitted for analysis. Sections of 
different colour and structure were analyzed, including 
areas with applied ink (Fig. 3). According to Fig. 2, the 
unpainted areas are of three primary colours – pure white, 
light beige, and dark beige. Each of these sections 
contains areas with inscriptions. The ink was analysed in 
each of these eggshell sections. 

 
Fig. 2. Fragments researched using the electron 

microscopy technique. 
The elemental composition of the eggshells with ink 
traces is different from the unpainted areas in that the 
painted areas feature a much greater concentration of all 
elements except for calcium, whose concentration is 
expectedly less. In addition, manganese and titanium 
were revealed in areas containing ink. These results 
signify that the inscriptions were most probably applied 
with coal obtained as a result of calcination of a specific 
plant. The chlorine pattern is of special interest, as this 
element is not present in the white-coloured sections 
despite the presence of ink. It confirms the fact that the 
beige colour is intrinsic to metamorphosed sections. 

Table 1. Results of analysis with the use of the scanning electron microscopy technique. 

 F Na Mg Al Si P S Cl K Ca Ti Mn Fe O 

unpainted sections  

White     1.13     0.51       69.3       29.1

light beige   0.39 1.48 1.84 3.8 1.3 0.34 0.18 0.3 56.9     1.18 32.4

dark beige 2.13 0.84 1.33 2.63 6.49 6.48 0.73 0.39 0.49 40.1     1.51 36.9

painted sections  

white+black   0.47 1.76 4.28 10.6 1.08 0.51   0.87 40.9     2.85 36.7

dark beige+black   2.95 3.29 6.81 16.8 0.72 2.29 0.63 3.8 17.9   1.19 1.96 41.6

black+dark beige  1.68 0.73 7.8 4.24 25.5 0.14 0.43 0.18 0.86 2.95 0.21 8.36 2.99 43.9

black+dark beige   0.86 1.64 5.4 14.3 0.52 6.51 0.48 1.92 16.1 0.3 4.45 4.98 42.6

black+dark beige   0.85 16.2 6.41 16.7 1.79 0.75 0.27 1.31 4.67 0.22 5.15 2.25 43.5
 

As it is known, the calcium-oxygen ratio in calcium 
carbonate СаСО3, which constitutes an eggshell, is 
approximately 4:5. In accordance with the analysis 
results, the Ca:O ratio in clear eggshell sections is 
determined as 7:3. It signifies that these sections are 
constituted not only by calcium carbonate, but for the 
greater part by calcium oxide. In this compound the 
elements in question are in the ratio of 10:3. This data 
indicates that the mineral composition of the eggshells 
has undergone metamorphic changes which have 
occurred as a result of its presence beneath the ground in 
the course of several centuries. 

X-ray fluorescence analysis. 
A single fragment was researched with the use of this 

technique. (Fig. 3). The analysis was performed on M4 
TORNADO micro X-ray fluorescence spectrometer 
manufactured by Bruker. The analysis results are given in 
Table 2. As opposed to the previous energy-dispersive 
technique, the RXF technique does not provide the 
determination of oxyden, and the sodium sensitivity is 
also very low. However, the comparison of results 
obtained with the use of these two techniques provides 
identical patterns of element concentration distribution 
for various sections. For instance, on painted sections the 
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concentration of all elements except for calcium is much 
higher than on the unpainted ones. One can also note the 
identical anomalies pertaining to phosphorus, potassium 

and sodium. In general, the RFX analysis proved to be 
less sensitive to sodium and manganese. 

 

 
 
 
 
  

Fig. 3. Sections of an eggshell fragment analyzed with the use of the RXF technique. 

Table 2. RXF spectrometry results. 

 Na Mg Al Si P S Cl K Ca Mn Fe 

unpainted sections  

light beige   0.87 1.45 2.89 0.47   0.12 0.12 93   0.37 

dark beige   0.88 1.73 3.78 0.95 0.2 0.13 0.17 91,1   0.43 

 painted sections  

beige+black   1.26 2.6 5.2 0.63 0.2 0.14 0.28 88.2 0.04 0.96 

dark beige+black   1.01 3.04 6.12 1.13 0.13 0.53 0.39 86.4 0.04 0.76 

dark beige+black     2.15 4.59 0.32 0.36 0.1 6.98 84.5   0.6 

black+beige 0.54 1.11 4.49 10.6 0.89 0.16 0.37 0.59 79.4 0.03 1.3 

black   1.34 5.52 12.8 0.26 0.26 0.16 0.69 76.9 0.03 1.73 
 

 
Colour photoscanning. 
The photometric studies of the eggshells for 

inscription development were performed with the use of 
photofixation with direct lighting and with the use of the 
transmission technique with various light sources. In 
general, only the distinctly drawn fragments of 
inscriptions developed during the photographing of the 
object in the presence of ultraviolet radiation. It was 
determined during the photographing of the object using 
the transmission technique that the low colour 
temperature allowed the acquisiton of a sharper image of 
the inscriptions (Fig. 4). However, the field conservation 
of the eggshells using PVA adhesive with its 
reinforcement using hard paper inhibited the uniform 
illumination of the eggshells and therefore proved to be 
insufficiently informative. 

Digital processing of eggshell photographs facilitated 
the establishment of an experimental sample and the 
comparison of inscription development on the surface of 
the object. The analysis of visual representation of 
inscriptions on eggshells demonstrated that their ultimate 
clarity is obtained in the case of lowering of the colour 
temperature (Fig. 5), which is confirmed by the previous 
experiment consisting in radioscopy of the object. 

Digital processing of eggshell photographs facilitated 
the establishment of an experimental sample and the 
comparison of inscription development on the surface of 
the object. The analysis of visual representation of 
inscriptions on eggshells demonstrated that their ultimate 
clarity is obtained in the case of lowering of the colour 
temperature (Fig. 5), which is confirmed by the previous 
experiment consisting in the radioscopy of the object. 
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a                      b 

Fig. 4. Photograph of the eggshells in the presence of translucent lighting of yellow (a) and blue (b) colour. 
 

 
a                      b 

 
с                      d 

Fig. 5. Digital processing of photographs: 
a – photograph in diffused light; b - elevated tone curve for red colour; 

с – lowered tone curve for green colour and elevated tone curves for red and blue colours; d - addition of 
supplementary light blue, violet and pink colours. 

 

 III. CONCLUSIONS 

It is presently impossible to provide an accurate 
explanation of the ritual encountered at “Mayachny 
Bugor” burial ground due to the small number of similar 
findings and the complications related to the 
interpretation of faded Arabic inscriptions. The 

researched findings provide evidence of an unusual ritual 
practised by a part of the Golden Horde population in the 
period of origination of Islam. In the traditions of many 
peoples the egg represents a symbol of vitality and 
fertility [3]. Besides, the traditions of certain Asian 
peoples comprise an image of an eggshell from which the 
universe or humanity in emerging, an egg giving birth to 
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a man, and an egg transforming into a man [4]. 
The performed analyses demonstrated that the 

electron microscopy provides more accurate analysis 
results compared with the X-ray fluorescence 
microanalysis. The research results demonstrated that the 
inscriptions were most probably applied with coal of 
vegetable origin. Experiments with colour photometry 
demonstrated the viability of photoraph processing for the 
improvement of contrast of the inscriptions. According to 
a certain hypothesis, ritual vessels were filled with bone 
ash. However, the confirmation of these conclusions 
requires further research of the artefacts with the use of 
more sophisticated analytical techniques. 

Due to the unavailability of world analogues in terms 
of restoration of similar objects with very small 
thicknesses of bonded areas, a special adhesive was 
developed. The process of restoration and bonding of 
eggshell fragments has not been finished, and therefore 
the interpretation of inscriptions was not been performed 
due to the fragmentation of material and the poor 
preservation of inscriptions. Reading is also hampered by 
the previously applied glue layer, whose removal 
represents a complicated task. In the future, 3D modelling 
techniques and prototyping are planned to be used for the 
reconstruction of egg shapes from eggshell fragments and 
the comprehensive analysis of inscriptions. The 
performance of genetic analysis is planned to be used for 
accurate species identification of the eggshells, and 
accelerator mass-spectrometry is planned to be used for 
accurate dating. The authors plan to perform a 
chromatographic analysis of the eggshells for a more 

accurate determination of ink composition. In accordance 
with the obtained results, the eggshell has undergone 
metamorphic changes in the course of time. This resulted 
in a variation of its mineralogical composition. Therefore, 
further research requires the performance of phase-
mineralogical analysis and an additional study of the 
distribution of mineralogical compounds across the 
eggshell surface for the identification of microscopic ink 
residues. 
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Abstract – The Nuragic site of Sant’Imbenia in 

Alghero in north-western Sardinia (Italy) was 

inhabited between approximately the 14
th

 and the 7
th

 

century BC.  During the last centuries of its life, 

Sant’Imbenia lived a population of locals and 

foreigners, i.e. Levantines and, probably, Greeks. It is 

obvious that as well as goods and raw materials they 

exchanged ideas, knowledge and technologies. Some 

of the pottery artefacts produced during this period 

do not seem to belong to the Nuragic tradition because 

of their shape and type, which suggest that local 

craftsmen were influenced by the contacts with 

foreign cultures. The study, which is preliminary, 

takes into account the results of the archaeological 

and archaeometric analyses of Nuragic, Phoenician 

and Oriental pottery found during the excavations 

carried out in 2010 and 2011 in the “ambiente 51”, 

whose production is dated during the Iron Age. T ds 

he aim of this work is to study the development of this 

settlement, through the evolution in production 

techniques of local ceramic, and the trade relations, 

through the imported pottery.  

 I. INTRODUCTION 

The Nuragic site of Sant’Imbenia is located in the Bay 

of Porto Conte (north-western Sardinia), bounded to the 

west by the promontory of Capo Caccia and to the east by 

Punta Giglio (Fig. 1). It has been a rich source of 

archaeological remains spanning a vast period from 

Prehistory to the Middle Ages [1]. Between the end of the 

Bronze Age and the beginning of the Iron Age, a 

community of foreigners moved to the site of 

Sant’Imbenia, attracted by the wealth of the area, the 

accessibility of the site and its plentiful resources, in 

which they could trade. They did not interfere or clash 

with the local communities, as in other areas of the island 

[2]. Several types of goods were exchanged in 

Sant’Imbenia, along with experiences, ideas and news. In 

short, a trade in culture was established. The study takes 

into account the results of the archaeometric analyses of 

Nuragic, Phoenician and Oriental pottery found during 

the excavations carried out in 2010 and 2011 in the 

“ambiente 51”, whose production is dated from the end of 

9
th
 to the 7

th
 century BC., during the Iron Age (Fig. 2). 

These artifacts include the typical repertory of the nuragic 

production (cups, bowls, jars, jugs, pots and large storage 

vessels), and of the imported ceramics (cups, jugs, dishes 

and amphorae). Together with these productions, is 

possible to identify a local production with technological 

and typological characteristics typical of the area, like the 

“Sant’Imbenia” amphorae, reworked according to the 

taste and knowledge of the inhabitants of the site. A study 

of this type, which analyzes the Nuragic ceramics 

produced in a time controversial and in some ways still 

unknown, is very important and relatively innovative. 

Through this work, in fact, it has been possible to observe 

the technological aspects in the production process that 

demonstrate a high degree of specialization, knowledge 

of raw materials, expertise in the cooking of the potteries 

than in earlier times were not found [3]. Also, the 

archaeometric works about the nuragic ceramics are still 

numerically weak, and this research contributes to have 

new data on mineralogy, petrography and technology of 

the artifacts. 
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Fig. 1: image of Sardinia e the site location in the 

Alghero area 

 

 
 

Fig. 2: general plan of  Sant’Imbenia archaeological 

site before the archaeological excavation of 2010 (from 

Rendeli 2014: graphic elaboration by L. Sanna and A. 

Demurtas). 

 

 

 II. GEOLOGICAL SETTING 

The geology of the area consists mainly of Mesozoic 

layers, which rest on quaternary deposits related to 

alluvial fans and/or flat braided channels, and wind dune 

fields of Wurm age. The Triassic consists mainly of 

dolostones, dolomitic marls, chalk marls and clay with 

foraminifers. Only a couple of miles north of the site of 

Nuraghe Sant'Imbenia, the Triassic is characterized by 

continental facies, consisting of the typical red 

Buntsandstein sandstone. In particular, in the outskirts of 

the settlement, Triassic dolostones and sandstones 

outcrop with carbonatic cement. The Jurassic and the 

Cretaceous deposits consist of platform carbonates: 

mainly dolostones, limestones and marl. On the top, 

volcano-sedimentary successions and lacustrine deposits 

of the early Oligocene-Miocene outcrop (fig.3) [4]. 

 

 

Fig. 3: Geological map of NW Sardinia 

 III. MATERIALS 

The archaeological study of the materials of Ambiente 51 

has recently begun and we present in this paper a 

preliminary analysis. The pottery found from this context 

is not numerous, justified by the dimensions of the room. 

It is composed by imported and local wares (Fig.4). The 

first group is represented by more than 30% of the total 

while the second by 60-70%: these data are not surprising 

if we compare them with other rooms of Sant'Imbenia. 

Among imported pottery we have been able to identify 

Phoenician ware both from mainland and Western 

Mediterranean colonies: the morphologic repertoire is 

varied, composed by amphorae, slipped plates and bowls, 

lamp and a possible thymiaterion. For other sherds, 

identified as importation, we are not be able to ascribe 

them to a particular region. Productions from the nuragic 

tradition, include a repertoire consisting of drinking set-

pots, bowls, jars, a possible vaso a collo, and a 

conservation vessel.  

Containers used for the transport and storage sets are 

formed mainly by container vessels but are not numerous. 

We can highlight the presence of the fragment of a pithos 

and the rim of what looks like vaso a collo of local origin 

and of which we can find parallels in sites of the same 

chronology [5]. The amphorae are represented by an 

example of Tipo Sant'Imbenia, two handles that belong to 

different copies and many parts of the wall. After a 

preliminary study, we can observe different provenances: 

Levantine area, North Africa and Malaga area. We want 

to highlight the presence of a fragment of wall which, due 

to its profile, would belong to a specimen of an amphora 

Sagona 2. The origin of this amphora is Oriental and it is 

present in stratum VI of Hazor and stratum IV of Tyre 

[6]. It is well documented in the Western Mediterranean 

as in the site of Castillo de Doña Blanca (Cádiz) [7]and 

Morro de Mezquitilla (Malaga) [8]. 

Cooking pots are represented by few examples. They are 

mainly composed of forms of local hand-made and 

coincide with the typical forms of the Iron age in Sardinia 

[5]. This type of vessels is well documented in other 

rooms from the site of Sant' Imbenia.   

The repertoire consisting of drinking set is represented by 

native and foreign forms. We can differentiate them in 

hand-made local productions, the so-called ciotola and 

scodella. They are in different sizes and with different 

finishes, at least two cases are burnished. These 

individuals are well represented at S. Imbenia as well as 

in the rest of the island. In this category we also include 

two handles which seem to belong to a brocca askoide. 

Both handles without decoration but one of them presents 

a finish with a type of slip that is very present in the 

pottery produced in Sant' Imbenia. This type of jug is a 

typical production of the Nuragic culture from the first 

Iron age and we can find similar parallels from Northern 
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and Central sites of the island. A similar vase can be 

found at in the Nuraghe Su Cungiau 'e Funtà [9]. We can 

include some imports in this category. Firstly we found 

Phoenician slipped plates. Although in fragments they are 

not representative and it is difficult to ascribe them to a 

class in particular. In the set of materials appeared a 

fragment that seems to correspond with a red slip pitcher 

and a geminated handle decorated with two red bands, 

possibly from a jug. We can find examples of these 

characteristics in Tyre until the 850 BC [6]. In this group, 

we have documented another jug which has been 

preserved in a small part. For the moment we have not 

found parallels. Ritual objects are represented by the 

presence of a possible thymiaterion. It consists of a 

tapered base and top plate, both sides are decorated by 

red and black bands on the inside and the outside. We 

find parallels in Eastern sites like Akhziv and Tell Es-

Safi. 

In terms of chronology the context can be dated therefore 

around the first half of the 8th BC. 

The set of pottery imported from Ambiente 51 finds 

parallels with material of other recently studied Western 

Mediterranean sites [10] [11].  

 

 
Fig. 4: same examples of the pottery studied.  

 IV.  METHODS 

Ceramic samples were observed under a 

stereomicroscope to identify the treatments applied by 

potters to smooth the surfaces. A first estimate of samples 

colour was carried out by means of Munsell® Soil Color 

Charts. A portable Minolta CM700d spectrophotometer 

was used to determine the chromatic coordinates of 

ceramic fragments and to detect possible differences 

between samples in terms of their composition or 

production process. Later, the artifacts were studied by X-

ray powder diffraction (XRD) and optical microscopy 

(MOP) to analyze their mineralogical and textural 

features to understand the technological level of the 

production. 

 

 V. RESULTS AND DISCUSSIONS 

About the imported pottery it was made only the 

archaeological study, and have yet to be carried out the 

archaeometrical analysis. 

Our results reveal that the local productions are 

characterized by different typologies that are compatible 

with a local production which results relevant and 

specialized. The groups differ in the raw materials used 

and in the quantity of non-plastic component added, and 

are characterized by a high quantity of non-plastic 

component with irregular shapes and dimensions. The 

samples show different surface treatments: polishing, 

smoothing, burnishing or patinating (Fig. 5); most 

samples show properly burnished patinas with well-

covered, smooth, clean, impermeable surfaces. As regards 

the hue (a* and b*, coordinates of intensity and 

brightness of the color) of the ceramics, show a quite 

constant b* value, while a* varies from 5 to 20, 

depending on the intensity of the red colour on the 

surface.  

After the MOP observations, the samples were divided 

into two groups (Fig. 6): the first is characterized by 

matrices with low birefringence, a 15-20% grains content 

with a bimodal distribution and a porosity values range 

between 20-30%. We observed quartz, calcite, muscovite, 

rare feldspars, phyllites and litharenites. Imprints of straw 

and other plant remains were also detected; the second 

has matrices with a black heart, medium birefringence, a 

10-15% temper content and porosity values between 5 

and 10%. Quartz, K-feldspar, muscovite, hematite and 

feldspar were detected; also, there are pumice and 

ignimbrites, in relatively constant proportions and sizes, 

and fragments of metamorphic and sedimentary rocks.  

Microscope observation showed that the amount of 

temper is generally higher in cooking ceramics than in 

serving ones. This seems to have been a deliberate 

technological choice on the part of the potters, as the 

cooking wares had to withstand high thermal shocks. 

Other research have shown that high temper 

concentrations minimize the risk of crack propagation 

[12] although the strength of the finished ceramic is 

reduced substantially.  

Based on the level of birefringence of the matrix and of 

some minerals, such as muscovite, as well as the presence 

of calcite, some samples could have been fired at 

temperatures of around 750ºC in an oxidizing atmosphere 

because of the risk of “lime blowing” (small spalls 

pushed out of the walls of the vessel). Generally, we 

observed that samples containing 5% or more of calcite, 

to which 10% of organic matter had been added [13], 

were fired in a reducing atmosphere. Under such 

conditions, Maggetti et al. [14] demonstrated that calcite 

can extend its stability up to 800-850ºC. Since the choice 

of crushed calcite grains was deliberate, in order to 

reduce or eliminate the risk of spalling if these 

temperatures were surpassed, ceramics may have been 

quenched after firing [15]. It is also possible that seawater 

(the village is about 1 km from the coast) was used to 

mould the clayey material, as sodium chloride acts as a 

melting agent and helps to produce more resistant 

ceramics [16]. In the wares in which they are present, the 
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calcite grains are generally darker and reaction rims may 

sometimes be observed, while muscovite, when observed, 

shows lower interference colours. Another aspect worth 

noting is the presence of partially vitrified matrices. 

These data suggest a firing temperature of around 900ºC.  

X-ray diffraction (XRD) analyses show that all samples 

are rich in quartz and have varying phyllosilicate 

(muscovite) and feldspar content (Tables 1). Some of the 

samples of cooking ceramics are rich in calcite. Storage 

and serving wares have a similar composition to the 

cooking wares, although some new silicate phases, 

gehlenite and diopside, start to appear. It is present a 

number of samples in which gehlenite and/or diopside 

develop increased slightly, as did the content of the 

amorphous fraction (possibly an incipient vitrification of 

the matrix), while calcite content decreased. We also 

detected plagioclase and hematite. 

In general, the use of calcite in ceramics production 

decreased significantly between the Middle-Late Bronze 

Age and the Early Iron Age [17]. The opposite occurred 

with the amorphous fraction, which increased from very 

low percentages in the Middle Bronze Age samples to 

higher percentages in the Early Iron Age. This indicates a 

clear change in the preparation of raw materials during 

the Bronze and Iron Ages. Moreover, the presence of 

mineral phases such as hematite and above all plagioclase 

in the serving ceramics dating back to the final phase of 

the Bronze Age and the Early Iron Age, indicates that 

potters used a clayey material that was different at least in 

part from the one used during the Middle Bronze Age. 

XRD results confirm expected firing temperatures 

suggested by optical microscopy observations. 

Temperatures were estimated on the basis of the 

mineralogical transformation that takes place in the 

ceramic when it is fired, and which is manifested in the 

presence of calcite and/or muscovite (around 750-850ºC) 

or new silicate phases (gehlenite and diopside) (more 

than 800-900ºC). However, these temperature values 

must be used with caution because Nuragic ceramics 

were not fired in kilns with an oxidizing atmosphere but 

were open-fired in holes in the ground making it 

impossible for us to control their firing parameters 

(maximum temperature reached, heating rate, soaking 

time and firing atmosphere) [14]. The cooking wares 

were fired at around 750-800ºC, as the presence of calcite 

and muscovite and the absence of new silicate phases 

suggest. By contrast, about half of the non-cooking wares 

were fired at higher temperatures, around or above 

900ºC, as attested by the absence of carbonates and 

muscovite and the presence of gehlenite and diopside, 

albeit in small concentrations. 

 
Fig. 5: graphical representation of surface treatments 

 

 
MOP observations : a) samples of the group 1; b) 

samples of the group 2.  

 

 

Tab.1: XRD semi quantitative analyses; Qtz = quartz; 

I/M =  illite/muscovite; Fs =  feldspar; Ca =  calcite; 

Hem =  hematite; Geh = gehlenite; Dio =  diopside; 

amor = amorphous 

 

 

 VI. CONCLUSIONS 

The mineralogical, textural and technological analyses 

conducted on Nuragic ceramics revealed a number of 

differences between the products. Firstly, in the use of 

raw materials: were used a clay rich in phyllites, quartz 

and feldspars and a clay with fragments of volcanic 

rocks, often in constant quantities and sizes. We observed 

clear strategic choices in production technology: one 

example was the choice of clay raw materials that were 

capable of withstanding continuous contact with fire; 

another was the treatment of the surface, which reduced 

surface permeability to minimum levels. The proficiency 

reached by potters in fire and kiln management was also 

observed; the presence of partially vitrified, non-porous 

and very compact surfaces suggests that the potters of 

Sant’Imbenia were able to raise the temperature inside 

the kiln above 900ºC and keep it there long enough to 

cause the (at least partial) vitrification of the surface of 

the ceramics. The study of the surfaces also produced 

interesting results. The artefacts are simply polished and 

others are all red on the surface for the presence of 

patinas. This feature was not observed in earlier products, 

which may have been imitations of Phoenician red-slip 

 Qtz  I/M  Fs  Ca  Hem  Geh  Dio  amor 

1  ++  ++  ++  ++      

2 +++ + +  + tr  tr  ++ 
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products imported into Sant’Imbenia. In some cases, 

decorations were made with a high degree of 

specialization, and there are examples of very thin 

patinas, perfectly bonded with the ceramic body that are 

bright, non-porous and partially vitrified. The presence of 

foreign materials confirms the hypothesis that in 

Sant'Imbenia during the first millennium BC there was a 

very prosperous trade.  
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Abstract – Agsu town is an Azerbaijan's important 
archaeological site, considered a crossroads of 
commercial routes since the ancient times between 
China, Asia Minor and Europe. For this reason the 
area is rich in different typologies of artifacts with 
various provenances such as stone objects, glazed 
pottery and coins. 
The work is focused on the characterization of eight 
pottery samples using combined analytical techniques 
such as optical microscopy and electron microscopy 
coupled with microanalysis to define their 
manufacturing processes and to attempt to identify 
their production centers. 
 
Keywords: Pottery, Azerbaijan, Technology, 
Provenance  
 
Introduction 

The archaeometrical approach is fundamental to focus 
on dating, provenance and technology about ceramics 
contributing to the archaeological documentation about 
the development of their manufacturing throughout 
history. Moreover the investigations on the potteries 
represent a useful tool for archaeological researches 
providing significant social, economic and cultural 
implications about the study areas, as it overcomes 
lacking of written sources [1]. 

The production of ceramic wares in Azerbaijan started 
since Neolithic age and it is well known the use of 
pottery’s wheel already in that period. In Medieval Age 
the production diversified into three groups: unglazed 
ceramics, glazed ceramics and construction ceramics. 
Bowl, dish, goblets represent the most common artifacts; 
usually they show an inner part decorated with 
geometrical, botanical or live descriptions. Construction 
ceramics in Middle Ages consist mainly of brick, tile and 

water pipes. This can be explained on the one hand with 
demands of domestic circumstances, on the other hand 
wide-spread of Islamic architecture. 

Azerbaijan shows a great variety of ceramic findings 
beyond the local ones, due to the strategic position of the 
area in the most important commercial routes between 
Europe, Near East and Far East. 

In this regards, just recently Agsu medieval artifacts 
underwent systematic archaeometrical investigations. Our 
work is aimed to characterize some representative pottery 
samples identifying the probable provenance, the main 
technologies and raw materials used throughout different 
analytical techniques such as optical microscopy (OM) 
and electron microscopy coupled with microanalysis 
(SEM-EDS). 

 I. AGSU ARCHEOLOGICAL SITE 
 
The ruins of the medieval Agsu town (17th-18th 

century) are situated 4-5 km away in the south-east from 
the town of Agsu, about 160 km west far from Baku the 
capital of Azerbaijan. In consideration of military-
political factors, the town was repeatedly destroyed by 
internal and external enemies in the past. The first 
archaeological excavations began just in 1983 finding 
artefacts as earthenware, coins and glazed potteries [2]. 
 

 II. MATERIALS AND METHODS 
Eight fragments of glazed pottery were taken from the 

medieval ruins of Agsu (Fig. 1), but the available 
information such as use and historical period is scarce. 
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Fig. 1. Pottery fragments. 
 
Samples thin sections underwent OM and SEM-EDS 

analysis. Petrographic observations were carried out by a 
Zeiss polarizing microscope and described according to 
[3], that characterizes the microstructure, groundmass and 
inclusions. Micro-morphological analyses by SEM were 
performed  to characterize the groundmass microstructure 
and the vitrification degree [4]. The EDS provided the 
chemical composition of slip and ceramic body. The 
analyses were performed on a FEi Quanta 200 Scanning 
Electron Microscope equipped with a EDaX genesis 
4000.  
 

 A. Petrographic Analyses 
Textural and compositional features of ceramic 

fragments were determined undergoing thin sections to 
optical microscopy according to [3]. The study allowed to 
distinguish two different petrographic groups. 

The Group 1 (Fig. 2a) includes the samples C1, C2, C3, 
C4, C5. The microstructure in the sample C1, C4, C5 is 
characterized by mesovoids (500-50 µm) and vesicles. 
The inclusions are double-spaced with a slight preferred 
orientation. The mica-rich groundmass appears 
moderately homogeneous with a reddish colour in plane 
polarized light (PPL) and crossed nicol (CN). The optical 
activity varies from being absent to low with a stipple 
speckled fabric. 

Inclusions show a ratio c:f:v (coarse : fine : voids) of 
about 30:50:20 and are constituted by predominant 
quartz, common plagioclase and opaque oxides. The 
grain-size distribution is bimodal and varies from fine to 
very fine ranged between 200-100 µm and 50-10 µm.  

The amorphous concentration features (Acf) are 
commonly impregnative. 

The samples, except C2, show a superficial vitrified 
slip about 100 µm thick. Besides an intermediate  layer 
40 µm thick was identified between the ceramic body and 
the glaze, probably an engobe. It show a glassy aspect, a 
less compactness than slip and rare inclusions of very fine 

quartz.  This layer is well visible in C4 and C5.  
The samples C2 and C3 exhibit some differences as a 

brownish groundmass and the presence of secondary 
calcite as clasts  and as recrystallization rims on the voids 
walls. 

In the second group (C6, C7, C8) (Fig. 2b) the 
microstructure is characterized by mesovoids; the 
distribution of inclusions is open-spaced without any 
preferred orientation. The matrix is quartz-rich, probably 
because of the different raw material employed, i.e. a 
quartzite, or to the addition of quartz as temper in the 
ceramic body during the production process. The matrix 
is scarcely homogeneous and optically active with a 
crystallitic fabric; its aspect is cloudy and slightly 
coloured with shades from yellowish in PPL to greyish-
brown in CN. The ratio  c:f:v is about 10:70:20.   

Quartz represents the predominant phase in the 
inclusions. The grain-size is fine and unimodal (~100 
µm); whereas the Acf are impregnative. A slip ~200 µm 
thick is present on the ceramic body. 

All the samples show a yellowish (in PPL) superficial 
deposit with a variable thickness (150 - 20 µm) probably 
of secondary origin. 

 

 
 

Fig. 2. Microphotos in CN of Group 1(a) and Group 
2(b). 
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Table 1. Major element compositions (in wt%) determined by EDS microanalyses respectively for ceramic body, glaze 
and probable engobe. Each data is mean value of three determinations. 

Sample  ZnO  Na2O  MgO  Al2O3  SiO2  PbO2  SO3  Cl2O  K2O  CaO  TiO2  Fe2O3  CuO TOT 

Ceramic body               
C1  - 1.10 2.69 22.90 59.63 - - 0.13 3.45 2.34 1.14 6.62 - 100.00 
C2  2.51 - 2.85 16.58 60.30 0.79 - - 1.73 9.42 0.63 5.20 - 100.00 
C3  - 2.41 2.57 15.04 65.56 - - - 2.40 7.85 0.34 3.84 - 100.00 
C4  - 1.04 2.46 21.06 63.03 - - - 3.26 2.51 0.92 5.73 - 100.00 
C5  - 1.34 2.27 20.00 65.31 - - - 3.14 1.17 0.85 5.92 - 100.00 
C6  - 5.86 1.51 14.31 74.75 - - - 1.33 2.24 - - - 100.00 
C7 - 5.06 1.13 15.12 76.12 - - - 1.00 1.38 - 0.20 - 100.00 
C8 - 5.08 0.97 13.28 77.41 - - - 1.24 2.03 - - - 100.00 

               
Glaze               

C1 1.79 0.32 1.25 10.14 39.14 41.90 - - 1.23 0.87 0.71 2.67 - 100.00 
C3_a - - - - 0.74 - - - - - - 99.26 - 100.00 
C3_b - - - 2.56 2.16 - - - - 1.16 - - 94.12 100.00 

C4  - 0.94 0.86 6.75 32.98 56.11 - - 0.51 0.81 0.34 0.73 - 100.00 
C5 - 0.60 0.90 5.45 26.48 63.91 - - 0.30 0.46 0.00 1.92 - 100.00 
C6  - 13.44 2.12 4.45 70.97 - 0.44 0.42 2.23 4.75 0.00 1.20 - 100.00 
C7 - 14.78 1.63 5.05 67.39 - 0.38 1.25 1.43 2.93 0.24 1.04 3.91 100.00 
C8 - 12.64 1.53 5.37 69.71 - 0.54 - 2.07 2.13 0.21 0.85 4.95 100.00 

               
Engobe               

C4 e - 1.23 1.63 20.85 58.99 7.94 - - 4.15 1.00 1.54 2.69 - 100.00 
C5 e - 1.31 1.80 16.40 60.71 11.36 - - 2.58 0.89 - 4.98 - 100.00 

 
 
B. SEM-EDS Analyses 

The morphological analyses carried out by SEM point 
out the high degree of vitrification of the slip and the 
sharp contact with the ceramic body in the samples of the 
first group (C1, C2, C3, C4, C5) (Fig. 3a). 

The group 2 (C6, C7, C8) is characterized by a very 
extensive vitrification of the matrix showing almost an 
amorphous aspect; the glaze is also vitrified; its contact 
with the ceramic body is clearcut but irregular (Fig. 3b).  

Chemical compositions obtained by quantitative EDS 
on ceramic bodies and glazes are listed in Table . 
The glaze in samples C1, C4 and C5 is constituted mainly 
by PbO2 and secondly by SiO2. The sample C3 is 
characterized by two different pigmented glazes, 
respectively one iron-based and an other rich in CuO.  
This latter one seems to be the most superficial, but 
because of the damaged aspect of the sample it is not 
clear its real position.  

The composition of ceramic body suggests a clay rich 
in alumina e silica as raw material with low percentages 

of calcium and the other oxides. The probable engobe  
identified in the potteries shows a similar composition of  
 
 
the ceramic body; moreover, the little amount of lead 
detected in C4 and C5 engobe comes from the glaze 
above (Table 1). 

It is worth specifying that there is no data or 
information in literature about the probable local 
production of pottery in Azerbaijan, so it is complex to 
express any hypothesis about provenance of raw 
materials. However these data could suggest two 
probable source area: Islamic Near East or Chinese 
provenance: the presence and the amount of lead and 
silica in glaze could suggests an Islamic provenance of 
the artifacts [5], on the other hand the absence of tin. an  
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Fig. 3. SEM micromorphological details of glaze and 

ceramic body in sample C4 (a) and C6 (b), respectively 
group 1 and 2. 

 
important component used as opacifier in this typology 

of potteries does not confirm this hypothesis.  Moreover 
in literature it is well known that ancient Islamic ceramics 
are mainly made of calcareous clay with high lime 
contents (usually higher than 10% CaO), whereas there is 
a dearth of calcareous clays in China, so they were 
seldom used in pottery making in ancient China [6]. 
Therefore, it is traditionally thought that lime and 
alumina can be regarded as the two major characteristic 
oxides that allow distinguishing the two provenances [7-
8]. So it could be plausible a Chinese provenance. 
The glaze in Group 2 produces a vitreous effect on the 
pottery fragments. It exhibits a composition with a SiO2 
high concentration followed by Na2O. the amount of the 
other oxides is subordinate; in this regard, Fe2O3 and 
CuO are present as pigments. The analyses on the 
ceramic body suggest the probable addition of quartz as 
temper in a silica clay  employed as raw material. 
Unfortunately available data do not provide clear 
information about a probable provenance of the potteries. 

 
 
 
 

III. CONCLUSIONS 
The work demonstrated the importance of an 

archaeometric approach to characterize specimens of 
potteries to increase the available historical information. 

The glazed potteries coming from Agsu were 
distinguished in two main groups based on completely 
different petrographic and compositional features of the 
samples. It suggests probably the presence of various 
production technologies  and raw materials explicable 
partly with the site position as crossroad of commercial 
routes. The results obtained did not provide clear 
information about the provenance area of the potteries, 
although the group 1 shows compositional features close 
to the Chinese production.  

In conclusion, the work gathered a good background to 
consider as a milestone in future studies about this area 

because of the scarce data reported in scientific literature. 
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Abstract – Magnetic survey of a wreck and its loading
had been realized at different step of the wreck
excavation. These 3D surveys, of infra-decimetric
resolution, reveal that the amphoras from different
origin present large variation of magnetic behavior.
The other point concern the wreck itself. Iron nails
are used for the boat construction. These nails have
been totally corroded and the corrosion products have
diffused. The spatial variation of Greigite
concentration, one of the minor corrosion product,
generates important magnetic signal. This signal
offers a good tool to monitoring corrosion product
concentration in the wreck and for future
conservation process if we can demonstrate that this
mineral, in trace amount, reflect corrosion products
concentration. This seems to be not validated for wood
directly in contact with the nail position.

Keywords: Wreck, 3D magnetic survey, magnetic
wood, Iron corrosion, magnetic mineralogy, XRD,
Raman spectroscopy, conservation of archaeological
wood.

I. INTRODUCTION

Magnetic surveys are generally used in archaeological
purpose to explore the geometry of archaeological
remains at the scale of a site. The spatial resolution is
generally of the order of 10 measurements by m². One of
the aim of this paper is to present the interest of magnetic
survey realized at the scale of an object with a spatial
resolution of the order of 500 measurements by m². The
small distance between the sources and the sensors
increases the influence of the roughness. For this reason,

the survey explores the volume above the target. The goal
of a high spatial resolution generates two new constraints:
determine the spatial coordinate of each measurement
with almost a centimetric precision and control the space
covered in order to have a regular spatial distribution of
the measurements.
The second aim in this paper is to present the interest of

the rock magnetic method for some non-invasive
diagnostics and for identification of magnetic mineral
species present at a trace level like some iron corrosion
products.
The archaeological target of this study is an antique

wreck with ghost nails and its loading. The material
consider is mainly wood, metal iron and their corrosion
products. The wood is diamagnetic while metal iron is
ferromagnetic. Some iron corrosion products are
ferrimagnetic (magnetite (Fe3O4), maghemite (Fe2O3),
greigite (Fe3S4)) or canted antiferromagnetic (hematite
(Fe2O3), goethite (FeOOH). The others, such as pyrite
(FeS2) for instance are paramagnetic. The ferro-, ferri-
and canted antiferro-magnetic materials are alone
permanently magnetized. So, if we consider remanent
magnetization, diamagnetic or paramagnetic material,
like wood and pyrite, are transparent like glass is with
light. This property confers a high sensitivity to remanent
methods, up to concentration below ppm. Each
“magnetic” mineral submitted to a strong magnetic field
presents a specific hysteresis behavior. Thus, the
acquisition curve of remanent magnetization, allows to
identify the magnetic phases present even as trace level,
up to 1 ppb.

In presence of a weak magnetic field, such as the Earth
magnetic field, all materials acquired an induced
magnetization, negative and weak for diamagnetic
materials, positive for paramagnetic ones and positive
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and very high for the others materials commonly called
“magnetic”. This induced magnetization is quantified by
the ratio of the magnetization induced to the intensity of
the weak magnetic field. This physical quantity, called the
magnetic susceptibility, can be determined with portable
contact sensors or with laboratory instruments with
centimetric samples. Even if they are present in trace
level, the ferro- and ferri-magnetic materials dominate the
magnetic susceptibility signal.

On the field, both the induced magnetization by the
Earth magnetic field and permanent magnetization of
ferro- and ferri-magnetic materials produce a local
deformation of the magnetic field. A magnetic survey
allows to locate the concentration zone of ferro- and ferri-
magnetic materials even at trace level.

The magnetic map obtain with the magnetic survey
bring information, i.e. the spatial distribution of ghost
nails, about the assemblage technic of the boat
construction before a possible disassembling of the
wreck. This information, coupled to rock magnetic
parameters, can guide the conservation procedure of the
wreck.

II. ARCHAEOLOGICAL CONTEXT

Since 2010, a research program on ancient ports of
Narbonne (France, Mediterranean Sea) brings together
researchers with multidisciplinary approach. Thanks to
old aerial photographs, confirmed with accurate details
with geophysics multi-methods survey, the remains of
infrastructures of fluvio-lagoonal harbour systems has
been located on wide surfaces. A channeled river is
clearly identified with the dikes covered by more recent
deposits of the floodplain. Remains of a boat with its
loading of amphorae had been detected during the
excavation of a segment of the left dike [1].

We have decided monitoring the wreck and its loading
at different steps of its excavation with magnetic surveys.
The initial aim was to research information about
amphoras loading. During this process, it appears that
some part of the wood was magnetic. Iron nails have been
used for wood pieces assemblage. Metal iron has totally
disappeared. On the other side, pyrite nodules are
observed around ghost iron nails. The origin of wood
magnetism seems to be the wood impregnation by some
magnetic metal corrosion products. To determine which
magnetic minerals are present, we have collect a wood
piece with a ghost nail in order to undertake rock-
magnetism investigations. More conventional
mineralogical characterization are also undertook.

Fig. 1. Device of the 3D magnetic survey. The 360°
prism is fixed beneath the top sensor. The telescopic boon
pole is half expanded.

III. MATERIALAND METHODES

Magnetic surveys were realized with a device
developed initially for prehistoric caves investigation [2,
3]. The magnetic field was explored with a dual sensors
G858 Geometrics magnetometer with extended cables. A
360° reflector is inserted between both sensors which are
superposed at 1 m of distance (or 0.23 m from the
moment that the blocks constituting the wall of the dike,
which constitute an obstacle for the laser of the tracker,
have been removed). These elements are hanged at the
end of a telescopic boom pole and fixed on a tripod by
means of a pivoting clamp. The 3D geolocation
measurements are ensured by tracking the 360° prism
with a Trimble S8 total station. The figure 1 presents the
configuration used at the beginning of the excavation in
the presence of blocks. This apparatus allows covering a
volumetric space up to 5 meters from the operator with
10 measurements by second while controlling the space
covered. For the present study, spatial resolution is about
20 cm² for bottom measurements.
As the local Earth magnetic field is notably disturbed

by human activity (high voltage transformer at less than
1 km with high electric conductivity of saline soil,
railway, road…), it is impossible to use a local base to
remove the temporal variation of the local magnetic field.
That is the reason why we chosen to use the
pseudogradient signal which corresponds to the
difference between the bottom and top sensor signal.
The magnetic analysis of wood was done with the

apparatus of LIENSs laboratory [3]. The magnetic
analysis consists on measurements of magnetic
susceptibility, first with contact sensor (KT9,
Exploranium; SM30, ZHinstrument) on the wood piece
and after with cubical samples of 19 mm side put in
plastic box (KLY-4 Kappabridge, AGICO). After that the
exploration of the characteristic of the remanent
magnetization was explored on cubical samples. The
remanence was measured with a JR6 spinner
magnetometer (AGICO) in a shielded laboratory.
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Fig. 2. Variation of the specific magnetic susceptibility
(m3/kg) of an amphora with core samples of half inch of

diameter.

The modification of the magnetization is done with an
alternative field generator (DTech D2000, ASC
Scientific) for anhysteretic remanent magnetization
(ARM) and a pulse magnetizer (MMPM10, Magnetic
Measurments) for isothermal remanent magnetization
(IRM). The Raman spectroscopy and the XRD was done
with the apparatus of LaSIE laboratory [4].

IV. RESULTS

The magnetic surveys show a large variation of
magnetic signature of amphoras. It seems to mainly
correspond to their origin. A test on one Amphora
demonstrate also a large variation of magnetization
depending on location of sample on the amphora (Fig. 2).
A relation between the thickness of the wall and the
magnetic properties can be suspected. The confrontation
of archaeological source identification and the magnetic
signal is not yet finished. Unfortunately, the anomalies
generated by the most magnetic one is not detectable 1
meter above. This distance is lower than the depth of the
archaeological remains. So, for this site, the magnetic
surveys are not able to detect a wreck and its loading
before excavation.
About the wreck itself, different information about it

are provided by the magnetic methods. First of all, a
magnetic survey had been realized after that practically
all the loading of the wreck has been removed in order to
explore its specific signal. This allowed to reveal a
multitude of positive anomalies of decimetric size which
are clearly in relation with the structure of the wreck
(Fig. 3). Some anomalies are clearly in relation with
ghost iron nail that can be observed.
In order to explore the origin of the magnetic signal, a

wood piece associated to a positive anomaly, with an
apparent ghost nail, was collected. Before cutting the
wood piece into cubic sample of 19 mm side, a magnetic
susceptibility map has been realized with contact sensor.

�N

Fig. 3. Magnetic survey of the wreck. The border of
wood pieces are figurate in black. The view correspond to

a reversed bottom view of the pseudogradient point
cloud. The grid in back correspond to a unit of 1 meter

square.

Fig. 4. Magnetic susceptibility variation of the inboard
plank VA11. Top: location of the VA11 on the magnetic

map and the ghost nail on the plank. Middle: SM30
measurements with a mesh of 25 mm (contact sensor with

a loop of ∼60 mm of diameter). Bottom: cubic samples
measurements with KLY4. An arbitrary constant of 0.25
10-4 SI is added to can make a log10 transform, value
analogous to the compensation of the diamagnetism of

the wood.

On the basis of this map (Fig. 4), one part of the wood
piece has been selected and divided into cubic samples
for extended rock-magnetic analysis. The part of the
plank choose presents a wide range of magnetic
susceptibility values (Fig. 4 middle). The most surprising
is that the maximum value is not observed on the ghost
nail position.

  

320



OLD VERSION, OLD VERSION

BACKUP VERSION

NEW VERSION ON A COMPUTER WITH
DISORDER THIS WEEK-END

I HOP THAT ITWILL BE RETORED ON MONDAY

NEWVERSION 5 PAGES

NEWVERSION 5 PAGES

Part of old version :

The mapping realized indicate a complex diffusion
effect of iron corrosion product. The range of
magnetizations measured cover more than four order of
magnitude, which is extremely wide. The maximum
values are not located directly with the ghost nail
position. The diffusion seems to be governed by the fiber
orientation of the wood. The magnetic coercitivity
spectrum correspond to greigite (Fe3S4) of single domain
grain size. The main minerals observed with XRD are
Pyrite and Marcasite (FeS2) for sulfide and Siderite
(FeCO3) for carbonate. Local analysis with Raman allow
to identify also greigite. This mineral is consider as a
precursor of Pyrite in iron corrosion process. TEM
observations confirm the relation between the repartition
of the corrosion products and the vascular channels of the
wood.
The magnetic analyses seems to offer a good map of

corrosion product concentration, except for part in
contact with nail position. Only Greigite is observed by
remanent magnetization analysis in the present case. It is
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a ferrimagnetic minerals with a high magnetic
susceptibility. So its presence can be easily monitoring by
magnetic susceptibility with a contact sensor. This could
be useful for conservation archaeological wood purpose.
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Abstract – The photogrammetry and laser scanner 3D 
offer an important contribution to the analysis of a 
compromised context like the Burgos castle 
(Sardinia).  
Keywords - castle, walls, plan, photogrammetry, 3D 
laser scanner.  
 

I.   INTRODUCTION 
In 2013 the University of Sassari with the association 

Castra Sardiniae began some archaeological researches 
at the Burgos castle (also called castle of Goceano), in the 
Central-Northern Sardinia (Fig. 1). This study is part of a 
wider project conceived by this association that aims to 
realize a catalogue connected with a GIS platform of the 
Sardinian castles. 

This complex was built on a dominant position over the 
surrounding territory during the first decades of 12th 
century (Fig. 2). It is located strategically between the 
two independent states (giudicati) of Torres and Arborea 
(Fig. 3), built by the “giudice” Gonario of Torres. The 
fortified building was ruled by different families or cities, 
like Genova (1288), the Doria family (1297), the 
giudicato of Arborea (1349), which promoted the 
foundation of a small village under the castle, that gives 
the name to the current settlement. The historical sources 
indicate that the military destination of the castle 
continued up to the beginning of the 16th century. 

Respect to the plan and architecture only the castle is 
well known (Fig. 4). The building is placed between the 
first defensive wall (644 m) and the main tower (651 m) 
and presents an irregular plan NW-SE. The tower, built in 
the 13th century, shows a squared plan (8 x 8 m); it is 
articulated into two floors and it is 16 m tall. The various 
components of the higher part of the castle are disposed 
according to an “U” scheme, surrounding the central 
court provided with a cistern. 

In spite of numerous historical data there is a scarcity 
of archaeological evidences, seriously damaged by heavy 
restoration works (Fig. 5). These works were made in 
different years, without including previous archaeological 
excavations and stratigraphic analysis of the walls. Thus, 
the stratigraphic deposits were compromised and the 
features of the walls were modified [1]. 

 
II.   ARCHAEOLOGICAL ANALYSIS 

In this paper we present the problems related to the 
archaeological analysis of the complex and the possible 

 
solutions by the application of various technologies. Also 
we consider the advantages of the use of integrated 
techniques for the preservation and the knowledge of the 
site. 

By one side the geomorphological feature of the site 
gives to the context a remarkable landscaping importance 
and value (Fig. 2).  

By the other the particular position of the castle 
represents strong limits and difficulties in order to 
identify more completely and analytically the context. 
We are referring in particular to some important 
elements: the interior space and its components; the plan 
of the exterior part of the castle, related both to the three 
orders of walls surrounding the magmatic cliff on which 
the high structure stands out and the spaces defined by 
these walls; the features and the building techniques of 
the walls. 

For the interior a very careful cleaning allowed to find 
only a few stratigraphic deposits still to excavate. The 
more appreciable results are related to the presence of a 
possible kiln in the eastern side of the castle: this 
stratigraphic deposit, only partially damaged, is located at 
the upper floor and at North respect to a probably long 
plan cistern.  

Different types of surveys were carried out in the 

 
Fig. 1. Location of the Burgos castle  

(Sardinia-Italy)  
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external area. 

The archaeological surveys were carried out around the 
castle in order to identify the presence of the structures of 
the highest circuit of wall and the collapsed parts of them. 
These researches showed the limited accessibility and the 
very low visibility.  

Regard to the geophysical surveys, they were carried 
out by V. Pascucci (University of Sassari) in the Western 
part of the castle, between the first and the second circuit 
of external walls. These surveys suggested the presence 
of some anomalies perhaps connected to parts of a 
defensive line of walls and to other possible structures. 
These researches encountered some difficulties related to 
the geological formation (magmatic rock) of the site [2]. 

These problems need to be analysed looking at the 
context with the contribution of “other” methods useful to 
“recover” informations. The aim is to obtain a “high” and 
general view for the plan of the complex. 

But, at the same time, we need a detailed 
documentation useful for the stratigraphic analysis of the 
walls. Respect to this study it is important to underline 
that the perimeter walls of the castle are preserved for an 
important height. 

We think that the right way is represented by the 
acquisition and analysis of the archaeological data, 
comparing them with the information given by the 
written sources.  

These aims will help us to analyse the fortified structure 
and understand better its raison d’être within the 
territorial context. This is another important part of the 
present project. 

So the researches were carried out according to 
different levels in a heavily modified and damaged 
context for the previous restoration. There is an 
horizontal level (as partially shown above) related to the 
stratigraphic deposits: they are re-discovered by the 
cleaning and partially surveyed by geo-radar technique 
outside and inside the castle, in order to program 
future excavations. As the vertical one, it concerns the 
analysis of the walls by the various systems of survey: 
UAV, absolutely necessary considered the steep 

 
cliff of the castle and the maximum height of the walls 
corresponding to 10 m (Fig. 6), photogrammetry and 3D 
laser scanner. 

The application of these methods in such a context 
helps to reconstruct the works carried out in the castle in 
recent times and aims to re-define spaces (Fig. 7) and the 
internal and external stratigraphy of the monument. 

These scopes needed of a very detailed and precise 
graphic and photographic documentation of the structure 
to distinguish the stratigraphic relations among the walls 
and to analyse each structure in its particular feature. 

 
III.   3D LASER SCANNER AND 

PHOTOGRAMMETRIC SURVEY  
Until a few years ago the documentation of the 

excavation was limited to the written data about layers 
and walls, a daily report, photos, maps drawn by two or 
three at maximum scale levels. Rarely and by difficult 
geo-referenced maps, GIS platforms, CAD digital 
surveys and 3D reconstructions are made.  

There is a current interaction among different 
specializations and professionalisms for various reasons: 
the complexity of the restoration projects; the laws on 
cultural heritage; the technologies more and more 
interoperable; the social and cultural need of 
communicate and spread widely the researches carried 
out. This interaction allowed to increase the possibilities 
the archaeology can offer for the documentation.  

In these times also the methodology of the 
archaeological researches was “transformed” by the 
computer technologies.  

Every year these technologies define new models of 
management of the excavation data. This result is 
connected to the use of new instruments for the 
management of the documentation, directed to open source 

  
Fig. 3. The Sardinian political 

division of the “giudicati” 

 
Fig. 2. The Goceano castle in an old photo  

(BAPSAE archive) 
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systems and to data sharing. 

The technologies of documentation and 3D survey 
applied to the Burgos castle were programed in order to a 
specific scope: to distinguish and to analyse carefully the 
different phases of the complex, particularly for the heavy 
restoration realized in the 80ies of the 20th century. 

A 3D survey has an important utility if it is included 
inside a correct codified knowing process like that of an 
archaeological research. So it must be directed to the 
analysis and the interpretation of the data, because it 
would lose its importance.  

Actually this process must be aimed to the collected 
data, processing them inside a reconstructing model. 

It is the result of a long and complex process, in which 
are involved different forms and types of documentation 
and experiences.  

Respect to the complexity of the specific context we 
decided to measure the structures by 3D laser scanner [3] 
and photogrammetry [4], both in the interior part and 
exterior one of the castle. The surveys were carried out 
using two different technologies for the particular 
geomorphology of the castle.  

The active sensors technologies were used to measure 
the internal area of the complex (Fig. 8). We measured an 
area wide almost 700 square meters by one scansion; the 
instrument, a laser scanner Z+F Imager 5006h, was 
located at the centre of the internal court of the castle. 
This instrument was available thanks to the “ArsLab” 
laboratory of the Dipartimento di Storia, Scienze 
dell’Uomo e della Formazione dell’Università degli Studi 

di Sassari. It was very suitable for our research as it was 
able to measure up to 79 m, by a sub-millimetre mistake 
less than 50 m. This laser scanner normally permits to 
obtain unprocessed scansions only just above 30.000.000 
points (30.019.136) [5]. 

This instrument can survey the surrounding space by 
the calculation of the distance, the azimuth and zenith 
angles of the laser sensor at the moment of the ray 
emission. The different phases laser were used for 
scanning big and medium dimensions objects to a 
distance which is less than 200 m. 

A high definition photographic kit is associated to this 
instrument for the photorealistic mapping of the model. 
This kit, created ad hoc for the available instrument, 
allowed to the projection of the photos over the 3D model 
by a specific software. 

Five hundred high definition aerial images were taken 
by reflex and professional optics fixed to an Hexacopter 
frame in order to the obtain the 3D restitution of the 
external walls of the castle.  

For the final and more precise 3D model only 138 
photos were used, those suitable to the restitution of the 
structure. 

This process has been realized by the photogrammetry 
adopting a passive sensors instrument.  

The photographic and video documentation was used 
not only for the 3D reconstruction, but also to realize a 
documentary by aerial and land images. It has to tell the 
idea and development of the project, people involved and 
the multidisciplinary approach. 

 
Fig. 4. Plan and sections of the Goceano castle 

made in 1999 (BAPSAE archive) 

  
Fig. 5. Main tower. Restoration  

of the Burgos castle (photo taken 
 in 1985. BAPSAE archive) 
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Actually, as already observed, the principal aim of the 
research consist of document scientifically and to high 
definition the monument, using the most suitable 
techniques, considering the difficult accessibility to the 
site. But also the important aspect related to the 
communication were not neglected, because we aim to 
tell to the people the methods and the scopes of the 
carried out researches.  

The images were processed by the Agisoft Photoscan 
software over Microsoft Windows platform. The high 
definition processing produced 51.732.891 points for the 
dense point cloud and 10.392.652 faces for the generated 
mesh.  

The documentation acquired by photogrammetric 
survey (Fig. 9) and 3D laser scanner allowed to obtain the 
complete mapping of the walls of the castle, both interior 
and exterior. This method was very appreciable in 
particular for the inaccessible external parts of the 
monument without UAV systems. 

The level of detail, the amount of the recorded data and 
the stratigraphic analysis of the walls in progress are 
permitting to identify and define the entity of the 
restoration works realized the last years.  

In the same time this analysis can allow, in some case, 
to “disassemble” virtually some parts of the walls in 
order to re-integrate and reconstruct portions of the castle 
corrected by the 3D model [6].  

The research in the Goceano castle will allow to 
continue the activities aimed to the further development 
of the 3D documentation. This will concern various 
informative and interpretative levels, processes of 
digitalization and revision of the documentation [of the 
site [7].  

Our work integrated completely the two survey 
tecniques. The laser scansion made inside the castle 
produced an horizontal section. The section allowes to 
have a correct topographic base, which was processed 
with the photogrammetric survey. 

The advantage of combined and integrated use of the 
different systems consists of exploit the capacity of both.  

The photogrammetric technique revealed itself very  

 
useful in the particular case as Burgos castle. Externally it 
would have been impossible to survey all the building by 
active instruments. The great amount of data generated 
inside the castle by laser scanner offered a high precision. 
This allowed to obtain two important results: create a 
solid topographic base, as mentioned above; increase the 
level of detail of the produced model in order to analyze 
the structures.  

This study has some comparisons with other cases of 
studies, with theirs specific aspects and problems. Here 
we can mention some examples of Medieval sites in 
Northern Italy [8] and in Sicily [9]. 

 
IV.   CONCLUSIONS 

Considering the critical issues and the problems 
illustrated, the Goceano castle appears as a suitable field 
of experiment to test the combined methods of 
documentation and restitution according to specific 
archaeological questions.  

The diagnostic instruments and the technologies 
allowed to create a rich and detailed documentation, 
offering an important contribution for a defined analysis 
of the plan, the internal spaces and especially the walls 
that defend the castle.  

By the development of the research we expect to 
distinguish the different building actions and 
consequently the phases of the castle.  

So the further step will be the reconstruction of the 
different features of the history of the Burgos castle. 

Although we know well the problems of the 
monument, the final most important aim is to reconstruct 
a coherent image in order to interpret the landscapes 
outlined over the time, representative of a political power 
on a wide territory.  

 
Fig. 7. The Goceano castle (photo taken  

by Hexacopter) 

Fig. 6. The Goceano castle (photo taken  
by Hexacopter) 
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Fig. 8. Survey of the internal structures by laser 

scanner  

 
Fig. 9. 3D photogrammetric processing  
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Abstract – SASMAP is a project funded by the EU 

within the FP7 framework and is aimed at 

collaboration between governmental institutions and 

small companies (SMEs). The three year project was 

completed in September 2015 and its purpose was to 

develop new technologies and best practices to locate, 

assess and manage Europe's underwater cultural 

heritage (www.sasmap.eu). ISCR was involved in the 

following main activities: 1. to develop and validate 

new technologies and materials to stabilize and 

facilitate raising and transport of fragile 

archaeological artifacts recovered underwater and to 

improve techniques to consolidate sediments for block 

lifting of waterlogged wood and organic materials; 2. 

to develop, assess and monitor the applicability of 

artificial seagrass to protect and reduce the erosion 

processes on underwater archaeological structures. 

This was carried out on the Marine Protected Area- 

Underwater Park of Baiae. This paper focusses upon 

the results of the monitoring activities conducted by 

ISCR to evaluate the applicability of artificial 

seagrass to protect a sector of the wall of the 

viridarium of the Villa dei Pisoni from erosion. The 

monitoring was made by high variable frequency side 

scan sonar, HD Dynamic (dynamic positioning 

system), current direction and intensity, light and 

temperature sensors and Naumacos L3 3D laser scan. 

The good practice of monitoring activities for 

conservation and management of Underwater 

Cultural heritage will be discussed, underlined and 

highlighted in the conclusions of the paper. 

 I.INTRODUCTION 

SASMAP, “Development of Tools and Techniques to 

Survey, Assess, Stabilise, Monitor and Preserve 

Underwater Archaeological Sites”, was a project funded 

by the EU within the FP7 framework and was aimed at 

collaboration between governmental institutions and 

small companies (SMEs). The three year project was 

completed in September 2015 and its purpose was to 

develop new technologies and best practices to locate, 

assess and manage Europe's underwater cultural heritage. 

The SASMAP consortium, with the coordination of the 

National Museum of Denmark, was composed of seven 

governmental research institutions and four small 

medium enterprises, all involved in surveying, 

monitoring, excavation, protection and conservation of 

underwater cultural heritage (www.sasmap.eu).  

ISCR was involved in the following main activities: 1. to 

develop and validate new technologies and materials to 

stabilize and facilitate raising and transport of fragile 

archaeological artifacts recovered from underwater sites.  

To improve techniques to consolidate sediment for block 

lifting of waterlogged wood and organic materials; 2. to 

develop, assess and monitor the applicability of artificial 

seagrass to protect and reduce the erosion processes on 

underwater archaeological sites. This was trialled on the 

underwater archaeological structures in the Marine 

Protected Area- Underwater Park of Baiae. 

The aim of this paper is to focuses upon the scientific 

activities summarized in point. 2 and will show the 

results of monitoring activities conducted to evaluate the 
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applicability of artificial sea grass to protect 

archaeological remains  in situ  underwater. 

The artificial seagrass mats, used for the tests were 

developed by Seabed Scour Control Systems, UK, one of 

the partners of the consortium, and were placed 

underwater on June 2013. 

Artificial sea grasses are generally  used  with success to 

protect ancient wrecks [1] [2] [3] and a goal of the 

SASMAP Project was to develop new seagrass mats and 

to test their efficiency in preventing marine erosion 

processes on other types of archaeological site.      

 II. THE ARCHAEOLOGICAL SITE AND THE 

EROSION ACTIVITY 

The marine underwater park of Baiae, which is a 

protected area, is located a few kilometers North of 

Naples (Italy) (Fig.1) and preserves the remains of  

ancient Baiae, a famous seaside town much prized in 

antiquity for its temperate climate, beautiful setting and 

the properties of its mineral and thermal waters. This site 

has been utilised since the second century BC and it was 

the most popular resort among the Roman aristocracy and 

the Imperial family until the end of the fourth century 

AD, when the bradyseism phenomena caused the 

submersion of the coast. The submerged area includes 

part of the landscape of the ancient city of Baiae with its 

luxurious maritime villas (as Villa dei Pisoni and Villa 

con ingress a protiro) , imperial buildings, more modest 

houses, private thermae, and Portus Iulius, the Roman 

harbour, with its warehouses and other infrastructures 

[4]. 
 

 
A sector of the wall of the viridarium of the Villa dei 

Pisoni, built under the Emperor Adrian, was selected as  a 

test site (Fig. 2) to protect the wooden planks, which 

formed part of the foundations of the wall. These had 

been exposed by marine erosion and were at risk of loss 

due to biological attack (teredo navalis)  (Fig. 3).  

 
Fig. 2.  Baiae. Villa dei Pisoni: the viridarium. 

In the circle the area of work. 

 

 
Fig. 3.  Baiae. Villa dei Pisoni. Particular of the wood 

plank of the foundation wall eroded by the sea. Photo 

ISCR. 

 III. THE SEAGRASS PROTECTION  

Sometimes underwater currents and sediment transport 

can threaten underwater archaeological sites through the 

effects of erosion, however, conservators can use these 

natural factors to the benefit of Cultural Heritage. Indeed 

if sediments can be entrapped, artificial “burial mounds” 

over sites can be created which would prevent the action 

of wood boring organisms and further removal of 

sediment from sites. SSCS developed their proprietary 

artificial sea grass mats for this purpose, in order to 

systematically test their application for underwater 

archaeological sites. These mats have been used 

extensively and successfully in the off shore industry. 

Part of SSCS’s current development plans are the 

application of the mats to coastal zone management. 

Theses mats also function by acting as “current break” so 

they can also be used to dissipate the energy from 

currents, thus preventing erosion / scour in an area. Over 

the years this system was used to protect several wrecks 

in Northern Europe [5]. The mats consist of a series of 

interwoven plastic fronds which are mounted onto a 

supporting substrate. When deployed and fixed on the 

seabed the fronds float upright, emulating seagrass 

fronds. If sediment transport occurs the particles in the 

water column become entrapped within the fronds and 

settle due to friction, thus creating an artificial seabed.  

Within the SASMAP project, different designs of mats 

have been placed on wreck sites in the Netherlands, in  

Denmark and in the archaeological site of Baiae; their 

effectiveness has been monitored over a year. We present 

 

 
Fig. 1. The underwater Park, Marine protected area of 

Baiae. The villa dei Pisoni is in zone “A”. 
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here a synthesis of the results of the protection system 

used in Baiae and the monitoring activity to evaluate their 

effectiveness. To protect the foundation of the wall of the 

Villa from erosion, six artificial seagrass mats specially 

designed for this archaeological site were used. They 

were made   with a skirt for weighting with sandbags and 

short green fronds (– 0.625m) (Fig.4). 

 

  

 

Fig. 4.  One of the seagrass mats positioned  underwater. 

Photo ISCR. 

 

The seagrass mats measured 5 × 1 metre (one), 7 × 1 

metre (one), 5 × 2.5 metres (one) and 5 × 2 metres 

(three). 150 sandbags and around 4500 kilos of sand were 

used in the deployment of the seagrass mats. 

  

IV. MONITORING STRATEGY 

Monitoring of submerged archaeological site is a 

scientific activity that includes different phases and use 

different instruments and methodologies. It provides 

observing, surveying and sampling to study the short and 

long- term change of the archaeological site [6], [7], [8], 

[9], [10], [11].  

To evaluate the effectiveness of this protection system a 

monthly monitoring of the mats was carried out by ISCR 

from July 2013 to October 2014. It  was made by high 

variable frequency side scan sonar (frequency range: 30 

khz – 1600 khz; resolution: down to 1.15 cm), HD 

Dynamic (dynamic positioning system, the system 

captures the DGPS location, then through an inertial 

motion detection calculates the underwater positions),  

current direction and intensity, light and temperature 

sensors (standard system: Hobo; custom system: 

microcontroller, data log, digital sensor) and  Naumacos 

L3 3D laser scan (laser scanning system: structured light;  

infrared laser accuracy: down 0.5 mm; motion detecting: 

active and passive) (Fig. 5). 

 

 
Fig. 5. Side scan sonar image. The white numbers 

indicate the six mats, the green line represents the cross 

section monitored over the years. Image ISCR. 

 

 

IV. RESULTS OF MONITORING ACTIVITIES 

After one year of monitoring we have registered that the 

sedimentation data have been influenced by a storm that 

occurred in 2014 and by the biological colonisation that 

weighed down the plastics seagrass fronds, making them 

less efficient [12]. This is the reason why the high value 

of the sediment registered in 2013 was lower in 2014 

(Figures 6-7). 

The figures 6-7 and 8 well show the influence of these  

significant weather events from July 2013 to October 

2014 on the sedimentation at sections n.1 and n.4.  

 

Fig. 6.  Baiae –Villa dei Pisoni. Section n. 1 from July 

2013 to  October 2014. In red the height of the sediment 

built up on section 1, in purple the significant weather 

events. 
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Fig. 7.  Baiae –Villa dei Pisoni. Section n. 4 from July 

2013 to  October 2014. In red the height of the sediment 

built up on section 1, in purple the significant weather 

events. 

 

From February 2014 several storms stopped the increase 

in sedimentation (Fig. 8). From July 2014 the sediment 

on top of the mat decreases, but it still covered the 

wooden remains at the wall. Despite the decline, the 

wooden remains are still covered by the sediment 

captured by the seagrass, so we can confirm that this 

methodology is useful to protect the buildings against 

erosion (Figures 9-10).  

 

Fig. 8. Baiae (Naples). Period from July 2013 to October 

2014. Data of the windy days; data of wind as Beaufort 

wind force scale; data of day and night temperature. 

Fig. 9. Baiae. Villa dei Pisoni. A general view of the 

wood plank before the monitoring activities. 

Fig. 10. Baiae. Villa dei Pisoni. A general view of the site 

after one year: the sediment had covered the wooden 

remains at the wall. Photo ISCR. 

V. C ONCLUSION 

The 2001 Unesco Convention for the Protection of 

Underwater Cultural Heritage in Annex I-  VIII. 

Conservation and site management- Rule 25 underlines 

that “ The site management programme shall provide for 

the protection and management in situ of underwater 

cultural heritage, in the course of and upon termination of 

fieldwork. 

The SASMAP project sought to address this question  

and to trial and validate methods to protect underwater 

cultural heritage in situ.  

The trialling and monitoring activity conducted by ISCR 

to evaluate the applicability of artificial seagrass to 

protect a sector of the wall of the viridarium of the Villa 

dei Pisoni from erosion showed the effectiveness of this 

protection system.  

The monitoring of the site of Baiae will continue in the 

frame of the ISCR Project Restoring Underwater funded 

by the Ministry of Cultural Heritage and Activities and 

Tourism 

http://www.iscr.beniculturali.it/pagina.cfm?usz=1&uid=6

9&idpro=4.  
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Fig. 4. Triaxial 
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sensitivity curves of the STS-2 by Streckeisen 

240 by Nanometrics, representing the 

 

monolithic UNISA 
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positioned on the top of the 
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band 100 mHz – 100 Hz)

the wind on the whole band, in particular in the central 
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with a limited number of sens

urs) necessary for the definition 

preliminary requirements on sensors and mo

the second one in late Septem

a simultaneous acquisition 

he optimal placement of the sensors and  

data acquisition system on the 

t were performed also at the base of the A
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positioned on the top of the Arch

rch center, the third one on the lateral plinth)

100 Hz). It is 
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Fig. 7. Displacement spectral density of 
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Fig. 8. Displacement 

transverse  measurement point on t

(II test). 

Fig. 9. Displacement 
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measurement points on the top of Trajan Arch (I test).
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analysis and data
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For the study
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Structures Inc.) di Berkeley.
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appropriate
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dynamic 

inally, still for a preliminary understanding of the 

effect of wind and 

during the day,  we 

signal acquired by 

This figure clearly 

displacement of the top 

respect to the night

 V. FEM MODEL DESCRIPTIO

The mechanical properties of the 

taking into account the variability and the arrangement of 

the blocks was 

analysis and data

Salvatore D'Agostino (

wall in limestone boulders covered with marble slabs 

pario…”. 

In particular the following

characteristics have been at first considered
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The mechanical properties of the 
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Fig. 11.

 

In particular, t

describe the 

modeled assuming a

described in 

Fig. 
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meshed assuming a reference maximum length of 0,40m.

11. Macro-elements 

In particular, the macro

the blocks groups

modeled assuming an equivalent 

described in Fig.12. 

Fig. 12. Equivalent macro
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elements subdivision of the Arch

he macro-elements

blocks groups of limestone, 

equivalent compact section as 

 

Equivalent macro-element sections
 

thus defined have been then 

meshed assuming a reference maximum length of 0,40m.

 

subdivision of the Arch

elements (Fig.11), which 

of limestone, have been

compact section as 

element sections. 

thus defined have been then 

meshed assuming a reference maximum length of 0,40m.

subdivision of the Arch. 

which 

have been 

compact section as 

 

 

thus defined have been then 

meshed assuming a reference maximum length of 0,40m. 

 

For the purposes of the study

been carried out to

(frequencies) and modal shapes of the Arch, as described 

in the following table
 

Frequency

[Hz]

8.931

14.380

16.419

37.198

39.594

40.977

 

The first three modal shapes respectively show 

transversal, longitudinal and rotation

side. The upper modal shapes involve deformations in the 

walls of the Attic. In 

as examples.

 

Table 

components in correspondence of the recording  stations 

for each investigated modal shape.

 
 

Fig.14 

main modal periods (frequencies) and the F

Spectrum

possible to observe that the numerical evaluate

periods do not fit the processed field test data with regard 

both the transvers

The observed shift on the frequencies between the modal 

and the signal analyses show

Arch FEM model. The result appears consistent, 

observing that the Arch 

block

coupling 

FEM model consider

 VI. MODAL 

For the purposes of the study

been carried out to

(frequencies) and modal shapes of the Arch, as described 

in the following table
 

Table
E=25 GPa

 

requency 

[Hz] 

Period

[s]

8.931 0.111

14.380 0.069

16.419 0.060

37.198 0.026

39.594 0.025

40.977 0.024

 

The first three modal shapes respectively show 

transversal, longitudinal and rotation

side. The upper modal shapes involve deformations in the 

walls of the Attic. In 

as examples. 

 

3rd modal shape

5th modal shape T=0.025 

Fig.13.

able 4 describes

components in correspondence of the recording  stations 

for each investigated modal shape.

Table 4. Modal shapes displacement components
Modes 

1° 

2° 

3° 

4° 

5° 

6° 

Fig.14 describe

main modal periods (frequencies) and the F

Spectrum of the recorded 

possible to observe that the numerical evaluate

periods do not fit the processed field test data with regard 

both the transvers

The observed shift on the frequencies between the modal 

and the signal analyses show

Arch FEM model. The result appears consistent, 

observing that the Arch 

blocks and that the external Attic walls 

coupling a thin stone wall not rigidly 

FEM model consider

  ANALYSIS  

For the purposes of the study

been carried out to investigate the main periods 

(frequencies) and modal shapes of the Arch, as described 

in the following table (Table 3)

Table 3. Modal analysis results
 

eriod 

[s] 
Modes

0.111 1
st 

0.069 2
nd

 

0.060 3
rd

 

0.026 4
th

 

0.025 5
 th

 

0.024 6
 th

 

The first three modal shapes respectively show 

transversal, longitudinal and rotation

side. The upper modal shapes involve deformations in the 

walls of the Attic. In Fig.13 the 3

modal shape T=0.060 sec F= 16.41 Hz

modal shape T=0.025 

 

13. 3
rd

 and 5
th

 Modal Shapes
 
 

describes the activated displacement 

components in correspondence of the recording  stations 

for each investigated modal shape.

 

Modal shapes displacement components
Shift  X 
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all point 

- 

- 

- 

- 

describes the comparison between the evaluated 

main modal periods (frequencies) and the F

of the recorded signals

possible to observe that the numerical evaluate

periods do not fit the processed field test data with regard 

both the transverse (Y) and longitudinal (X) behavior. 

The observed shift on the frequencies between the modal 

and the signal analyses shows

Arch FEM model. The result appears consistent, 

observing that the Arch was built 

the external Attic walls 

thin stone wall not rigidly 

FEM model considers the Arch a

  INVESTIGATION

For the purposes of the study a modal analysis 

investigate the main periods 

(frequencies) and modal shapes of the Arch, as described 

(Table 3). 

Modal analysis results.
E=5,5

odes 
Frequency

[Hz] 

4.175 

 5.900 

 7.359 

 17.377 

 18.416 

 19.138 

The first three modal shapes respectively show 

transversal, longitudinal and rotation motion of the top 

side. The upper modal shapes involve deformations in the 

the 3rd and 5th 

T=0.060 sec F= 16.41 Hz 

modal shape T=0.025 sec F= 39.59 Hz 

 Modal Shapes

the activated displacement 

components in correspondence of the recording  stations 

for each investigated modal shape. 

Modal shapes displacement components
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- 
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the comparison between the evaluated 

main modal periods (frequencies) and the F

signals of the first test

possible to observe that the numerical evaluate

periods do not fit the processed field test data with regard 

(Y) and longitudinal (X) behavior. 

The observed shift on the frequencies between the modal 

s a stiffer behavior of the 

Arch FEM model. The result appears consistent, 

built as a superposition of
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thin stone wall not rigidly linked, while 
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motion of the top 
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Fig. 14. Comparison

 

 

To in deep investigate the real behavior, several modal 

analyses have been carried out to find 

the "equivalent

results of the modal analys

Fig. 15. Comparison

analyses (E=5,5  GPa)
 

 

The figure shows a quite good agreement between the 

numerical modal analysis and the Fourier Spectrum of the 

acquired signals.

(transversal displacement of all the top side of 

both the signals recorded in the center (red) and lateral 

(blue) of the external wall present resonance peaks. For 

the second shape mode a resonance peak could be read 

only on the recorded longitudinal signals (magenta) and, 

last, for the third s

signal (blue) present a resonance peak.

shape presents resonance peaks on both central (red) and 

 

omparison between numerical and signals data 

analyses (E=25 GPa)
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analyses (E=25 GPa)

To in deep investigate the real behavior, several modal 

analyses have been carried out to find 

" Young modulus. Fig. 15 
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greater shift from the recorded signals results a

numerical ones.

on the central recorded signal around 9 Hz that could not 

be explain

observations could be explained by considering local 

behavior due to the rea

in correspondence of the Arch. 

observe that equivalent Young modulus is considerably 

lower of that describing the blocks material.  
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Abstract – On the west coast of Gaeta (central Italy) 

in a small cove they are still preserved the remains of 

a magnificent Roman villa of the first century BC 

Among these remains there are many caves with 

rooms covered with barrel vaults, which originally 

were to serve as storage for the adjacent port. These 

caves seem to have been accelerated the degradation 

of conservation status, endangering the buildings 

made in the last century above it. In addition, this 

precarious state would prevent the safe use of the 

beach for stability of the cliffs that surround it. A 

series of non-destructive surveys and tests were 

carried out to assess the geomorphological conditions 

of the site, to learn about the development of the 

underground caves and to check their stress state. The 

survey results have been very encouraging and so we 

can be optimistic about conservation of these vestiges 

of the Roman epoch. 

 I. INTRODUCTION 

The Italian coasts are rich in archaeological remains of 

every period. However, urbanization has not always 

fulfilled the necessary requirements for preserving them. 

In addition, urban planning did not take account for the 

coastal hazards, expressed with landslides on cliffs and 

with flash floods sea on beaches. These hazards become 

decisive for the uses of the coast and also weigh heavily 

on the state of the archaeological remains. Plans for 

Hydrogeological Risk usually analyze geomorphological 

and hydrogeological conditions, but often neglect to 

check the condition of the archaeological heritage. One 

reason might be the different survey instruments, because 

in the case of those related to archaeological structures 

they cannot in any way affect the status of the property or 

those of appliances surrounding them. The aim of this 

contribution is to consider non-destructive techniques and 

tests on the archaeological structures and on the cliff in 

order to estimate the conditions of conservation. 

 II. SITE DESCRIPTION 

The western coast of Gaeta in central Italy shows a 

succession of prominent headlands with plunging cliffs 

and coves with beautiful beaches. The rocks exposed on 

the headlands and along the slopes rather steep, are 

represented by a succession of white limestone 

Cretaceous in age. On these rocks, modelled and karstfied 

in the Quaternary, there are typically discontinuous strips 

of limestone debris or more extensively layers of reddish 

Pleistocene eolian sands [1]. The favorable climatic 

conditions of this suggestive coast favored over the 

centuries vacationing. In principle this part of the coast 

had been chosen by emperors and consuls of Rome 

creating sumptuous villas, swimming pools and hanging 

gardens, more recently it has become the destination of 

many tourists coming mainly from neighboring regions 

crowding the beaches and filling each property [2].  

 

 
Fig 1. A western view of the site with the entrance of 

some caves 

 

The site, considered in this paper, preserve the remains of 

a "suntuosissima villa" built in the first century BC by the 

Roman consul Gnaeus Fontejo and described by Erasmo 

Gesualdo in 1756 [3]. This villa is developed in one of 

the smaller coves of this coastal sector of Gaeta in an area 

just outside the town. In the inlet, arranged radially at few 

meters from the sea level, you can see the so-called 

Fontania caves, small rectangular openings of various 

depths, which originally were to serve as storage for the 

private marina. These rooms, carved into the limestone 

cliffs widening preexistent small caves, are contiguous to 

the beach. They are used to bathing purposes, and are 

overlapped by sandy-detrital soils on which they were 

made in the last few decades several villas with 
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appurtenances. Probably this condition may have 

determined phenomena of infiltration and this can 

endanger the stability of the underlying caves (landslides 

in 1985 and 2014) and consequently raising the degree of 

landslide hazard in this area. In order to establish the 

degree of danger affecting the Roman structures were 

carried out a series of surveys on this site. 

 

 
Fig. 2. Site map with location survey 

 

 III. GEOMORPHOLOGICAL CHARACTERIZATION 

To estimate the stability of the limestone cliff that 

borders the site under investigation was performed a 

detailed geomechanical survey in order to classify the 

various discontinuities in the rock mass and to identify 

the parameters that influence the mechanical behavior 

[4].They have been realized 2 measurement stations on 

the cliff besides the great cavities and close to the small 

cavities respectively at the top and below in the fig. 2 

inside the security zone. On each station were carried out 

5 profiles; 200 discontinuities are detected and for each of 

them were evaluated 6 parameters (uniaxial compressive 

strength of intact rock; Index RQD; spacing and 

condition of the joints; hydraulic conditions; orientation 

of discontinuities) [5] [6] [7]. In order to measure in situ 

these parameters were used several instruments such as a 

geological compass with clinometer, the Schmidt-

hammer, the Burton's profilometer and, at last, a laser 

distance meter. 

The results of such survey, conducted according to the 

methodological suggestions proposed by ISRM in 1993  

and by applying the classification of Bieniawski adapted 

from the Romana to the rocky slopes in 1985, set this 

cliff in class II (SRM), which indicate a good condition of 

stability [4] [8] (Tabb. 1 and 2).  

 

Table 1. Rock Mass Rating (Bieniawski classification) 

 
 

Table 2. Slope Mass Rating (mod. Romana) 

 
 

Kinematic analysis outlining an encouraging scenario 

from the point of view of possible instability, with the 

mere presence of one critical intersection for sliding 

wedge for each station of measurement (Fig. 3). Such 

wedge do not affect the condition of roman structures. In 

the other stereogram for planar sliding no critical 

intersection are shown (Fig. 3). 

 

 

 
Fig. 3. Measurement station n°2: Stereogram with 

critical area and intersection for wedge (above) and 

planar sliding (under) 
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 IV. GEOPHYSICAL SURVEYS 

The geophysical surveys carried out in the area 

consisted of 6 profiles for geoelectric superficial survey 

by "Wenner-Schlumberger" methodology (total length 

405 meters) and 10 acquired profiles of Ground Probing 

Radar (GPR) (varying lengths). Both techniques are non-

destructive and provide important information for 

understanding indirectly the underground soil and in this 

case to the search of underground cavities or on their 

conditions [9] [10] [11].  

The tomographic images confirm high resistivity 

anomalies, which in most cases are in correspondence 

with the mapped cavities, instead other subordinate 

irregularities have been attributed respectively to an old 

water well (A in fig. 4) and a concentrated rock fracturing 

point (B in fig.4). Despite the difficulties that occurred 

for the execution of the GPR profiles, based on the 

placing of pulses of electromagnetic waves at high 

frequency (10 MHz to several GHz) in the subsoil and on 

the reception of radar echoes reflected by any 

discontinuity surfaces, it is found a good consistency with 

the findings with the electrical tomography as well as 

with those found by direct exploration.  

 

 
Fig. 4. Electrical tomographies 

 

In particular, the electric tomography TE03 shows an 

irregularity (E in Fig. 4) which corresponds to the gap 

observed in the GPR profile RD03 (Fig. 5). Such 

correspondence can be identified as the shaped part of the 

tunnel at the side of largest cave. This latter is well 

recognized in TE04 (G in Fig. 4) and also in the GPR 

profile indicated with RD05 (Fig. 5). Another overlap in 

profiles TE06 (H in Fig.4) and RD09 (not shown) is 

observed distinctly in correspondence of the cavities, the 

entrances of which are shown in Fig. 1. 

As regards the thickness of the coverage above the 

cavities, in the sections TE01 to TE03 ranges between 5 

and 7 m, except for the anomaly marked with the letter E, 

which is more superficial and amount to about 3 m. Even 

for the sections TE04 and TE06 the thicknesses are 

approximately 3 m. 

Finally, both geophysical surveys have allowed to rule 

out a continuation upstream of these cavities than those 

already discovered. Furthermore, in the recording there 

are no critical situations at the contour of the cavity, that 

could trigger instability or increases in localized 

pressures. 

 

 
 

 
Fig. 5. GPR profiles 

 V. GEOTECHNICAL ANALYSIS 

The investigation related to the knowledge of 

geological and geomorphological context is followed by a 

structural analysis of the cavities, already used in Roman 

times with barrel vaults and limestone walls partially 

covered by opus reticulatum [12] [13]. A macroscopic 

analysis permit to establish that the masonry of that time 

and the later additions have a heterogeneous conservative 

state [14] [15]. 
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Fig. 6. Photo of the largest cave subject to the finite 

element modeling 

 

In fact, the analysis has detected in some vaults lesions 

pseudo-orthogonal and in others a significant percentage 

of cracks on the intrados and piers with matrix walls in 

opus reticulatum (Fig. 7). The same analysis put in 

evidence traces of water percolation at the interface 

between the bedrock and the masonry piers. However, 

also according to the above mentioned lesions and cracks, 

it can be argued that as a whole the interior portions of 

the caves are characterized by a state of repair more than 

adequate. In fact, the core inside the facing is in a good 

state of conservation as there are no elements to suggest a 

suffering of the coverage walls. Otherwise, the entrances 

of the caves are characterized by a greater degradation 

and more or less significant punctual phenomena; in one 

case, at the entrance of the major cave, is registered the 

most important condition of localized instability [16]. 

According to current legislation, it is identified in such 

cave the structure on which to run deeply the geometric 

relief and material-constructive investigations [17]. Such 

tests could verify the overall stress state, even taking the 

index of seismic safety. For other caves we have made 

analysis with a less detail.  

 

 
Fig. 7. Representative photos of cracking phenomena and 

general conservative state 

The measurements carried out on the major cave was 

designed in a two-dimensional finite element model using 

the calculation program Sap 2000 V.14 [18]. For this 

purpose 494 two-dimensional elements of the four-node 

shell type, having a thickness equal to the thickness 

assumed for the walls, are used. The geometry of the cave 

being evaluated can be schematized as follows: the 

longitudinal development of the cave is 16 meters, the 

average distance between the piers is approximately 5 

meters as the height. For the mechanical characterization 

of the masonry, reference is made to the values of 

national law D.M. 14/01/2008 [17], which assign to the 

ashlars blanks of an elastic modulus and a specific 1722 

N/mm
2
 weight of 20 KN/m

3
. A combination of permanent 

and accidental loading respect to the Last Boundary 

Layer is evaluated [19]. The evaluation of stresses is 

carried out on the basis of the graphic representation of 

the same states, provided by the finite element model. 

Such representations show the envelope of the maximum 

values, respectively for compression and tension along 

the thickness of the shell elements in order to give an 

indication, in terms of range, of the state of the structure 

[20] (Figg. 8 and 9)  

 

 
Fig. 8. Graphs with envelope of maximum stresses for 

compression 

 

Finite element stress analysis shows that the internal 

structures have been compatible with the stress 
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resistances assumed for the type of walls. The observed 

average values are some 5 daN/cm on piers and some 3 

daN/cm in the vault and hence both are lower than the 

limit value assumed (6.9 daN/cm). Such resultant 

confirms all the findings derived from visual 

examination, therefore, also on the basis of the analyses 

conducted, the failure encountered at the entrance is 

outlined as a punctual phenomenon.  

 

 
Fig. 9. Graphs with envelope of maximum stresses for 

tension 

 VI. CONCLUSIONS 

A series of non-destructive surveys and tests were carried 

out on the west coast of Gaeta (central Italy), where is 

located the remains of a magnificent Roman villa of the 

first century BC. These surveys and tests are used to 

assess the coastal stability of the cliff as well as its impact 

on several caves with rooms covered with barrel vaults 

belonging to this archaeological site. In fact, such rooms 

are carved into the limestone cliffs widening preexistent 

small caves. This assessment has been necessary because 

of two landslides in 1985 and 2014 affected the top of 

these cliffs and the entrances of the these rooms. In 

consequence of these events the degree of landslide 

hazard in this area rises up to the maximum. Moreover 

the presence of the buildings and related infrastructures 

above the caves could accelerate by infiltration of the 

waters the process of degradation of the Roman vestige. 

Such conditions prevent the use of the adjacent beach as 

well as do not grant the safety of the buildings made in 

the last century on this stretch of the coast.  

However, as it has been verified by the investigations 

carried out, which integrate the requirements of the 

guidelines of the Plan for the Hydrogeological Risk and 

the indications for ensuring the integrity of the 

archaeological heritage, there are no critical conditions. 

The advantage of the performed surveys was to prevent 

any alteration of the physical conditions of the subsurface 

features, and then to avoid an increase of the impacts on 

the state of the rooms. However it is also important the 

execution of geomechanical tests on the structures of the 

rooms and on the cliff with a representative number of 

measures that they can be analyzed with the aid of 

specific software. This will allow not only to heal the 

portion of slope in danger of instability, but to put in 

place, after the precautionary restoration of the caves, an 

action of continuous monitoring of their state of 

conservation [13]. It would also be useful to consider the 

exploitation of the site by introducing a series of 

descriptive panels and creating a guided tour. 
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Abstract – In spite of preliminary prospections, it often
occurs that new underground archaeological sites can
be unexpectedly discovered while, for example, con-
structing buildings or subways, or during archaeologi-
cal excavations, etc. In such cases, it is common prac-
tice to re-bury the discovered site, while waiting for the
Agencies and/or Bodies in charge to decide about the
continuation. In such a scenario, it is important to be
able to monitor the site, so as to prevent possible land-
slip and consequent catastrophic events. To this pur-
pose, the present work proposes the use of a wire-like,
passive sensing element that can be buried in the soil
covering the archeological site and that can be used in
conjunction with time domain reflectometry (TDR), to
monitor the soil and to provide a prompt alert of incip-
ient signs of landslip.

I. INTRODUCTION
While constructing buildings, subways, or similar in-

frastructures, it often occurs that, in spite of preliminary
prospections, underground archaeological sites can be un-
expectedly discovered. When this happens, it is customary
to re-bury the discovered site, while waiting for the de-
cisions of the Monuments and Fine Art Bureau or other
Public Bodies in charge. In this scenario, it is important to
be able to monitor the stability of the ground covering the
site, in order to prevent possible landslip and consequent
catastrophic events.
As a matter of fact, a wide range of geophysical methods
can be applied in archaeology for obtaining high-resolution
images of the subsurface. Geophysical methods can be
used to detect variations in the electromagnetic properties
of the subsoil, then these data are used to identify artifacts
and distinguish between these and natural variations in the
soil [1]. Ground penetrating radar (GPR), for example, al-
lows obtaining an accurate prospection of the underground.
GPR is usually employed both as a diagnostic tool for
the preventive detection of archaeological structures and
as the most advanced instrument able to prospect geom-
etry and shape of underground valuable sites [2]. GPR
provides comprehensive and accurate results; nevertheless,
GPR prospections require more time.

On the other hand, the present work addresses the possi-
bility of using flexible, wire-like, passive sensing element
(that can be buried, while covering the archaeological site)
and that can be used in conjunction with TDR, to detect the
incipient signs of landslip and provide a prompt alert.
In fact, the goal of the present work is to provide a low-
cost, quick solution that could be used to ‘trigger’ an alert
that the condition of the site requires attention; hence, the
use of TDR. In fact, TDR has been used for monitoring
landslide in natural environments [3].
It is worth pointing out that, in the literature, TDR has
already been used as a complementary tool for archaeo-
logical prospection. For example, in [4], constant veloc-
ity migration tests were combined with TDR for assessing
the differences in the physical soil parameters, in the GPR
survey over two circular structures originally surrounding
Bronze Age burial mounds at the site of Koekel are (west-
ern Belgium).
Also in [5], during a survey in Pompeii, it was demon-
strated that the integrated use of GPR and TDR techniques
could be successfully employed to evaluate the perfor-
mance of the radar in specific terrains covering archaeo-
logical sites. However, at the state of the art, TDR has
been used in conjunction with GPR, but in the traditional
fashion (namely with short TDR probes for dielectric char-
acterization of the soil).
Vice versa, in the present work, TDR is used to provide a
preliminary alert for possible incipient catastrophic events.
In the following sections, an experimental validation of the
proposed system is provided. Additionally, to corroborate
the results, a prospection was also carried out through the
GPR.

II. MATERIALS AND METHODS
As mentioned in the previous section, the proposed

TDR-based system requires that a flexible wire-like sens-
ing element (SE) is buried in the subsurface, while the
archaelogical site is being re-buried or through micro-
tunneling if the site has not been uncovered. The pres-
ence of voids or of increasing air cavities will be sensed
as a change of the effective dielectric constant of the soil,
similarly to the principle exploited in [6] for water leak de-
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Connection to the 
TDR instrumentA A‐A

SE

A

Fig. 1. Sketch of the measurement apparatus for TDR-
based monitoring.

tection.
The proposed TDR-based system was experimented on a
test-site consisting of a 150 m-long underground metallic
pipe. The pipe was equipped with a bifilar SE, rolled out
all along its length, as shown in Fig. 1. One end of the
SE emerged to the surface, to allow connection to the TDR
measurement instrument. The condition of the soil in test-
site was observed through TDR measurements for a period
of time.

III. EXPERIMENTAL RESULTS
Fig. 2 shows the reflectograms acquired during the ob-

servation period. The reference reflectogram (curve with
triangle-shaped markers) was acquired a few days after the
insertion of the SE along the buried pipe. It can be seen
that the value of the reflection coefficient, ρ, is practically
constant along the length of the SE.
Successively, after a period of heavy rain, a new reflec-
togram was acquired (curve with triangle-shaped markers
in Fig. 2). It can be seen that, from d=0 up to d=25m,
the ρ value has lowered to approximately 0.05; on the
other hand, the remaining portion of the reflectogram had
remained similar to the reference reflectogram. This be-
havior is due to the fact that, because of the soil condi-
tions, rainwater accumulation and/or water dispersion (i.e.:
leaks, hydro-geological disruption, etc.) had soaked the
portion of soil around that point; thus leading to an increase
of the effective dielectric constant (and, hence, a decrease
of ρ) in the soil in proximity of this point. Finally, af-
ter a couple of weeks, another reflectogram was acquired
(curve with square-shaped markers): it can be seen that the
ρ value in correspondence of the position has increased.
In this condition, for comparison, also GPR prospections

were carried out on the site. Fig. 3 shows the 3D visual-
ization by iso-surface amplitudes. It is possible to see the
pipe at depth of about 1.1 m and some anomalous areas
(brown) related to probable formation of dangerous voids.
This occurs, in particular, in correspondence of the same
portion of soil in which the TDR measurements had sensed
a change of ρ. Now, the movements due to the rain must
have caused, after drying up, the formation of voids.
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Fig. 2. TDR reflectograms acquired after insertion of the
SE; after heavy rain; and, finally, as the soil was drying
up.

(a)

(b)

Fig. 3. 3D GPR Iso-surface amplitudes.

IV. CONCLUSIONS
In this abstract, a preliminary validation of a TDR-based

system for generating a preliminary, prompt alert on possi-
ble incipient landslip in proximity of underground archae-
ological sites was presented. It is worth pointing out that,
although the considered scenario is not a true archaeolog-
ical site, its configuration perfectly resembles the events
that occur in reality. In other words, the flow of water
through the soil caused by rainwater accumulation and/or
water dispersion may provoke accumulation of water or the
growth of voids that could potentially lead to landslide and
collapses.
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Abstract – This work shows the utilization of Digital  

Speckle Pattern Interferometry and S quare Pulse 

Thermography Analysis in the field of cultural  

heritage artifacts diagnostics, that can be applied on 

almost any type of archaeological finds, providing  

relevant information about their state of conservation. 

Both the techniques are non-invasive, may operate 

with di fferent types of artifacts and can be employed 

in conjunction with other non-destructive artworks 

diagnostics techniques. Here we show several  

examples of application for the whole structure 

analysis,  as well as the detection of  detachments, 

micro-cracks, hidden damages.  Examples of analysis 

on different artworks are illustrated. It is important to 

note that the diagnostic investigation can be carried 

out before, during and after a restoration. It is also 

possible the real-time monitoring of the behavior of 

the object according to the environment thermo-

hygrometric changes.  

 

Keywords: Artwork diagnostics; Holographic 

Interferometry; Thermography. 

 

 I. INTRODUCTION 

 

 Digital Speckle Pattern Interferometry (DSPI) is a well-

established, non-contact and non-destructive optical 

technique, increasingly employed as a diagnostic tool in 

the field o f cultural heritage. DSPI is based on the 

traditional double-exposition holographic method, [1, 2] 

formerly utilizing special photographic plates and later 

electronic equipment. [3] DSPI utilizes, in its basic 

implementation, a laser, a TV camera and a few optical 

components, providing non-contact, full field, sub-

micrometric capacit ies. The object under test is simply  

illuminated by a low intensity laser light and imaged onto 

the camera sensor, where a reference laser beam is also 

superimposed, in this way producing a hologram. In  

Figure 1 a schematic drawings of the optical set up is 

shown. 

 

 
                       Fig. 1.  DSPI optical set up 

 

DSPI measurement procedure involves the recording of at  

least two, temporally spaced, holograms of the object in 

different states. Small d isplacements of the object under 

test are induced by applying, between the two holograms 

recording, a very slight thermal or vibrat ional load. The 

object is simply illuminated by a low intensity laser light; 

no object modificat ions - even less damages - occur. 

Whole-body structural behavior as well as local micro-

displacements can be evaluated. A large number of 

numerical methods have been developed for PC-based 

automated processing of DSPI interferograms, provid ing 

high spatial resolution and accurate, quantitative 

measurements. Descriptions on the DSPI basic princip les 

and its applications for cultural heritage diagnostics can 

be found in refs. [4-18]. However DSPI is, basically, an  

image-based diagnostic method. The DSPI output consists 

of a fringe pattern – resulting from the numerical 

processing the two recorded holograms - overlaid onto the 

image of the object under examination. The visual 

analysis of the shape and the number of fringes can 

provide a quite simply interpretable evaluation of both 

global deformations, as well as of damages and hidden 

defects in restricted areas. Well-established rules, that 

associate categorized fringes shapes with d istinct defect 

types, allows for recognizing different damages on the 

object under examination.[19] According to this a quick 

analysis can be performed by a practical approach, 

consisting on considering the interferogram as an iso-

level contour map, where each fringe represents a level 

variation of half wavelength of the laser utilized. Such 

approach can be regarded as an useful, user friendly  

diagnostic tool for trained restorers, largely improv ing 
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their trad itional survey methods. Non-destructive 

techniques, in the cultural heritage applications, typically  

require a qualitative estimat ion of the artwork condition. 

The visual evaluation of the interference patterns fully  

meets such requirement. However a sub-micrometric 

accuracy can be achieved.  

Infrared Thermography is a well-known contactless and 

nondestructive imaging technique for rapid detection of a 

wide variety of hidden defects such as voids, inclusions, 

delaminations, cracks, moisture accumulation, material 

decay and any type of anomaly that determines a change 

in thermo-physical properties of the sample [20-26]. It is 

based on the recording of the natural thermal radiat ion 

emission of a sample through the use of an infrared 

camera. Square Pulse Thermography (SPT) is a well-

known active method in which the sample surface is 

stimulated with a low power long heat pulse, and the 

cooling down process is recorded for several seconds [27-

29]. The acquired thermal images are then processed to 

improve both the signal to noise ratio and defect contrast. 

Information about the homogeneity degree and the 

individuation of anomalies and damages can be obtained 

and successively compared with the others nondestructive 

technique [30-32] giving the possibility to implement an 

integrated diagnostics tool for the NDT inspection. This 

can provide the possibility to complement and validate 

the effective understanding of each individual technique 

results, that are not always easy to interpret. 

 

DSPI and Thermography common main features: 

 no samples taking and no manipulation; 

 detection and quantificat ion of damages; 

 possibility of monitoring  in real-t ime. 

 

Examples of possible measurements: 

 state of adhesion of the color layers on artifacts of 

any type; 

 embedded hidden micro damages, undetectable by 

traditional restorer methods; 

 materials and structures inhomogeneity, hardly 

detectable with other methods; 

 structural analysis on frescoes; 

 detachment of mosaics tiles; 

 traces of any previous restorations; 

 detection of possible pottery falsification. 

 

Mosaics, frescoes, artifacts of various types, sculptures, 

potteries, paintings, can be subjected to accurate 

diagnostic investigations. It should be emphasized that the 

previous artwork knowledge (technique of the 

construction, structure, materials, restoration history, etc.) 

is a crucial requirement for correctly understanding the 

results. 

 

 

 II. EXPERIMENTAL SECTION 

 

Concurrent DSPI and SPT analysis were carried out. 

For DSPI measurements we utilized a commercial ESPI 

system (K100/HOL by K. Stetson Associated). The light 

source was a DPSSL 532 nm, 0.75 W laser (Torus  by 

Quantum Laser Ltd). The system is able to acquire, 

process and display up to 30 interferograms/sec.  

SPT analysis was realized with a long-wave IR camera 

AVIO TVS 500 (8-14 μm, 320x256 p ixels) with a 

temperature sensitivity of 0.06 K. In all cases the samples 

were heated for 2 minutes with a 250 W  lamp, at a 

distance of 40 cm centimeters, on both  front and rear 

surface. The temperature decay was recorded with a 

frame rate of 10 Hz for 10 minute. For SPT analysis the 

emissivity of the terracotta and of the paint on wood was 

set at 0.90 and 0.85 respectively. In Figure 2 the 

laboratory set up is shown. 

 

    
                         Fig. 2.  Laboratory setup 

 

In Fig. 3 measurements on two models of frescoes, 

prepared by using traditional techniques, are shown. The 

first one was prepared on a single tuff tile (30x30x2 cm). 

Defects were simulated by: (i) inserting thin fragments of 

polyethylene between the arricc io and the plaster and (ii)  

removing a portion of “arriccio”.  In Fig. 3 (a, b) the 

simulated defects on the tuff support and the fresco model 

final aspect are shown. DSPI test reveal the presence of 

defects, not visible by visual inspection. By temperature 

changes, from 22 to 27 °C, surface displacements 

occurred, revealed by modifications of the DSPI 

interference fringes (Fig. 3 c). The 3D displacements map 

(Fig. 3 d), at the temperature of 27°C, allows to evaluate 

the sign of deformations, positive in the position of the 

polyethylene insert  (top left) and negative in the position 

where the “arriccio” was removed (bottom right). The 

thermal image in Fig. 3 (e). confirms the presence of 

defects and highlights the whole structural area damaged. 

However, it doesn’t allow a distinction on their physical 

nature.  

 

 
Fig. 3.  Results of the test on the fresco model:  (a, b) 

position of simulated defects;  (c) DSPI fringes profiles 
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after a 5° C temperatures increase; (d) 3D displacements 

map; (e) thermal image obtained with SPT. 

Concurrent measurements on terracotta objects are 

reported hereafter.  The results are showed in Fig. 4 and in  

Fig. 5.  In 4(a) and 4(b) a  jug having an almost visually  

imperceptible crack, across the whole thickness , and a 

fault affecting only the inner surface, not visible from the 

outside. In 5(a) and 5(b) an amphora with an invisible 

crack. In this case the thermal analysis do not allows to 

detect the presence of thin subsurface damage while it is 

clearly visible the crack on the surface on the jug in 4(b). 

 

   
Fig. 4.  Results of a test on a terracotta jug:  (a) white 

light image and DSPI  fringes; (b)  thermal image. 

   

   
Fig. 5.  Results of a test on a small terracotta amphora:  

in (a) white light image and DSPI  fringes; (b)  thermal 

image. 
 

In Fig. 6 a test on an original terracotta figurine of the 

Chané culture (Gran Chaco region –South America) is 

shown. In (a) and (d) the white light picture of the object 

front side and back side, respectively; in (b) and (e) the 

related DSPI fringe patterns; in (c) and ((f) the thermal 

images. The temperature increment was of about 7 °C. 

DSPI fringes reveal a general tilt along the vertical 

direction (more accentuated on the head area) and regions 

with  dissimilar d ilatation due to the object variable  

thickness or its inhomogeneous density. The latter is 

evidenced by the thermal images, demonstrating the 

usefulness of the concurrent tests, as confirmed by a 

measurement in a restricted area.  

 

            
Fig. 6.  Results of a test on a terracotta figurine: (a) front 

side  and (d) back side white light pictures; (b) and (e) 

DSPI fringes; (c) and (f) thermal images. 

 

In Fig. 7 (a) and (b), a discontinuity in the area between 

the body and the head is evidenced. The very regular 

shape of  DSPI fringes on the neck, appear discontinued 

by an almost circular shape in the area of the left 

shoulder. A discontinuity is also visible in the thermal 

image, that shows a greater accumulation of heat in the 

same area. In our opinion it can be deduced that the body 

(a  roughly hollow cy linder ) and the head (a solid piece) 

were most probably separately molded and then 

assembled together. A non-perfect fusion of the two parts, 

in the back side, could be assumed from our results.  

 

  

      
Fig. 7.  Results of a test on a restricted area of the 

terracotta figurine: (a) DSPI fringes, (b) thermal image. 

 

 

Fig. 8 shows an example of a test on a model of a fake 

archaeological object, obtained by gluing two halves, and 

then altering its appearance on the external surface, so 

that it seems as a terracotta amphora. By heating the 

object by about 8°C, the different dilatation shape of the 

two 'halves' is revealed, both by DSPI as well as by SPT. 

The strongly straight vertical gap, between the left and 

right side, shows something unusual, evidently not 

recognizable as a typical pottery “crack”. 
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Fig. 8.  Test on a fake small amphora: (a) front side (top)  

and left side (bottom) white light pictures, (b) DSPI 

fringes  and (c) thermal image.  

  

 

Finally we report on the in-situ inspection on an 

original painting on wood. A DSPI portable system was 

used for long term monitoring the object structural 

changes, produced by thermo-hygrometric fluctuations. 

While SPT analysis do not require special attention, 

DSPI, as all interferometric methods, is significantly 

troubled by environmental vibrat ions , that severely 

perturbs measurements,  causing noisy fringes , that are 

erratically affected by continuous visibility alterations. 

Nevertheless, by observing the evolution of fringe-

patterns, during an adequate time interval, it is possible 

to unambiguously distinguish the fringes produced by 

the object displacements and clearly recognize the 

distortions produced by noise. Vibration effects on the 

fringes can be significantly overcome by using a very 

high shutter speed of the camera. In the majority of 

cases. a sufficient number of  undistorted or barely 

distorted interferograms, usable for recovering data, can 

be found. Usually, in such type of measurements, useful 

images are visually selected, by a skilled operator. 

However this approach requires cumbersome and time 

consuming, long term, observation of rapidly changing 

interferograms. Our approach consists on recording fast 

sequences of interferograms and evaluating them off-

line. To carry out the selection of useful interferograms , 

instead of the visual choice, we developed a new PC 

based automatic procedure, that allows for fast picking 

out them from a very large number of recorded 

images.[33, 34] 

The artwork on which we performed the analysis 

represents a Madonna with Child, by stylistic way dating 

from the end of sixteenth-century . (Collection of “Suor 

Orsola Benincasa University”– Naples). The support is  a 

single wooden plank (72 cm in width; 87 cm in height;  

1,5 cm in thickness). See Fig. 10. 

The Fig. 11 shows an out-of-laboratory measurement 

session, the DSPI apparatus fixed on tripods and a sketch 

of the test procedure, from which the whole body painting 

deformation was retrieved.   

 

 

 
 Fig. 10  Pictures of the painting front-side and back-side. 

 

         
Fig. 11.   An out of laboratory measurement session (top) 

with a portable DSPI system and (bottom) the sketch of 

the measurement procedure. 

 

On the same painting a SPT analysis was performed. 

Fig.12 shows two of the acquired thermograms, that 

reveal in (a) the presence of nails utilized to attach two 

reinforcing crossbars applied on the back, clearly  

identified in (b).  In Fig. 13  a measurement on a 

restricted area is shown. In (a) DSPI fringes (overlaid  

onto the white light image) exh ib it a quasi-circu lar 

deformation around a given small point. In (b) the SPT 

analysis reveal a strong discontinuity in the same point, 

confirming the presence of a hidden metal nail, inside the 

wood. 

 

 
      Fig. 12   Thermographic images of the painting. 

 

 

 
Fig. 13.   Results of  DSPI (a) and SPT (b) investigations 

on a restricted area of the painting. The arrows indicate 

the location of an hidden metal nail. 
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 III. CONCLUSION 

We have shown that Digital Speckle Pattern 

Interferometry and Square Pu lse Thermography analysis 

are versatile and safe tool for the diagnostics of the state 

of conservation and as on object of Cultural Heritage 

interest, largely improving the traditional restorers survey 

methods. Concurrent DSPI and SPT investigations can be 

regarded as complementary methods, allowing for 

refining and effectively understanding the results of each 

individual technique. 
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Abstract – Monitoring of ancient buildings is an issue of great 

interest in view of a proper restoration. Among the monitoring 

techniques, the non-invasive ones used in an integrated way are 

particularly suitable, if not mandatory, if we need to investigate 

weak structures whose cultural value and brittleness entails the 

impossibility of invasive tests, as in the case of the Domus Nozze 

D’Argento in Pompeii. 

The roman house, as occurred for many other buildings in 

Pompei, was buried in the ash from the 79 AD eruption of Mount 

Vesuvius. It was excavated in 1893, the year of the silver wedding 

anniversary of King Umberto and Queen Margherita of Savoy. 

This event gave the name to the roman domus whose excavations 

uncovered a monumental architecture composed of an atrium, 

and two gardens. The atrium is characterized by four tall 

Corinthian columns and an elegant exedra with fine decoration. 

Of the two gardens, one, the larger, includes a central pool and a 

triclinium, the other one is composed of a bath-house, open-air 

swimming pool and a living room embellished by  a mosaic floor 

and wall paintings. Over time the weathering and the presence of 

heavy and rigid concrete structures have caused some static 

problems to be addressed by restorations respectful of the 

mechanical behavior of the original load bearing framework. To 

this aim a multisensor approach based on the use of a number of 

non invasive in situ tests, including georadar, seismic 

investigations, infrared thermography, has been adopted to collect 

data useful for the structural diagnosis. The survey has been 

performed by laser scanner and images taken from drone 

processed by structure from motion algorithms in order to 

provide a 3d textured model functional to finite element model 

processed with two different computing codes. 

Finally, the results put in evidence the great effectiveness of an 

approach based on the processing and interpretation of data 

acquired by different sensors at different scale. 
 

Keywords - urban archaeology, GPR, Pompeii, Domus Nozze 

D’Argento 

I.  INTRODUCTION 

The Domus (Fig.1) was named in honour of the Italian royal 

couple, Umberto and Margherita of Savoy, on the occasion of 

their silver wedding anniversary in 1893, the same year in 

which the house was discovered. It is located in the last side 

street off Via Vesuvio, next to an area which has yet to be 

excavated. It was built in the 2nd century B.C. and is 

distinguished by its high atrium with four large column which 

support the roof and its bedroom where the sunlight was 

filtered by means of veils. There are two gardens. The first is 

in line with the atrium and has its own private bath-house and 

open-air swimming pool, a large kitchen and garden and an 

elegant living room. The latter was decorated with a mosaic 

floor and a second style paintings and has four octagonal 

imitation porphyry columns supporting a barrel-vaulted 

ceiling. The ceiling of the peristyle is higher on the side which 

receives most sunlight in order to provide a particularly 

pleasant area to sit on winter days. The second garden, which 

is much larger and completely surrounded by a wall, has a 

pool in the centre and an outdoor triclinium. A non invasive 

campaign measurements were undertaken in order to help the 

restoration work. In this paper some results related to Ground 

Penetrating Radar (GPR) survey are showed.  

 

 

Figure 1. The Domus Nozze d’Argento in Pompeii 

 

II. GPR DATA ACQUISITION AND ANALYSIS 

The GPR survey was performed, with IDS Hi Mod georadar 

system, along parallel profiles at 0.5 m spacing using a dual 

band 200-600 MHz centre frequency antennae on the floor of 

the domus. Furthermore a 2GHz centre frequency antenna was 

used in order to investigate the conservation conditions of both 

frescoes and columns.  A map of GPR profiles is shown in 

Figure 2. The following acquisition parameters were selected: 

samples per scan, 512; recording time window, 80 ns for 

600MHz antenna, 160 ns for 200MHz antenna and 30 ns for 

2GHz antenna; gain function, manual. The quality of the raw 

data did not require advanced processing techniques. 

However, an easier interpretation using the GPR-Slice 

software (www.gpr-survey.com/). The following data 
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processing has been performed: (i) amplitude normalization, 

consisting of the declipping of saturated (and thus clipped) 

traces by means of a polynomial interpolation procedure; (ii) 

background removal, whereby the filter is a simple arithmetic 

process that sums all the amplitudes of reflections that were 

recorded at the same time along a profile and divides by the 

number of traces summed the resulting composite digital 

wave, which is an average of all background noise, is then 

subtracted from the data set; (iii) Kirchhoff two-dimensional 

velocity migration [1],which is a time migration of a two-

dimensional profile on the basis of a two-dimensional velocity 

distribution is performed. The goal of the migration is to trace 

back the reflection and diffraction energy to their ‘source’. A 

close examination of the data showed the presence of the 

numerous reflection hyperbolae from a point source. This 

allows us to estimate the EM wave velocity propagation [14, 

2] ranging from 0.07 m/ns to 0.08 m/ns in the surveyed areas. 

The arrangement of the profiles in a grid has allowed us to 

correlate, spatially, the important reflections within two-

dimensional reflection profiles (standard radar sections). A 

way to obtain visually useful maps for understanding the plan 

distribution of reflection amplitudes within specific time 

intervals is the creation of horizontal time slices. Time slices 

examine only reflection amplitude changes (or energy changes 

if the square value is used instead of the absolute value) within 

specific time intervals, and thus within consecutive soil layers 

of nearly constant thickness. Each time slice is, therefore, 

roughly comparable to a standard archaeological excavation 

level [1, 3]. Areas of low reflection amplitude (or energy) 

indicate uniform matrix materials or quite homogeneous soils, 

whereas those of high amplitude denote zones of high die-

electrical subsurface properties contrast, such as buried 

archaeological features, voids or important stratigraphical 

changes. In the present work the time slice technique has been 

used to display the energy variations within the 5 ns time 

window. Were built slice width in intervals of 5 ns; each slice 

corresponds to a thickness of land of about 0.17m.  

Is interesting to note some alignments in the slice at 2.45m 

depth (Fig. 3) which shape and size could be related to 

structures of archaeological interest. 

The data acquired on the columns (Fig. 4) show some 

anomalies of high amplitude (red) related to the probable 

presence of fractures in the columns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The GPR profiles location 

 

Figure 3. Area A: time slices  

 

Figure 4. Area A: GPR slice on the  columns. 
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Figure 5. Area A: GPR slice on the  frescoes. 

For the profiles acquired on the frescoes the slices at various 

depths (Fig. 5) shows highlighted anomalies (indicated by 

dark dashed circles) related to the probable presence of 

concrete injections. In the first slice (0-1cm) is possible to note 

a large area affected by strong amplitude of the 

electromagnetic signal (red area), in this area there may be a 

situation of detachment of the plaster. The 3D visualization 

through the use of the iso-surfaces of amplitude (Fig. 6) 

shows, in particular, interventions in cement. 

 

Figure 6. Area A: GPR iso amplitude surface. 

 

III. CONCLUSIONS 

The case studies highlight numerous high electromagnetic 

wave amplitude anomalies that on the frescoes and columns 

indicate a very high deterioration of the materials.  In the 

subsoil of the domus the GPR show the presence of other 

archaeological interest structures. GPR was fundamental for  

the restoration work. 
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Abstract – For more than two decades, archaeologists 

and historians have wrestled with ways of recording 

dating uncertainty and diffuse temporal boundaries in 

conventional databases. This paper brings together 

two decades of convergent and cooperative work – 

catalyzed by the Electronic Cultural Atlas Initiative –  

on the development of a quantitative description of 

dating evidence, including the integration of spatial 

and temporal information and the recording of 

multiple interpretations. It looks at ways in which this 

complex temporal information can be visually 

rendered through enhancement of current timeline 

methodologies, and the integration of timelines with 

web mapping, as illustrated by both the Heurist and 

TopoTime systems. It concludes with ideas on future 

directions for extending temporal data recording and 

visualization methodologies. 

 

 I. INTRODUCTION 

Neither time nor space in archaeology are intrinsically 

complex - in western science at least we all agree on 

common dimensions - yet the way we record them has 

both determined our recording methods and influenced 

our thinking. In an early paper [1] I considered different 

ways that were typically used to record changing spatial 

extents through time – time slices, symbolism, motion 

diagrams and change maps. In a later paper [2], Ruth 

Mostern and I  proposed that even geographical gazetteer 

entries, that most classic of spatial locations, could be 

considered as events (of cultural identification and 

naming) with a strong temporal component in addition to 

the classic point location or footprint. In this paper I will 

focus on a pragmatic solution to recording the temporal 

extent of events and features (sensu lato) in the 

archaeological and historical record. 

 

 II. RECORDING TEMPORAL INFORMATION 

 A. Capturing what we know 

Since the publication of that first paper - particularly 

through discussions with Ruth Mostern, Karl Grossner 

and Elijah Meeks as part of the ECAI project (ECAI.org) 

in the early 2000s, and through the pragmatic needs of 

my own Heurist knowledge management project [3] from 

2005 onwards – I have sought to develop a method which 

captures what we know about the temporal dimensions of 

events and features in the historical and archaeological 

record in a composite quantitative database field, 

including uncertainty and fuzzy temporal boundaries, and 

to do so in a way which is not unduly onerous or 

speciously precise. I emphasise what we know, because 

this is a pragmatic exercise to capture what exists rather 

than to prescribe what should be recorded under ideal 

circumstances, since information comes to us through 

circumstances of chance; the past does not operate as an 

experiment we can repeat.. 

 B. Heurist’s temporal data field 

In creating such a composite field, we need to balance the 

need to record as much detail as possible, against the data 

entry overheads of intensive recording. There is also a 

risk that too much detail may simply encourage users, 

and their readers, to make choices that they shouldn’t, 

and to believe more strongly in their data than they 

should.  

 

The temporal data entry field implemented within the 

Heurist system (see Fig. 1) provides a number of methods 

for entering dating information. I use the term dating to 

include date-time values, which may be any ISO format 

date-time value in year-month-day hour:minutes:seconds 

format, completed to any level of precision. Heurist 

handles BCE dates as negative values and accommodates 

a wide range of human-friendly variants in the formatting 

of dates entered or imported eg. september 1915, 

15sep1915): 

 

1. A simple date value, appropriate for known 

contemporary or historical dates; 

2. A date value with statistical limits, for recording 

of radiometric dates; 

3. An approximate date value with an estimate of 

its accuracy eg. -3,000 ± 200 years; 
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4. A date range based on four parameters 

describing the analyst’s knowledge 

(interpretation) of the dating information. 

 

 

Fig. 1. Heurist date entry component showing 

the format for date range recording 

It is the last of these methods which provides the means 

for a historian or archaeologist to describe - in a form 

which is fairly easy to enter - their knowledge about the 

dating of an event. The four parameters are:  

 

1. terminus post quem and terminus ante quem 

values defining the minimum and maximum 

possible dates (based on other dated events 

which constrain the possible range);  

2. terminus post quem and terminus ante quem 

values defining the range of likely dates (the 

analyst’s best estimate of the likely date  range); 

3. an indication – through selection from a small 

number of probability profiles – where there is a 

strong probability that the actual date falls 

within or close to the range of likely dates; 

4. the way that the information has been 

determined – through measurement, attested 

information or conjecture -  along with a textual 

comment on the date determination.  

 

These parameters have been chosen so as not to overload 

the data entry task, as might have been done if we had 

asked the recorder to free-adjust probability distributions. 

 

Internal storage of temporal values uses a formatted 

string such as:  “1935 to 1940 [|VER=1|TYP=p| 

TPQ=1935|TAQ=1940|DET=0|SPF=0|EPF=0]”, which is 

created and interpreted by a Javascript library. This 

allows for the storage of simple year values (common in 

archaeology and earlier history) as well as full ISO date 

strings and more complex forms based on tags, and has 

the potential to be extended to additional descriptive 

systems. A plain text version of the date is generated for 

display in the interface. Heurist supports a dozen different 

calendar systems (including Gregorian, Julian, Islamic 

and Maya) but all dates are converted to Gregorian 

internally to allow date filtering and ordering.  

 

 

Fig. 2.  Standard form for recording spatial and 

temporal extent of a historical event 

 C. Historical events 

Heurist provides a standard Historical Event record (Fig. 

2) which provides a framework for describing the 

temporal and spatial extents of an event, using the 

temporal fields described above, along with a 

commentary field for each date determination. These 

commentary fields reference Interpretation records (Fig. 

3) which allow recording of extended interpretive notes 

along with links to relevant bibliographic entries. 

 

 

Fig. 3. Example of a simple Interpretation 

record 
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 D. TOPOTIME and geojson 

In parallel with this work, Karl Grossner and Elijah 

Meeks have been developing the TopoTime concept [4], 

which follows along extremely similar lines. Both 

approaches are pragmatic, with Grossner and Meeks 

focusing on compatibility with the upcoming GeoJSon 

LD standard and the expression of spatio-temporal 

information as linked data, where I have focused on 

embedding this functionality in a much broader 

knowledge management system.  

 

 III. VISUALISATION OF EVENTS 

Approaches to timelines 

Numerous timeline tools have been published, but with 

few exceptions (eg. Continuum, SemTime) timelines 

have adopted a straightforward linear structure with at 

best a passing nod to uncertainty, diffuse temporal 

boundaries or the relationships between events. The 

combination of mapping with aoristic analysis developed 

by Ratcliffe [4,5,6] appears to offer opportunities for 

statistical mapping of numerically abundant data, such as 

archaeological survey data (see [7]), but also suggests 

alternative methods of visualising chronological data 

using statistical measures rather than fixed dates. Others, 

for example Holmen and Ore [8], similarly consider 

events bounded by limits, while building on temporal 

topology and Allen operators to detect dating conflicts 

and provide time boundaries for undated but related 

events.  

 

 

Fig. 4. Map-timeline visualisation of historical 

events recorded in a Heurist database. 

Heurist, like TopoTime, generates linked map and 

timeline visualisations automatically from any records 

which contain temporal information (Fig. 4). Records 

containing a single value are represented by a symbol 

reflecting the type of entity – Heurist stores all entities on 

an equal basis, so timeline representation is not limited to 

events, but can equally include people with their birth and 

death dates,  artworks with their date of production, and 

so forth. Records with more than one value are 

represented as an entity-type symbol and a time bar.  

 

While our current methodology is to represent the 

uncertainty in date values with graded bar density, we are 

also looking at alternative representations similar to box 

plots. However historical timelines generally require 

labelling to be useful, and graded bar density is the only 

visualisation which we have so far been able to combine 

with labelling. Timelines, which have no background 

structure and require linear arrangement, are inherently 

less able to render large numbers of entities than the two 

dimensional space of maps, supported by meaningful 

background topography. 

 

At the present time we handle the representation of 

multiple dating interpretations simply by displaying each 

of these as points or bars on the timeline, allowing the 

user to view the alternative dating interpretations and 

make their own decision. In a later version of the 

software we envisage displaying a single timebar 

component representing the envelope of all dating 

interpretations which may be expanded. In this case, the 

visual density of the timebar at each point along its length 

would be calculated by summing the densities of the 

individual time bars at appropriate time intervals and 

rendering an average density. 

 

 IV. FUTURE DIRECTIONS 

 

Unlike individual events occurring at a specific place and 

time (such as a battle, coronation or execution, and often 

involving specific identifiable individuals), broader scale 

events involving anonymous players, such as the 

adoption of a new technology or more generally a series 

of changes identified as a historical period , cannot be 

separated from their spatial footprint. This is particularly 

true of archaeological periods such as the Bronze Age, 

which may have occurred at broadly different times in 

different areas, and looks quite different in different 

places.  

 

It is therefore essential, in most cases, to deconstruct 

larger events into smaller and/or more regional events, 

and to record the spatial footprint as an integral 

description of the event.The degree to which such 

deconstruction of events occurs will depend very much 

on the nature of the phenomenon described and the aims 

of the analyst creating the data – increased fragmentation 

of recording costs time and resources.  

 

For continuously evolving phenomena, it may be possible 

to model the phenomenon as a series of snapshots with a 

spatial footprint and temporal range. However, it may 
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also be necessary to carry out much more detailed spatio-

temporal modelling to capture the dynamics of the 

phenomenon, depending on the aims of the data recording 

exercise. The issue is further complicated if the 

phenomenon is not uniform across its spatial range. 

Langren’s seminal study [9]  funded by IBM, and work in 

the 1990s by a generation of geographers interested in 

developing spatio-temporal modelling within GIS (eg. 

[10]) set the groundwork for systematic description of 

spatio-temporal events, but such models are hard to 

operationalise for historical data, where data survival is 

haphazard and non-repeatable.  

 

Historical and archaeological data therefore require the 

sort of pragmatic compromises discussed in this paper. 

While legacy spatio-temporal periods such as “Early 

Middle Palaeolithic” (with spatial extent, eg. “in Britain” 

implied by context) have served for a couple of centuries, 

they have imposed simplistic views of culture which are 

at odds with our deepening understanding of the 

processes by which the archaeological record is formed, 

of the dynamic nature of society and of our own 

subjective role in interpretation. It is therefore 

increasingly important that we decompose broad ‘events’ 

of this type into smaller, more internally homogeneous 

entities which can be individually recorded and assessed 

through visualisations which set different versions of the 

same notional event against each other. 

 

Researchers require access to more nuanced views of 

historical and archaeological events, and direct access to 

information through linked data. The author will be 

working with Karl Grossner and the TopoTime project 

over the coming year to reinforce our parallel work, and 

build shared methods. These include the generation and 

rendering of GeoJSON data directly within the Heurist 

mapping interface, and alternative timeline views, in an 

attempt to cope with higher data densities which are the 

inevitable consequence of increased deconstruction of 

events. These approaches are only a start on the 

methodological infrastructure which will be required to 

gain maximum benefit from the conjunction between 

space, time and improving software capabilities.  
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Abstract – This paper presents a way to make more
rigorous  and  explicit  the  passage  from  the
stratigraphic  relative  chronology  to  the  quantified
time.  It  uses  a  simple  computerizable  inequations
processing,   integrating  the  stratigraphic   order
relationships  and  based  on  quantified  chronological
variables  limited  by inaccuracy  intervals.  Questions
about  the  chronological  units  grouping,  the
differences  between  stratigraphic  time  and  historic
time,  and  the  processing  of  uncertainties,  are
discussed.

 I. INTRODUCTION

Archaeological  dating  techiques  have  made  great
progress for the past decades. On the field, following the
works  of  E.C.  Harris  [1],  the  stratigraphic  analysis
became  more  rigorous  with  a  precise  definition  of
discrete  units  of  time  (also  characterized  by  a  spatial
location and a functional, cultural or social interpretation)
and  a  precise  definition  of  chronological  order
relationships observed from material interfaces, allowing
to get complete relative chonologies.  On the other hand,
it is well  known that the possibilities to get  “absolute”
(more  exactly:  quantified)  indications  of  time  about
archaeological remains have been in constant progress for
the  past  sixty  years,  thanks  to  the  laboratory  dating
techniques.
However,  this  double  progress  of  relative  chronologies
analyse and dating techniques still leave a dark zone in
the chronological reasoning :  as some authors said (e.g.
[2]),  archaeological  discourses  are  widely  implicit  and
sometimes ambiguous about dating (i.  e. positioning in
the quantified time) the stratigraphic units. Actually, the
quantified time indications from laboratory techniques, as
well  as  those  provided  by  more  classical  (historical,
numismatic,  etc.)  chronometric  sources,  are  not  direct
solutions to the  problem of relative chronological units
dating; they are only parameters of this problem. 
This  paper,  derived  from  a  work  in  progress  about
formalisation  of  stratigraphic  data  processing  and  field
chronological  reasoning  [3][4][5],  presents  some
elements  specifically  devoted  to  this  transfer  of  the
stratigraphic  units  from  a  relative  to  a  quantified
chronological frame.

 II. FROM STRATIGRAPHIC SEQUENCE TO
QUANTIFIED TIME

Let us consider a basic well known Harris' example (fig.
1) that summarizes the stratigraphic analysis process. 

Fig. 1. Simplified example of stratification (from [1] p.87
fig.28). 2 (horizontal cut) and 6 (foundation trench) are

not deposits but erosion units.

On  the  field,  interfaces  are  observed,  recorded  and
identified as a set of units and order relationships. This
set  may  be  simplified  by  removing  the  “redundant”
relationships  (i.e. transitively  deductible  relationships  –
transitivity is one of the  mathematical order properties;
regarding  stratrigraphic  relationships,  it  corresponds  to
the  Harris'  so  called  “fourth  law  of  archaeological
stratigraphy”).  A  graph  (“Harris  matrix”)  displays  this
simplified partially ordered set (fig. 2).

Fig. 2. Stratigraphic graph corresponding to the fig. 1
(automatically generated by a computerized application –

le Stratifiant – mentioned  below)

Different formalized approaches and computerized tools
already exist  for  the  stratigraphic  data  processing.  The
way  we  chose  [6]  includes  an  algorithm derived  from
graph theory and its applications in operational research
(more  precisely,  derived  from  the  Critical  Path  and
graphe  MPM methods,  which  were  developed  in  the

ISBN-15: 978-88-940453-3-8 

  

361



1950s in order to design industrial production processes).
It calculates relative time distances between the units of
the considered relative chronology, and provides a graph
corresponding to a Harris Matrix. 
A second step of our approach is to adapt the quantified
frame of time used in the industrial applications of graph
theory mentioned above. This frame includes only four
main variables. Three concern each single chronological
unit : the beginning Bi of a chronological unit  i, the end
Ei and the duration  Di of this unit. A fourth variable is
necessary:  the  duration  Dij allocated  to  the  order
relationship  (if  it  exists)  between  a  unit  i and  a  unit  j
(which  may  be  zero  if  the  succession  is  immediate).
Theses variables are linked by basic equalities:

E i=B i+Di (1)
B j=E i+Dij (2)

In a sequence i < j < k , the relationship i < k , transitively
deductible,  doesn't  appear  on  the  graph  but  it  has  a
duration Dik, so that:

Dik=Dij+ Di+D jk (3)

This simple frame is necessary but not sufficient to deal
with  archaeological  data,  because  of  their  gaps.  Our
quantified time indications, with very few exceptions, do
not directly provide values to the variables. They just can
be used as limits of inaccuracy intervals including each
basic variable [5]: [at the earliest, at the latest] intervals
for the moments (beginnings and ends), [at the shortest,
at the longest] intervals for the durations (fig. 3).

Fig. 3. Stratigraphic ordered time (that archaelogists can
record and process), absolute quantified time (that
archaelogists search) and inaccuracy intervals in

quantified time (that archaelogists can know and process)

these  intervals  of  inaccuracy  with  their  limits  (Be:
beginning at the earliest,  Bl: beginning at the latest, Ee:
end at the earliest, El: end at the latest, Ds: duration at the
shortest, Dl: duration at the longest) may be written in the
form of inequalities; so that, for a unit i:

Bei≤Bi≤Bl i (4)

Eei≤Ei≤El i (5)
Dei≤Di≤Dl i (6)

and for an order relationship i < j:

Deij≤E ij≤Dl ij (7)

Then, stratigraphic order relationships, basic equalities  of
quantified  time  (1),  (2),  (3)  and quantified  inaccuracy
intervals (4), (5), (6), (7) may be integrated in a whole
system of inequations, with its unknown values (the basic
variables  of  quantified  time  for  each  unit  and
relationship)  and  its  valued  parameters  (the  limits  of
inaccuracy intervals, provided by dating indication or by
default  values  previously  defined  to  include  the  whole
period concerned). The main inequations are, for a unit i:

[ Bei , Bl i ]  solution of : 

Eei−Dl i≤Di≤Eli−Dsi

(8)

[ Eei , Eli ]  solution of : 

Bei+ Dsi≤E i≤Bl i+Dl i

(9)

[ Dsi , Dl i ]  solution of : 

Eei−Bli≤Di≤Eli−Be i

(10)

for an order relationship i < j:

[ Eei , El i ]  solution of : 

Be j−Dl ij≤E i≤Bl j−Dsij

(11)

[ Be j , Bl j]  solution of : 

Eei+ Dsij≤B j≤El i+Dl ij

(12)

[ Dsij , Dl ij ]  solution of : 

Be j−Eli≤Dij≤Bl j−Ee i

(13)

and for an order sequence i < j < k:

[Ds j , Dl j ] solution of : 

Dsik−(Dl ij+ Dl jk )≤D j≤Dlik−(Dsij+Ds jk )
  (14)

The  simple  algebraic  processing  of  this  inequations
system  results  in  the  best  possible  reduction  of  the
inaccuracy  intervals.  It  gives,  for  each  unit,  a  slot  of
“possible time”, between the beginning at the earliest Be
and the end at the latest El (fig. 4). It is important to note
that if we do not have accurate indications of beginning at
the latest and end at the earliest (such as  Bl > Ee), the
unit  position will  be  uncertain  at  each  moment  in  this
“possible time”; because at any moment, the formation of
the unit may be already finished or not yet started. The
only certainty is  negative:  the formation  of the unit  is
impossible before and after the “possible time”.
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Fig. 4. Possible formation time of a unit i (a) ; with
duration indications: possible positions of i at the earliest

(b) or at the latest (c)

In favorable cases (if  Bl < Ee i.e. the latest date for the
beginning of the unit is before the earliest  date for  the
end), a slot of “certain time” exists, in whom it is certain
that the unit was in the making (fig. 5).

Fig. 5. certain formation time for a unit i , if Bli < Eei

(a) ; with duration indications: possible positions of i at
the earliest (b) and at the latest (c)

Let us return to the Harris' example and let us suppose we
have a document – an old photography dated 1860 – that
shows the  place  without  the  wall  corresponding  to  the
units 3 to 6. It means that this wall was already destroyed
in  1860.  This  is  a  terminus  ante  quem (TAQ),  usual
notion which corresponds here to the end at the latest of
the destruction cut (unit 2). This limit (El2 = 1860) allows
to  reduce  the  possible  time  for  the  unit  2  and  the
stratigraphically previous units. 
If we suppose now that a coin minted in 1600 was found
in the  unit  3,  this  coin provides  a  terminus post  quem
(TPQ)  for  this  unit.  According to the well  known (but
sometimes  forgotten)  rule,  it  provides  not  a  direct
indication of the unit  3 position in quantified time, but
only a limit at the earliest for this position. But what limit
exactly: the beginning or the end of the unit formation ?
Here, we have to note that the usual TPQ notion is often
ambiguous  in  archaeological  reports  and  papers.
Actually, the most recent object found in a unit  i (usual
definition ot the TPQ)  corresponds to the earliest date for

its formation end (Eei), and not to its formation beginning
(because an object made after the formation beginning of
a  unit  may  be  deposited  in  this  unit,  if  the  formation
duration  is  long  enough).  Consequently,  a  single  Eei

value (with no other indications) does not allow to reduce
the  “possible  time”  ([Bei,  Eli])  for  a  unit  i. In  other
words,  contrary to  what  is  often said,  a  TPQ  does not
precise  the  position  of  the  unit  which  contains  it.
However,  it  improves  the  “possible  time”  of  the
stratigraphically later units. It results from the inequations
above that if  i < j, then Eei ≤ Bej : the beginning of the
later unit is of course later than (or equal to) the end of
the previous unit). 
To precise  the position of  the unit  3,  we need explicit
duration  indications.  Let  us  assume  that  observations
indicate  a  short  formation  duration  for  the  whole
sequence formed by the units 3, 4, 5 and 6 (for instance
because  the foundation trench  6 is  not  collapsed,  so it
must have been filled quickly): certainly less than a year.
So we have a  Dl value for  the unit  3.  With these two
known limits (Ee3 = 1600, Dl3 = 1) we get a beginning at
the earliest  (Be3 = 1600 -1 = 1599) which reduces the
“possible time” for the unit 3 (cf. inequation (8) above).
This duration estimate – necessary to get the beginning at
the  earliest  from  a  TPQ provided  by  material  finds
included in the units – is generally elided in many dating
statements,  when  a  TPQ is  used  to  give  directly  an
“absolute beginning” to the unit.
Using  the  inequations  (11)  to  (13)  to  integrate  the
stratigraphic  relationships  and  the  limit  known  for  the
other units (here, the TAQ applied to the unit 2), we get
finally a [1599, 1860] “possible time” interval for the unit
3, by the means of a simple but totally mathematical and
computerizable way. 
The result may be displayed by a graph on a quantitative
timescale  (fig.  6),  complementary  to  the  stratigraphic
graph. We added to our example a case of “certain time”
interval, assuming that the unit 1 is a contemporary floor
whose the date of construction (1980) is known with total
certainty. In this case, the two endpoints of each interval
have  the  same  value  (the  inaccuracy  interval  range  is
zero), and so there is no “possible time”, only a “certain
time” for this unit 1.
This little example is enough to show that our inequations
system  is  no  more  than  a  generalization  and  a
systematization  of  the  inaccuracy  intervals  principle,
which is already applied by archaeologists  in the form of
the  [TPQ,  TAQ]  interval.  It  also  shows  that  this
generalization  and  this  systematization  are  necessary,
because the only [TPQ, TAQ] interval is not sufficient to
make totally explicit (and so, computerizable) the basic
dating  of  stratigraphic  units;  particularly  to  take  in
account the formation durations.
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Fig. 6. Harris' example : “possible time” (in grey)
calculated onlly with TPQ-TAQ intervals (left),  and with
duration  intervals (right). In black : “certain time” of the

unit 1 whose the  formation date is accurately known.

 III. CHANGING SCALE OF TIME : SUBSET
RELATION

Grouping the smallest observed stratigraphic units is a
task that must be performed in order  to get  a synthetic
view of  the site evolution.  If the archaeologist continue
considering the same nature of  time – the stratigraphic
time of the site formation steps (and macro steps),  this
grouping may be simply formalized by a subset relation
between macro unit and included units, and can be taken
in account in our inequations system. 
From a simple first principle – the “possible time” of the
included units  is  limited  by the  “possible  time”  of  the
macro (inclusive) unit – we can deduce the basic relations
between the variables of an inclusive macro unit i and its
included units j(i): 

Bi≤B j (i) (15)
E j (i)≤Ei (16)
D j (i )≤Di (17)

From  those  basic  inequalities,  result  the  inequalities
linking the intervals limits of i and j(i) :

Bei≤Bi≤B j (i )≤Bl j (i ) (18)
Ee j (i )≤E j (i )≤E i≤Eli (19)
Ds j (i )≤D j (i )≤Di≤Dl i (20)

More  developed  inequalities  and  inequations  may  be
deduced,  integrating  the  internal  and  external  order
relationships of the inclusive macro unit. Without getting
into  details,  these  developments  are  based  on  two
principles :
- the formation duration ot the macro unit can't  be less
than  the  critical  path  (minimum  irreductible  total
duration)  of  the  partially  ordered  set  formed  by  the
included units and relationships;
-  the  macro  unit  inherits  from the  included  units  their

order relationships with the other (non included) units.
In the harris' example, it is for instance possible to group
the sequence from the unit 6 to the units 3 and 4, in a
more  synthetic  step  (of  construction).  We  previously
assumed  that  this  macro  unit  has  a  whole  duration  at
longest (1 year); it inherits its other limits from intervals
and  relationships  of  its  included  units,  so  that  the
“possible time” for this macro unit is [1599, 1860].

 IV. INFERRING HISTORIC TIME FROM
STRATIGRAPHIC TIME

Beyond  the  construction  of  the  stratigraphic
chronology,  including  dating  and  grouping,  there  is
another stage of chronological synthesis, which implies a
change of nature of the studied time. 
At this new stage, the considered time is no more only the
formation time of  the  material  remains;  it  includes the
whole “operating life” of theses remains. For instance, in
the Harris' example, it includes not only the construction
duration of a wall that the unit 2 to 6 reflect directly, but
the duration of use of this wall, as a part of inhabited or
used  structure,  until  its  destruction.  This  duration  of
remains use or “cultural life” correponds to the “systemic
context” notion developed by M. Schiffer [6], opposed to
the “archaeological context” of the buried remains wich
no more interact with an alive society. The stratigraphic
time, limited to the formation of field units, does not take
in  account  this  remains  use  time.  M.  Carver  [7]  in
particular  has  criticized  the  “Harris  matrix”  from  this
point of view. 
Indeed,  this  extension  of  the  chronological  vision  is
necessary to approach the historic time of societies.  De
facto,  from  the  stratigraphic  units  and  sequence,
archaeologists  recognize  material  historic  entities
implicitly  or  explicitly  provided  with  a  use  or  “life”
duration (e.g. “structure”, “house”, “temple”, “street”…). 
It must be noted that this passage from the stratigraphic
time to the historic time is not a simple grouping based on
subset  relations.  It  is  a  more  complex  n-n  relation
between the stratigraphic units and the historic material
entities to whom they belong. 
Indeed, these two temporalities – stratigraphic time and
“cultural  life”  time  –  cannot  be  confused.  A  material
remain  may  stay  in  “systemic  context”  longer  than
another  one  more  recently  formed.  Furthermore,  the
materiality of a stratigraphic unit may remain in use or
may  be  reused  through  several  successive  states  of  a
historic  entity  (what  is  formalized  in  particular  in  the
OH-FET urban evolution analysis model [8]). Moreover,
the stratigraphic time totally exludes cyclical phenomena:
the same unit is never formed twice, and it cannot be both
after and before another unit (or it is a logical fault). But
the “cultural  life”  time admits cyclical  phenomena:  the
same remain  or  object  may stay in  “systemic  context”
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after its formation for a first “cultural life”, then fall into
“archaeological  context”,  and  then  come  back  into
“systemic  context”  (e.g. an  excavated  and  restored
archaeological site). 
However, from our point of view, the same frame may be
used to localize in the quantified time the stratigraphic
units and the historic entities provided with a use time ;
except  that  the formation duration becomes  a “life”  or
“use” duration. 
To illustrate this, we added to the Harris' example a case
or reverse dating, from an historic entity to stratigraphic
units  (fig.  7).  We assume  that  the  unit  3,  4,  5  and  6
belong to a house (entity  B) which appears on two old
maps,  dated  1710 and 1790.  These  documents  directly
give a “certain time” for this house as historic entity, and
consequently  they  provide  endpoints  for  the  “possible
time”  of  the  stratigraphic  units  (construction  and
destruction)  related  to  this  historic  entity.  In  the  same
example, concerning the unit 1 (contemporary floor), we
can consider not only its formation duration, but its use
duration  (from  1980  to  2015,  if  we  assume  that  the
excavations started  this  year)  :  then  we consider  not  a
stratigraphic unit, but a historic material entity (entity A) 

Fig. 7. Stratigraphic time (left) and historic time (right) ;
the historically dated house B has a “certain use” time

provided by historic documentation ;  the “possible time”
of the related stratigraphic units of construction and

destruction is consequently limited.

 V. TAKING UNCERTAINTY IN ACCOUNT

As  said  above,  dating  inaccuracies  result  in
uncertainties  linked  to  the  formation  of  a  stratigraphic
units.  Likewise,  the  existence  of  a  historic  entity  is
uncertain  at  any moment  of its  “possible time”,  and is
never certain if it has no “certain time”. Finally, for each
stratigraphic  unit  or  historic  entity,  the  chronological
hypothesis are limited by its positions at the earliest and
at the latest, taking in account its “certain time” or/and
its duration indications (if it has it) (cf. fig. 4 and 5).
Adding to  inaccuracies,  doubts  may also appear  in  the
field observations, or about the documentation reliability.
In  previous  works,  we  have  developed  a  simple  way,
derived  from  modal  logic,  to  deal  with  uncertain

stratigraphic  relationships  [3][4];  it  may  be  logically
extended  to  the  quantified  frame  of  time,  so  that  an
intermediary  “estimate”  quantified  time  between  the
“possible” and the “certain” time may be obtained, if a
status distinction between “certain” and “estimate” data is
introduced into the system. A double system of intervals
(certain and estimate) is then necessary. The principle is
that  the  “estimate”  intervals,  more  accurate  but
hypothetical,   are limited by the certain endpoints.  The
advantage  is  a  more  flexible  process,  able  to  take  in
account  uncertain  observations  or  a  qualitatively
heterogeneous documentation; it is also a way to display
a chosen chronological hypothesis.

Fig. 8. “Estimate time” provided to an unit i  (between an
estimate beginning at the earliest and an estimate end at

the latest) if estimate inaccuracy intervals have been
valued besides the certain limits. 

The graph (fig. 9) shows the dating of our example if we
add this assuming : the coin dated 1600 found in the layer
3 is a primary deposit, so that even with its circulation
duration, its deposit date  is not very far from its minting
date ; probably not more than 50 years. Consequently we
can indicate an estimate end at the latest  for the unit 3
(eEl3 = 1650). The process results in an “estimate time” –
more  accurate, but less certain than the “possible time” –
applied  to the related sequence.

Fig. 9. possible time (grey) and “estimate time” (darker
grey)

 VI. COMPUTERIZED TOOLS

two  computerized  tools  currently  exist,  as  practical
applications of  the  work  presented  here  (graphs  in  the
figures 2, 6, 7, 9 are provided by these tools):
-  Le  Stratifiant [3]  is  a  stratigraphic  data  processing
application which is able to make stratrigraphic graphs, to
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detect  logical  faults  and  to  process  uncertain
relationships.  It  is  an  add-on  to  the  Microsoft  Excel
software.  It  is  used  by  several  field  archaeologists,  in
particular  in  the  Institut  National  de  Recherches
Archéologiques Préventives (INRAP);
-  Chronophage is  an  application  providing  help  to
process the inaccuracy intervals of stratigraphic units (or
historic entities). It contains formula to solve inequations
and to reduce the intervals (from known endpoints and
default  values  chosen  by  the  user);  it  detects  logical
faults, gives the possible, certain and / or estimates times
for the units, and provides quantified time graphs. It is an
add-on to the free software LibreOffice/OpenOffice Calc.
This application  is still experimental; it is intended to  be
integrated in a future le Stratifiant release.
These tools are free. They will be soon available at :
https://cours.univ-paris1.fr/course/view.php?id=1879 

 VII. CONCLUSION

This  brief  presentation  leaves  out  many aspects  that
would be interesting to develop and discuss ; for instance
the relation between the artefacts and finds dating and the
stratigraphic  units  dating.  However,  this  work,  still  in
progress,   is  an  attempt  to  explicit  basic  steps  of  the
chronological  reasonning,  upstream  to  the  advanced
chronological modellings. Indeed, these basic steps, that
are  fundamental,  remain  often  implicit  and ambiguous.
Formalizing them – as simply as possible – is a practical
issue, in order to get  computer-based aids ; it  is also a
methodological  and  epistemological  issue,  in  order  to
make  our  chronological  statements  more  rigorous  and
falsifiable. 
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Abstract – The paper describes a proposal for
modeling the temporal dimensions of archaeological
data by presenting a new tool for managing 
chronology within a GIS platform. Conventional GIS
does not always correspond to the needs and to the
objectives of archaeological studies. In particular
temporality can solely be expressed as individual fixed
states or as a series of distinct stages and 
superimposed. These limits of a timeless space involve
problems of conceptualization and representation. In
such regard I will present a new 4d tool in which 
spatial and temporal dimensions are modeled
together. In this way, the tool is able to perform
spatial-temporal analysis, and answer to topological 
questions about the position and size of documents
and about chronological sequences. In brief, the tool 
allows overcoming the limitations of fixed and
predefined periodizations.

I. INTRODUCTION

The contribution concerns the testing of a space-time
model built within a GIS platform. The work starts from a 
PhD research just ended. The research investigates the
spatial organization of the ancient societies between the
seventh and third centuries BC settled in Campania and 
Calabria. This portion of territory is the object of Greek 
colonization and the seat of well-organized indigenous 
communities [1][2][3][4][5]. My research was able to 
demonstrate the existence of different settlement systems
and to assess their functioning and evolution.

By adopting GIS software I have built a spatial base
including all sources of ancient populations.
Nevertheless, the main problem is the management of
archaeological sources that testify of activities that take
place in a portion of space, at a period and according to a
function. These three aspects, space, time and function,
are not unique. This means that the data dimensions are a
function of three non linear variables. My intention was 
to build a multi-dimensional model in which the behavior
of these characters is simulated in order to produce new
interpretations. The system goes beyond the constraints 
of traditional territorial modeling and produces an 
instrument of control of the archaeological presence, also 

useful for the protection and government of the heritage.

II. METHODOLOGICAL FRAMEWORK

The study is based on the perspective of the landscape, as 
an historical product of all the factors that have modeled
the territory.

In this research, I assume the landscape as a dynamic 
system. This notion implies that a system functions 
within a temporal dimension, and its changes are a result
of conditions of disequilibrium. The dynamic system is 
characterized by multitemporality, each part of which
following its own rhythm of development. Each stage it
reaches is the result of an undefined number of events.

The analogy between the dynamic system and the 
landscape is based on the fact that both integrate actions 
and processes which have different origins and durations.
For this reason the landscape has a dynamic character: 
even if a landscape seems to be mature and completely 
developed, there are always elements which are still 
continuously renewing. Therefore to study the structures
of landscapes, their genesis and their transformations, we
must contextualize a number of processes and follow
their time line. To understand the organization of a 
territory does not only mean to identify, describe and 
distribute the archaeological data in a space but also and
above all, to clarify their role in the system over time. It 
may not be stuck in a moment of time because it is 
constantly changing due to the contribution of human 
activities in conjunction with natural processes. This
means that the economic choices that cultural attitudes
and symbolic, individual actions generate different spatial
configurations. It is a changing space, a result of multiple
movements, each with its own rhythms and cadences.
From this point of view we can consider that the main 
factor in the creation of the landscape is the time.

The plurality of characters of composition imposes
trajectories of non-linear type. The traces in the landscape
persist, remain, die, and are integrated with each other.
The introduction of time determines a perspective, typical
of complex systems, according to which mutations occur
in a chaotic way, hardly perceivable through the
examination of individual or specific events. The analysis
of the landscape can not be reduced to a comparison of 
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individual distribution maps, fixed diagrams, almost
instant photos. The absence of temporal perspective risks 
to compress into abstract images systems of territorial
organization. A synopsis, without discretions. 
Considering time in an information system for the
recognition of organized forms of population means give
a shape to time. This modeling work has often been the
subject of discussions and studies. In particular, the
geographical research has offered a large number of data
models [6]. These can be traced to four general
categories: snapshot, time cube, base state with 
amendments and space-time composite (Fig. 1)

Conventional GIS and the four models do not always
correspond to the needs of archaeological studies. In 
particular, the temporal detail is generally alien. The
inadequacy of GIS involves at least three main aspects.
The first is related to the cartographic origins of the 
technology that operates with fixed attributes and non-
dynamic. Secondly, the inability to represent the reasons
of change between different states, since the
representations of space overlaps only in discrete terms. 
Finally, its dependence on a table structure in which each 
data item is associated with stable values that prevents
from exceeding a fixed orientation of the instrument.

Overcoming a space intended just as a support means,
first of all, to manage space-time interactions. It means 
addressing fundamental aspects of dating methods and
the connections between human activities, in a word, the
composition of each structure of the landscape.

In archeology there are some experiments that directly
address some of the issues of time. Among the most 
recent and significant, the application TGIS developed by
C. Green as an extension of ArcGIS software [7].

The program responds mainly to the following 
question: what is the probability that a document belongs
to a time interval?

In addition, the TGIS allows the formation of periods,
based on the management of some parameters of
probability and on the definition of degrees of change.
The TGIS does not work on time durations, on extensions 
in time of the activities or anthropic processes.

III. TIME IN ACTION

A. Periodizations

In my work I analyze several and different types of 
sources, introducing a general problem of managing a
multiple information base. We must use the data and 
organize with the aim of understanding ancient systems
of population. We must, above all, build a data system.

The model is built on a main entity that has the value of
connecting and unifying the various available sources: the
context [8]. The context works like a super-entity that 

manages the resources coming from tradition and leads
them to an immediate relationship with the plan of the
current investigations. It is a scope of discovery: a
bibliographic entry, an unpublished data and so on. The
model has three successive record levels. The first, the 
most general level, collects information related to the 
context of discovery. The data are synthetic and general.
The second, or intermediate, records the investigations
that have guided the creation of the data: excavation,
survey, remote sensing, and so on. In the third level, the
analytical one, we find quantified data relating to each 
entity found during the investigation. The combination of 
levels makes up the context. The information structure
allows updating without the need to re-modulate the
topography and proposes to compare and to integrate the
data collected at different times and with different
methods.

Each record corresponds to one or more types of
discovery, each of which is linked to specific information
on the composition, history and interpretation of the
source.

The chronological and spatial aspects of the data are
classified according to different levels of imperfection. I
have set up five levels of imperfection: the degree of
spatial precision, the type of spatial configuration; the
degree of accuracy of the chronology, the type of 
chronological accuracy and type of duration.

The three levels of the DB, analytical, intermediate and 
synthetic, have been translated into three levels of 
viewing. The union and overlap of styles create the 
contexts as a fusion of information of a general level,
investigations, and individual archaeological objects. 
Each spatial plan is related to tabular information. From
the point of view of temporality the data are sorted to
express duration, periods of time and dynamic 
relationships.

Fig. 1. Main geographical temporal models.
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In my work, the goal is not the mere management of 
the chronology, but the construction of time periods or
phases. Most importantly, how they constitute systems of
land use.

The procedure of construction of the phases has a dual
path: one empirical, the other statistic. The first method
involved the construction of a temporal diagram of all 
contexts. The chart, made with a spreadsheet, is two-
dimensional (Fig. 2). It orders the findings on the
horizontal axis and a time scale on the ordinate. The time
scale has a resolution of 25 years. In this way you can see
not only the extensions of the findings in time but also 
the plurality of chronologies. The levels of inaccuracy 
have been treated with the distribution of different colors. 
The whole profile was subsequently divided in the
direction of the vertical axis of y so as to form
aggregations or phases.

The second method provides for the adoption of TGIS.
The software builds the creations of the phases based on
the profile of the cumulative probabilities along the entire 
time span of the dataset (Fig. 3). The critical points are 
the choice of temporal resolution, or reference scale, and 
the solution of a degree of change around which 
aggregate data.

For the processing of the data have been used the
standard and normal distributions, namely, that kind of 
statistical distributions respectively built on a linear and
continuous model, and on the bell curve or Gaussian. I 
tested different types of scales temporal, 25, 50 and 100 
years, and different rate of change at 25, 12 and 3%.

Comparing the two profiles, the scan of the intuitive
dataset tends to enhance the minimal changes and to 
generalize uniformity. This means that multiple
aggregations estimated as distinct may contribute to the
formation of the same phase, or that between some levels
of grouping the changes are minimal. In the statistical
method, however, the adoption of a low degree of change 
almost equates the phases and the time scale, so that each 
phase corresponds to a twenty five years.

Both temporal profiles are GIS layers, by distributing 
all the data in the corresponding phases. The temporal 
range of the phases has been incorporated into the engine
of TGIS in order to process all the data with respect to the 
limits of each period. In this way, it was possible verify 
the degree of belonging of each evidence to the phases,
and the relative topological location (Fig. 4). In addition, 
every period, processed by both methods, were subjected
to analysis of trends.

B. Space-Time Modeling

Till now, the creation of two-dimensional GIS layers.
The further stage of development of the system took into 

account the development of a multi-dimensional space-
time scheme (Fig. 5). The module was built with the
intention of giving shape to various characterizations of
time, while maintaining the relationship with spatial
entities, and with the territory. It is a three dimensional
space in which the z axis is intended to accommodate the 
dimension of time. It is made by the same levels of 
information included in the GIS base. The difference is 
that each record of each layer has been developed 
according to the time line, by a process of extrusion. Each 
data receives a temporal determination single or multiple 

Fig. 2. Empirical distribution of chronological data.

Fig. 3. Tgis chronological analysis.
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depending on the number of time intervals that covers it.
For example, a sherd’s area, divided into three
chronological intervals, will be solved in as many line 
segments to specific spatial coordinates. At the same
time, each fragment which composes the area of
fragments is represented on the basis of its chronological
extension. Obtained the scene geometry, each temporal
profile receives the theme of the material class and the
degree of reliability.

The comparison between the three-dimensional
development of the area of discovery and the individual
elements shows the temporal dynamics of the 
environment and encourages the analysis of the
evolutionary reasons about the exploitation of space.

The module allows the projections of individual
periodization and the aggregations of data in
chronological phases. 

The insertion point is specified by an offset function
that controls the axis of z. In this way a phase, a period, a
twenty-five years data plan, is placed in a precise location 
of the space and in an equally precise position of the time
(Fig. 6).

This allows you to compare and analyze in more detail 
the individual values of the contexts, the individual
findings and the plans of chronological associations
drawn up empirical and statistical analysis.

The raster layers coming from the statistical processing 
of the TGIS and inherent the trend of the chronological
data was handled in the same way.

In summary, the model addresses the following
questions: how the activities or events constitute a
process of structuring of the territory? And how many 
activities remain even in an area varied? Which activities 
is the signal of a different way of interpreting the
territorial occupation? And so on.

With the same input mode the structural representations
of the territory were added and arranged at a specific time
values. These maps were distributed over the digital
terrain model in order to create a simulation of the plan
elevation. The territory is represented in its evolution as it
is placed, together with the other levels, in specific
portions of time. The development of natural framework,
valid for certain periods, is the environmental context.
The proposition is to manage simultaneously spatial, 
temporal and thematic data in a natural context, not
generalist, but characterized with particular aspects, 
contextual to the ancient period. In this way, the
functionality and the direction of the information system
determine the availability of a real space for the
construction of landscapes.

Fig. 4. Tgis topological index distribution.

Fig. 5. Multidimensional model.

Fig. 6. Phases analysis.
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The space-time model is also being tested for the
analysis of a data-set coming from an archaeological 
survey, carried out in Achaia, precisely in the valley of 
the river Krios, by the Laboratory of Archaeology "M.
Napoli” of the University of Salerno.

The experiment has considered the distribution of the
sites, as it comes out from the analysis of the survey data. 
Each site is a collection of artifacts with specific 
chronological values (Fig. 7). This leads to a tabular 
structure in which each site correspond to numerous
records of objects, classified into independent time 
ranges. In this way the data structure includes several 
datings, as many as are the various chronological 
attributions.

The system is not set to handle just the mobile material 
data; it allows modeling other types of information. In 
this case, each site is connected to additional tables that
collect and describe architectural sources, environmental
sources and so on. The chronographic model is unique for
all types of data. What is different is the time value of 
each testimony. The plurality of information can be
viewed through the composition of different logs (Fig. 8).

In the multi-dimensional module, the temporal plurality 
of sites is attached to a unitary time scale that measures 
time continuously (Fig. 9). This does not mean that the
module of space-time assume a uniform linear model of 
time. Rather, the module integrates different timescales 
and favors a diachronic analysis. At the base, there is not 
the question how the time functions, but how the
landscape functions over time and how it is possible to
examine the development and consistency of settlement

systems, starting from heterogeneous data with different 
degrees of accuracy and reliability, the result of 
circumstantial investigations.

For these purposes density maps have been developed 
(Fig. 10), weighed on the frequency values of each class 
of information. The data structure, designed to distribute 
each document in chronological intervals, allowed to 
deploy along the time axis distinct density maps. It
originates a diachronic succession that shows the
evolution of the same quantitative theme.

It’s obvious that any other spatial analysis can be
handled in the same manner. On the other hand it should 
be underlined that the continuous nature of the time scale
of reference allows us to consider sequences built on any
step.

The multidimensional composition finally allows to
realize voxel geometries from the same interpolated 
values in terms of density (Fig. 11). The volumetric 
representation facilitates not only the display of the 
numeric variable along the three dimensional axes but
can be used to calibrate the density values according to
thresholds. In this case, the quantitative data is modulated 
to exclude data with chronology too wide. In practice the 
operation of the calibration works as a filter that can 
remove outliers, dependent, probably, by imprecise 
dating of some material classes. It is obtained in this way 
a more coherent representation of the distribution of the
areas of artefacts in time. Compared to the temporal
dimension, the spatial is spread along the x and y axis,
and changes or last depending on the archaeological 
indicators. Along the time, the space is determined. The 
first moves with the second. Both are the result of
specific activities and behaviors. Both create the
landscape.

Fig. 7.Spatio-temporal logic relationship.

Fig. 8. Temporal site logs.
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Abstract – In this paper we discuss different 
applications of time information in predictive 
modelling within archaeology. Specifically, we 
concentrate on two aspects: how the time flow can be 
used in predictive modelling; and how the information 
due to different time ages can be used to combine the 
results within the various archaeological periods into 
an overall output. Our case study is represented by a 
predictive model estimating the archaeological 
potential of an urban area, and the role of time 
information within it. The intent of this paper is to 
show, by virtue of the issues handled in the case study, 
how different aspects of information due to time can 
be integrated in predictive modelling. The 
archaeological potential is intended as the likelihood 
of the presence of a more or less significant 
archaeological stratification.  
 
Keywords – predictive modeling, time information, 
urban archaeology, GIS 
 
 

 I. INTRODUCTION 
In this paper we discuss the different uses of time in 

predictive modelling, from two viewpoints:  
- how the time flow can be used in predictive modelling;  
- how the information due to different time ages can be 
used to combine the results within the various 
archaeological periods into an overall output.  
Our case study is the use of time within a predictive 
model estimating the archaeological potential of an urban 
area [1]. The intent of this paper is to show, by virtue of 
the issues handled in the case study, how different aspects 
of information due to time can be integrated in predictive 
modelling. Throughout this work, the archaeological 
potential is intended as the likelihood of the presence of a 
more or less significant archaeological stratification. It is 
computed by analysing a series of historical, 
archaeological and paleo-environmental data, with a 
degree of approximation that may vary according to the 
quantity and quality of the data provided. The 
archaeological potential of an area is independent of any 
other following intervention that is carried out, which 
must be regarded as a contingent risk factor.  
The process of defining overall urban archaeological 
potential consists in drawing up a series of predictive 
maps relative to historical periods. The general criterion 

was to reconstruct stratigraphic intervals, and integrate 
this information with both archaeological and 
geomorphological data: geological maps define 
stratigraphic units and sedimentary bodies, 
geomorphological and paleogeographical maps show 
relief forms and define the geomorphic processes 
responsible for their genesis, in addition to recent 
modifications. Generally speaking, each morphological 
unit (or morphotype) can be more or less suitable for 
settlements. Subsequently the diachronic evolution of the 
forms has been characterised. In archaeological terms, the 
following parameters have been taken in consideration 
for the predictive definition of the city throughout its 
historical periods:  
• typology of finds, inferred on the basis of the 

interpretation of the archaeological records [2]; 
• quality and quantity of the archaeographic data; 
• spatial and typological relations among the finds, 

which allow identification in probabilistic terms of 
the presence of further finds in areas that have not 
been archaeologically investigated; 

• expert judgment; 
• land use, including traces that are not strictly 

connected to constructions or settlements, such as 
agricultural and/or farming practices; 

• historical data from written sources and maps. 
 

Finally, we indentified the following overall parameters 
that best determine urban archaeological potential: 
• type of settlement, i.e. the presence of settlement 

structures and their different typology; 
• density of settlement; 
• multi-layering of deposits; 
• removable or non-removable nature of the 

archaeological deposit; 
• degree of preservation of the deposit, calculated 

according to the presence of anthropic and natural 
removals [3]. 
 

In order to manage all the heterogeneous data drawing the 
urban archaeological complexity, we realised a data 
model [4] capable of working with both topographical 
(geomorphologic, hydrographical, toponymic data, etc.) 
and urban data (archaeological stratifications, buildings, 
road network, hypotheses of historians and 
archaeologists, etc.), combining inter-site analysis and 
archaeological excavation GIS resources. 
In order to estimate the archaeological potential, we 
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based the mathematical model on PageRank, because 
there is an analogy between the criteria used for 
attributing archaeological potential and the criteria used 
for assigning importance to web pages in search engine 
algorithms. The key issue of the computation of 
archaeological potential, from an abstract viewpoint, is 
the identification of relations between finds: the presence 
of a particular find near another could strengthen or 
weaken the probability that both they will contribute to 
form a more complex structure, and so strengthen or 
weaken the archaeological potential of the area. This is 
exactly the criterion upon which ranking algorithms are 
based, whereby each web page attributes importance to 
the web pages it points to (via a link) and receives 
importance from the web pages it receives a link from. 
The reader can refer to [5] for further explanations about 
the choice of the mathematical model, and to [6] for a 
general mathematical introduction to PageRank models. 
Before having carried out the work, the archaeological 
data were categorised, having assigned each find to a 
category in order to characterize its salient features, to 
effectively implement the algorithm, and to make the 
results general enough to be applied also in different 
contexts [7]. 
 
 

 II. CHRONOLOGICAL MANAGEMENT 
Within this context, chronological data management is 

a key factor for allowing information interoperability. In 
the case study decided to use a simple system for 
managing this information, based on a chronological 
interval defined by two different number fields called 
“final chronology” and “initial chronology”, in which the 
absolute date is included. According to some, the 
heterogeneity and uncertainty of chronological data is 
particularly evident in the accurate and precise 
archaeological information entered in the GIS; 
furthermore, the uncertainty resulting from an inaccurate 
chronology leads to the need to incorporate this level of 
indecision within the data architecture itself [8]. We 
decided to date centuries starting from year 1 and ending 
in subsequent year 100; while for chronologies “before 
Christ”, the numbers will be preceded by a minus ( “-” ) 
sign. Data is recovered thanks to a query conducted on 
both numerical data in order to define an interval. 
Number scanning is accompanied by a more general 
chronology expressed in text form and listed in a 
thesaurus composed of the following entries: Prehistory, 
Palaeolithic, Upper Palaeolithic, Middle Palaeolithic, 
Lower Palaeolithic, Mesolithic, Neolithic, Early 
Neolithic, Evolved Neolithic, Late Neolithic, Eneolithic, 
Early Eneolithic,  Late Eneolithic, Bronze Age, Early 
Bronze Age, Middle Bronze Age, Late Bronze Age, Final 
Bronze Age, Iron Age, Iron Age I, Iron Age II, Etruscan 
Period, Etruscan Orientalizing Period, Etruscan Archaic 

Period, Etruscan Classical Period, Etruscan Hellenistic 
Period, Roman Period, Mid-Republican Roman Period, 
Late-Republican Roman Period, Imperial Roman Period, 
Early Imperial Roman Period, Mid Imperial Roman 
Period, Late Roman Period, Early Middle Ages, Early 
Middle Ages VII-VIII century, Early Middle Ages IX-X 
century, Late Middle Ages, Late Middle Ages XI-XIII 
century, Late Middle Ages, XIV-XV century, Modern 
Age, Modern Age XVI century, Modern Age XVII 
century, Modern Age XVIII, century, Contemporary Age, 
Contemporary Age XIX century, Contemporary Age XX 
century, Not determinable. In cases where information 
does not allow more specific details, the thesaurus 
proposes a standard division where it is always possible 
to enter a more general item (which matches the 
macroperiod definition, e.g.: Roman, Etruscan, Modern 
Age, etc.). Where possible, the sub-periods have 
chronological ranges expressed in centuries (e.g.: Modern 
Age XVII century); regarding other periods, the names 
used in different cultural sectors are reported (e.g.: 
Second Iron Age or Etruscan Hellenistic Period), 
although the specific names are used for the area of study 
(e.g.: Hellenistic Etruscan Age instead of Second Iron 
Age). The number field avoids this problem and makes 
all data immediately comparable [2]. 

 
 

 III. TIME FLOW 
Relationships between finds are established not only 

synchronically but also diachronically. While at the 
synchronic level, concerning the relations within the 
same archaeological period, the modelling is in some 
sense more immediate, at the diachronic level the 
associations are rather unclear. 

 A. Synchronic associations 
In the complex network the functional relations that 

bond human activities form, every type of find is 
inextricably connected to others, with which it has lived 
at least for a certain period of time in every single 
functional area (synchronic plane). For instance, a road, 
which is used for connection aims, is related to all the 
other structures or places it reaches. Thus it is related, for 
example, to such finds as ‘domus’, ‘funerary area’ or 
‘agricultural area’. Recognising relationships among 
items enhances their information potential; however, their 
internal relationships need to be explained. Going back to 
the example of the ‘road’, Roman connections must be 
organised in three separate functional areas: ‘road’ and 
‘domus’ in the ‘urban area’; ‘road’ and ‘necropoli’ in the 
‘suburban area’; ‘road’ and ‘agricultural area’ in the 
‘countryside’ functional area. As mentioned, these 
relationships intervene on a synchronic plane: for the 
Etruscan Age, ‘sanctuary’, for example, refers to ‘sacred 
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area’ and ‘temple’; ‘house’ refers to other ‘houses’, 
‘hearth’, ‘road’ and ‘well’. For the Roman Age, ‘trench’ 
is related to ‘agricultural land’; ‘vegetable garden’ to 
‘fencing’; ‘domus’ to other ‘domus’, ‘road’, ‘taberna’, 
‘well’, ‘fresh water system’ and ‘sewage water system’. 
Lastly, for the Late Middle Ages, ‘monastery’ refers to 
‘church’, ‘road’, ‘bell tower’, ‘burial’; ‘tower house’ 
refers to other ‘tower houses’, ‘road’, ‘shop’, ‘courtyard’ 
and ‘alley’. 

Ultimately, for each item, all other items associated 
with it were listed. The key criteria when determining 
these associations were the distance between the different 
types of finds (around 50 m) and the recurrence of these 
associations, above 75% of attestations. 

 B. Diachronic associations 
Relationships between finds are determined not only 
synchronically, but also diachronically. Between one 
period and another, we may presume that some 
settlements continue being useful for the same purpose, 
or give rise to other types of settlements. For instance, 
there is a certain degree of probability that a Roman 
‘domus’ developed on an early medieval ‘hut’ and a 
certain (more) degree of probability that an Etruscan 
‘road’ continued to maintain the same function during the 
Roman Age. 
This allows us to make assumptions also in the case 
study. As for the  diachronic associations, each type of 
find has been associated to the most probable find types 
founded at a distance less than 50 metres (in the 2-
dimensional spatial coordinates), but in the 
chronologically previous or following archaeological 
period. The probability that a type of find may influence 
the development of another one during the following 
period was expressed according to 4 degrees: 

I, corresponding to 0 – 25 % probability; 
II, corresponding to 26 – 50 % probability; 
III, corresponding to 51 – 75 % probability; 
IV, corresponding to 76 – 100 % probability. 

 
In order to show how this scale of values is applied, we 

give some examples. There is a III degree probability that 
a Roman ‘agricultural land’ develops on an Etruscan 
‘funerary area’ and a II degree probability that an 
Etruscan ‘road’ continues to maintain the same function 
during the Roman Age. Again, there is a II degree 
probability that a Roman ‘domus’ generates an early 
medieval ‘abandonment’ or ‘shed’.  
Of course, the situation is actually much more complex 
and the dynamics of transformation cannot always be 
read with the same degree of possibility in both ways. For 
instance, if we observe the dynamics of events in terms of 
a late-medieval ‘shed’, not all sheds were built on the site 
of a previous ‘domus’, but also on other structures, and 
they could have risen without any sort of conditioning: 
there is only a I degree possibility, therefore, that a late 

medieval shed derives from a Roman ‘domus’. 
 
 
 

 IV. TIME INFORMATION 
Another important issue concerns the way of weighting 

the different archaeological periods in the computation of 
an “overall” predictive model. In the case study, since 
each area, in each archaeological period, was given a 
value of archaeological potential, the question arose 
because, in order to get overall potential values, it is not 
clear whether or not the potential of each archaeological 
period would count the same. If the total archaeological 
potential of each period is set to be the same, those 
archaeological periods with less data available get higher 
values of potential, since the same quantity of 
archaeological potential is split in a smaller number of 
cells. On the other hand, if we agree on weighting 
differently the total archaeological potential given to each 
archaeological period, a problem arises on how to do it. 
Some parameters that could help the assessment of the 
different weighting of the periods, were: 

1. how much available information we have for each 
archaeological period; 

2. the range of values of archaeological potential of 
available data for each archaeological period; 

3. the range of estimated archaeological potential. 
 

As for the first point, the rationale is that of quantifying 
the available information, for each archaeological period, 
in order to decide whether periods with more information 
available should count more or less in composing the 
overall potential, and how much. As for the second and 
the third point, the goal is to get a feeling of the 
“richness” of the finds in each archaeological period, both 
in terms of available data and in terms of estimated 
archaeological potential by means of predictive 
modelling.  

The size of (square) cells was chosen to be 10 x 10 mt: 
this size was the outcome of different factors taken into 
account. On one hand, the archaeological data could be 
located with precision, but the geomorphological data 
could be given a precision no less than 10 x 10 mt, due to 
the number of elevation points available for the creation 
of each historical DEM. On the other hand, there is a 
trade-off between the size of the cells and the total 
number of cells covering the work area, so that the 
smaller is the size of the cells, the higher is the total 
number of cells covering the area. Therefore, the smaller 
is the size of the cells, the more are the cells for which the 
archaeological potential has to be estimated.  
For example, in the limit case for which we would like to 
estimate the archaeological potential of each point of the 
work area with arbitrary precision, we would have a finite 
number of input data, but we should estimate the 
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potential of an infinite number of points.  
To solve this problem we searched (numerically) the 
maximum of a function representing the difference 
between the amount of information given by the available 
data in the case that cells are considered as “pixels of an 
image”, and the area of cells divided by the total number 
of cells. The amount of information given by the 
available data is computed as the Shannon entropy of a 
binary matrix where each cell containing input data is 
given the value 1, and the other cells are given a 0 value. 
Therefore, the resulting formula was 

 

𝑚𝑚𝑚𝑙∈𝑁  𝑤[−𝑝1𝑙𝑙𝑙(𝑝1) −  𝑝0𝑙𝑙𝑙(𝑝0)] − (1 − 𝑤) �
𝑙2

𝑛
� 

 
where p1 and p0 are defined as the relative frequency of 
cells with data and with no data, respectively, in the work 
area, l is the edge of the cells, and w is a parameter to be 
adjusted. The maximization, for different values of w 
near 1/2, yield the optimal size of cells between 10 and 
14 mt. Thus we chose the size of cells to be 10 m, also for 
practical reasons: since the first tries, data were given for 
10 mt, and so no other smoothing is needed to adapt data 
for cells of other sizes. 

The problem of suitably weighting the total 
archaeological potential of the different archaeological 
periods, was also related to the testing phase of the 
predictive model. Indeed, the model has been tested on 
the basis of the data of 14 new cores [9]. The data 
resulting from the cores, depending on the nature itself of 
the method of investigation, couldn’t be included in a 
specific archaeological period, apart from some 
exceptions, which are more precisely described in [7]. 
Therefore the validation of the results provided by the 
algorithm was performed on the overall archaeological 
potential. The issue about the testing method concerns the 
way of weighting the different archaeological periods, in 
the following way: the potential of each archaeological 
period is given the sum equal to 1, for technical reasons, 
so the total archaeological potential is the same for every 
period. This means that those archaeological periods with 
less data available get higher values of potential, since the 
potential “concentrates” in a smaller number of cells and 
the sum is 1, at the same time.  

To overcome the problem, we weighted each 
archaeological period by the maximum of archaeological 
potential of available data for that period, divided by the 
maximum of estimated archaeological potential (for that 
period). In this way, the archaeological potential of each 
period had a value range going from zero to the values of 
its maximum of potential of available data. Therefore, we 
could sum the values of estimated archaeological 
potential in the same way as we sum the values of 
potential of the data available from the new cores. Note 
that in this way the contribution to the total sum of 
periods with less data is greater, since we the weighting 

had an effect on the range of each archaeological, but not 
on the “concentration” of potential in periods with few 
data. This, however, agree with our opinion that 
archaeological periods with few information available 
should be taken a bit more into account. In details, the 
test was performed as follows: 
• The overall potential of available data was computed 

by summing the potentials of available data of each 
period, with no weighting. For the overall potential 
of available data, it was basically the only choice, 
since the sum of potential of available data has to be 
comparable with the sum of potential of data from 
the new cores;  

• The overall estimated archaeological potential was 
computed with a weighted sum: the estimated 
potential of each archaeological period was divided 
for its maximum and multiplied for the maximum 
potential of available data for that period; 

• The potential of cells where the new cores took place 
was computed by adding to the potential of those 
cells the additional information given by the cores. 
Due to the uncertain dating of many of the finds, the 
cores have a minimum and a maximum value of 
potential: indeed, an uncertainly dated find across 
three archaeological periods, for example, could have 
been present in one, two, or three periods, so that the 
overall potential may vary consequently. We 
considered the mean; 

• The overall estimated archaeological potential was 
divided into five different levels, going from the 
minimum value 1 (almost no archaeological 
importance), to the maximum value 5 (very 
important stratification); 

• The overall potential from available data was divided 
into five levels, with the same threshold as the 
estimated archaeological potential; 

• The comparison was performed computing the 
difference between the level of the overall estimated 
archaeological potential and the level of the overall 
potential of the available data. 

 
In [1] the authors give a unique map of the archaeological 
potential, putting together the information coming from 
the different historical periods. This was done  combining 
the information due to time in the way we described in 
this paper. 
 
 

 V. TIME AND PLACE RELATIONSHIPS, AND 
FURTHER DEVELOPMENTS 

Further developments concerning the use of time 
information in predictive modelling, deal with the 
relationships between different periodisations in different 
places. Though this issue was not handled in the case 
study, since it involved only data from a single area (the 
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urban area of Pisa), it is very relevant when working with 
data coming from different areas, following different 
periodisations. In this respect, we state the problem as a 
conclusion of the present work, in order to indicate 
directions for further developments.  

 
Generally speaking, the properties defining an historical 
period include time intervals, space intervals, important 
events, actors. Both the spatial and temporal boundaries 
of time periods are fuzzy and a matter of tacit negotiation 
among the members of the scientific communities. It 
would be important to provide a mean to interlink and 
align different periods on the basis, for example, of their 
spatial and temporal dimensions, and, find similarities 
among periods. 
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Abstract – When trying to depict how architecture gets 
transformed over time, it is important to try and spot 
and analyse temporal relations between architectural 
changes on one hand and facts or events that may 
have triggered or at least impacted on these changes. 
In this contribution we introduce a visual metaphor 
called historySkyline aimed at aligning in time 
architectural events (any changes, including 
destruction or extension) and facts that may have 
impacted these events (in short, pieces of information 
about historical contexts). Visual metaphors are 
commonly used to uncover temporal patterns in the 
field of information visualisation (Infovis). Our 
experiment, carried out on the historic centre of the 
city of Cracow, shows that such an approach can be 
worth trying out in the context of historical sciences, 
and underlines some of the specific challenges this 
application field raises.  

 I. INTRODUCTION 

When trying to understand and recount how pieces of 
architecture get transformed as time passes by (may we 
observe one particular historic edifice or a whole urban 
structure), analysts pull together a variety of documentary 
hints helping them to spot and depict changes over time, 
and to order (if not date) those changes. The word 
“changes” means here of course morphological or 
structural modifications such as extensions or 
demolitions, addition of new architectural components or 
removal of deprecated technical solutions, replacement of 
a material by another, etc.. But it may also refer to 
successive functions devoted to a piece of architecture or 
to successive ownerships and role in the city for instance.  
At the end of the day, analysts try to end up with a sort of 
“chain of events” where periods of stability and changes 
are assessed and ordered in time, and where the actual 
physical layout of pieces of architecture is likely to be 
represented in 2D or 3D through contemporary geometric 
modelling platforms (typically, VR applications).  
But when looking at it from closer, what exactly are 
architectural changes? A random, accidental, 

phenomenon, a sort-of matter of chance?  What initiates 
them? Why do they occur? Why do they occur in one 
place at one time? In this contribution we base on the 
claim that it can be worth considering architectural 
transformations as consequences – and accordingly to try 
and cross-examine the underlying possible causes.  
More modestly and pragmatically, the research is aimed 
at relating architectural changes to potential causal factors 
by correlating information on architectural changes (in 
terms of morphology, structure and function, following a 
description framework introduced in [1]) with 
information on a global context (legal issues, natural 
phenomena, demography, wars and rulers, etc.).  
Trying to link cause and effects is obviously nothing new 
in historical sciences: the written works of many major 
authors in that field are packed with such attempts (may 
the causal chains proposed be known, assumed, or 
hypothetical). But when it comes to local facts, when it 
comes to correlating multi-granular and strongly 
heterogeneous indications, what solutions can analysts 
rely on in order to put architectural changes into a 
context? They can naturally rely on their own knowledge 
and culture and provide an educated and useful discourse. 
Our claim is that when the amount of data and 
information reaches a significant level, analysing and 
synthesising these heterogeneous inputs may benefit from 
the support of visual solutions helping to spot temporal 
co-occurrence patterns. 
We wish to correlate potentially ill-defined data sets 
(events that cannot be precisely dated for instance), and 
to handle time indicators that strongly vary in terms of 
granularity (ranging from an architectural transformations 
that lasted several years or decades to a fire, or a new 
law, that can be tagged as occurring on one specific day). 
Accordingly it should be made clear that our approach 
targets early stages of a reasoning process, before more 
formal approaches, typically based on Allen’s [2] 
methods of temporal reasoning, can be applied [3]. It 
aims at helping analysts get a better overview of potential 
temporal interactions – and as such basically aims at 
uncovering new research questions. 
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 II. METROLOGY AND THE TIME PARAMETER  

Metrology, pointed out in Wikipedia as the “the science 
of measurement”, has paved its way on top of the 
research agenda when facing the necessity to acquire and 
spatial data, with technologies like photogrammetry and 
laser scanning nowadays widespread in archaeology. But 
beyond spatial features, measuring the time parameter is 
also an issue, with well-established “absolute” methods 
like radiocarbon dating or dendrochronology to human 
cantered observation methods on for instance a 
stratigraphy. These examples in fact illustrate some of the 
models of temporal data that are summarized in [4] : 

▪ Time primitives (what results from radiocarbon 
dating – a date with a “fork” i.e. an interval) 

▪ Granularity (dendrochronology dates per year, 
i.e. single granularity) 

▪ Scale (a stratigraphy says t1 before t2, even when 
neither t1 nor t2 are dated, i.e. ordinal time). 

In other words, beyond the field of archaeology, 
measuring and modelling the time parameter is common 
in many research fields, like medicine or climate for 
instance, and contributions like [4][5] can be of great use 
in processing temporal metrology-based information. 
But when trying to pull together pieces of data 
corresponding to strongly heterogeneous acquisition 
processes, another methodological challenge is raised: 
coping with unevenly defined data sets. When talking 
about spatial data, this can occur for instance when 
handling on one hand a contemporary photogrammetric 
survey and on the other hand a human witness report 
saying “three minutes away from...”. In the same way this 
can happen when handling temporal data, with for 
instance a one year match for artefacts made from wood, 
only relative dating like contextual seriation for a piece of 
stonework, or even human  reports. This is precisely what 
happens when wanting to cross-examine a large amount 
of information on the changes over time of a large site 
like Cracow's market square, with hints ranging from 
archival material to contemporary archaeological 
findings. Our focus in this paper is put on the cost and 
constraints of reasoning on such data sets, an issue that 
we believe is a relevant one in historical sciences at large 
where gaining insight does not only depend on the 
accuracy of an instrument, but is impacted by the 
heterogeneity of the temporal data. What we therefore 
investigate is not the temporal data acquisition itself, but 
the way diversely acquired temporal data can at the end 
of the day be merged so as to spot temporal co-
occurrences. 

 III.  THE CONTRIBUTION 

We introduce a visual metaphor called historySkyline 
aimed at aligning in time architectural events (any 
transformation, including destruction or extension) and 
facts that may have impacted these events (in short, 
pieces of information about historical contexts). The 

visualisation combines a recount over time of 
architectural transformations (by type) with indications 
on the amounts of historical evidence available and with a 
variety of contextual information such as wars, natural 
disasters, reign of rulers, demography, new laws, etc.. 
The visualisation does not actually mention causality: it 
barely puts facts that occurred at the same period side by 
side. It is applied to architectural transformations on 
Cracow's Main Square (over 40 edifices at one time, 3 
left today – 371 architectural transformations recorded, 
538 bibliographic sources, 478 pieces of information 
about various elements of contextualisation). It builds on 
an infovis-birthed mantra: using vision to think [6], with 
here a specific bottleneck – highly heterogeneous data 
sets. The contribution introduces the methodological and 
technological choices behind the historySkyline visual 
metaphor, and discusses its practical benefits and 
limitations in terms of information discovery on the 
abovementioned test field.  

 

 IV. VISUAL METAPHORS 

The notion of visual metaphor stems from the Infovis 
and visual analytics communities. The information is 
displayed using a real-world equivalent, like for instance 
the image of a tree with branches to convey an 
information about a genealogy, a long time used 
metaphor as shown in [7]. Visual metaphors are, as 
mentioned in [8], one of the three fundamental units of 
visual representation in Infovis, along with  formalisms (a 
pie chart for instance) and models (when the information 
itself is based on a real-world equivalent like in the 
“Brockhaus Planetarium” space Atlas [8]). Most often the 

 
Fig. 1. A zoom on the historySkyline visual metaphor. 
The building activity on the Market Square in Cracow 

(blue vertical bars, year per year) is correlated with the 
Czech occupation (symbol composed of a red arc and 

two dots showing the time interval) 
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design of a visualisation implies combining these units – 
and the historySkyline visualisation does include both a 
main metaphor – the image of an urban skyline, and its 
reflection in the water, and visual formalisms – 
diagrammatic shapes in the bottom part. 
Visual metaphors are commonly used in the above 
mentioned communities in the handling of the time 
parameter. A great number of historic examples for 
genealogies (tree, chain, hand, etc.) or time charts (ladder, 
river, temple, game of snakes and ladders, etc.) are 
illustrated in [7] and [9] (conf. Fig. 2).  

 

Contemporary, computer-born, 2D or 3D examples are 
also quite numerous such as Infosphere [11], Datavases 
[12], TimeWheel or Perspective walls, [4] etc.. 

 

A key aspect in the design of any temporal data visual 
metaphor is to understand the model of time 
corresponding to the underlying data. For instance, a tree 
metaphor for genealogies uses an “ordinal time” scale, as 
defined by [4], i.e. t1 appears before t2 whether or not t1 
and t2 are actually dated. By contrast, time charts use a 
“discrete time” scale where time is mapped to a 
continuous series of Integers (typically, a year, a day, 
etc.), implying that each piece of data is dated. Similarly 
choices are made in terms of granularity: a smallest unit 
(called chronon) needs to be fixed, for instance a day in 
classic calendars. The choices we have made are 

discussed in the next section with regards to the data we 
handle. 

 V. THE DATA  

The baseline objective of the historySkyline visual 
metaphor is to allow the spotting of temporal co-
occurrences between architectural changes and broadly 
speaking a context. In the list below we show the various 
types of data that we pulled together, and for each of 
them the main corresponding models. 

 
1. architectural changes (in terms of morphology, 
structure, function or ownership),  

> time intervals, in years 

2. certainty of dating for morphological changes (a 3 
values scale) indicating to which extent the left and right 
bounds of the above interval are trustworthy indications, 

> time point, a year 

3. period of reign of rulers, 
> time intervals, in years and days 

4. amount of sources used to document the changes (grey 
reflection of the skyline)  

> time intervals, in years 

5. military events (siege, occupation, assault, invasion, 
etc.), 

> time points or time intervals, from days to years 

6. natural disasters (floods, fires, epidemic, gale, famine, 
etc.) – unevenly dated in sources beyond their intrinsic 
heterogeneity, 

> time intervals, from days to years 

7. legal matters (decrees, limitations, privileges, etc.) with 
in sources an accuracy of dating ranging from a day to a 
year, 

> time point, a year  

8. global military context in the country (significant 
battles, sieges, etc.), 

> time intervals, from days to years  

9. population in Kraków, 
> time point, a year  

 
The variety of the models themselves, but above all the 
variety in terms of precision of the data we handle made 
it clear that the most reasonable choice to adopt was to 
stick to a discrete time model, with a one year chronon. 
Limits of this choice are discussed in the conclusion 
section. The choice of a discrete time model with a one 
year chronon does not impact the way we store the data 
itself: it impacts the way the results of queries on these 
databases are exploited: each piece of data has to be 
“translated” to match the model.  

 VI. FROM THE DATA TO THE VISUALISATION 

The visualisation is calculated in real time, not drawn 
once for all (infrastructure RDBMS/Perl/SVG). It uses 

Fig. 3. The Infosphere visual metaphor uses the image of 
a globe, with parallels and meridians used to sort pieces 

of information, and rings that correspond to periods. 

 
Fig 2. Emma Willard's 1846 “ Temple of Time” : a 

three-dimensional projection of historical 
chronography [10]  
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inputs from various databases collected over the years, 
from architectural information to elements of general 
historic context. The visualisation is computed in 
response to a user selection of buildings: it can be used to 
analyse changes one building alone (Fig 4) or on any user 
selection of buildings (Fig 5, the whole Market Square).  

 

In the examples below we show its application to the 
collection of artefacts that furbished Cracow’s Market 
Square: in other words what is shown is the global 
activity over time on this area. The design of the 
visualisation uses the metaphor of an urban skyline, with 
the horizon line acting as a timeline (Fig 5a). Time goes 
from left to right, one pixel represents one year.  

 

Above the horizon line vertical bars show the building 
activity (Fig 5b), i.e. architectural changes, using three 
colours: blue for morphological transformations, and in 
the foreground, superimposed with transparency, red for 
structural changes and black for destructive changes (Fig 
6a,b,c). The width of a bar corresponds to a time interval, 
and certainty of dating of the left and right bounds are 
figured using a “street lamp-like” shapes (Fig 6d).The 
grey reflection of the skyline below the horizon line (Fig 
5c) shows the amount and type of sources that document 
the building activity (Fig 6e). This can help for instance 
to contradict the common sense assertion that would say 
“ the more changes the more sources” (Fig 6f). Shades of 
grey are used to differentiate types of sources: light grey 
correspond to the total number of sources, while dark 
grey underlines the proportion of visual material.  

 

A time scale is shown on the horizon line, graduated 
every 10 years. Above it the periods of reign of rulers are 
represented by small rectangles.  
The underlying information is available (and highlighted 
in the graphics) interactively, as shown in Fig 7.  

 

Above the horizon line other elements of context are also 
shown, and represented as squares (one year) or 
rectangles (several years): natural disasters, legal matters, 
global military context in the country. They can be 
highlighted interactively one by one (Fig 8), or 
highlighted type by type – for instance in order to observe 
the co-occurrence of famine and epidemics.  

 
Fig. 5. General structure of the visualisation. Height of 
bars show the amount of transformations, year per year 

(graduation on the y-axis) 

 
Fig. 7. The reign of king Venceslas II co-occurs with a 

high building activity. 

 
Fig. 6. A detailed view centred on the turn of the 19th 

century. Note the relative lengths of reflections of f bars. 
The amount of transformations in both cases is the same, 
but the building activity of the left bar (black, destructive 
transformation) is far more documented than the building 
activity of the right bar. The a bar shows a higher number 
of transformations, yet the amount of sources is inferior. 

 Fig. 4. HistorySkyline calculated for one edifice alone, 
the “Grand Scales”.  
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Under the horizon line, superimposed over the grey 
reflections, rows of diagrammatic figures run in parallel, 
corresponding to various types of military events that 
impacted the city: sieges, occupations, invasions, etc..  

 

Those that lasted several years are represented by an arc 
that joins two dots (Fig 9b). Each colour corresponds to a 
given “foreign actor” - red for Czechs for instance (Fig 
1), and purple for Austrians (Fig 9). The interactive 
highlighting of one these symbols opens coloured lines 
that can help users spot potentially significant co-
occurrence patterns (conf. Fig1). Finally, the “population 
size” information is shown in the upper part of the 
visualisation, represented as a “flock of birds” in the sky 
(Fig 10). The idea is simple: the lower the bird the bigger 
the population. What the visualisation helps to spot is not 

really numbers, but contradictions in numbers (Fig 10a).   

 

 VII.  EXAMPLES OF USE 

At this stage the historySkyline visualisation is basically a  
proof-of-concept prototype, experimented on a specific 
case study. It would definitely require a thorough 
evaluation effort before stating whether the approach can 
be generalised. It has however been tested in the context 
of workgroup discussions in order to evaluate to which 
extent the visualisation can support information discovery 
(e.g. identifying unexpected temporal co-occurrence 
patterns). As an illustration, three interesting patterns 
spotted during these workgroup discussions are presented 
below, along with the open questions they helped raise. 
 

 
 

 

Fig. 12. A major fire occurs in 1850, and spreads to 
several quarters of the city. Although it did not directly 

impact the major structures of the Market Square’s heart, 
it is followed by a period of destructions (black vertical 
bars): An economic issue? An opportunity seized by the 

recent occupying power to refurbish the city centre? 

Fig. 11. The atypical temporal pattern of St Adalbert 
Church: short time intervals of transformations (blue –

morphological, red-functional), significant inaction 
periods (a), highest amount of sources for the oldest 

transformations. An uncomplete documentation? 

Fig. 10. The population size symbolic representation.  

Fig. 9. Symbols used to position major military events 
in time – in this example the 1836-1841 Austrian 

occupation is highlighted. Purple lines are displayed up 
to above the horizon line so as to read potential co-
occurrences with the information displayed there.     

 
Fig. 8. Highlighting of events of type “disaster”: Six 
years of combined epidemic and famine during the 

1312-1315 time interval.  

  

382



 
These three examples underline what are probably the 
most beneficial results of the approach: highlighting, 
pointing out unaddressed research questions, needing 
further investigation, as well as corroborating 
assumptions and intuitions.  

 VIII.  CONCLUSION 

The historySkyline visual metaphor has been designed 
as a tool helping analysts to cross-examine strongly 
heterogeneous temporal indications, allowing a bridging 
of the “quality gap” between metrology-based temporal 
data, and various historical hints. Temporal relations 
between facts and events can be observed, in order to spot 
temporal co-occurrences laid before the eye of the analyst 
as question marks. 
To conclude, a number of limitations must be pinpointed. 
In terms of technology, such a visualisation requires a 
high level of interaction so as to allow users to dig deeply 
into the data displayed (selective zooming, multiple 
selections, etc.). Moreover, a key limit in terms of method 
is the time model we have adopted – discrete time, with a 
one year chronon. Such a choice implies for instance that 
we cannot visually discriminate an event that occurred in 
spring from an event that occurred in autumn. It also 
implies transferring qualitative temporal information such 
as “beginning of the 14th century” into quantified 
intervals. Finally, the uncertainty of dating, visualised 
through specific symbols, results in potentially deceptive 
time intervals, and thereby in possibly misleading 
temporal co-occurrence patterns. For all these reasons the 
historySkyline metaphor should be considered as a first 
step, needing further investigation.  
Among the main perspectives ahead is the idea of testing 

the ordinal time model. Ultimately, and because the 
objective is to support analysts in their reasoning tasks, 
we consider a key aspect in the development of such a 
visualisation is to allow a user monitoring of the 
interpretative steps – for instance giving each user the 
possibility to test alternative interpretations of uncertain 
dating. On the overall the approach appears promising, 
yet underlines to which extent merging heterogeneous 
temporal data sets remains a challenging issue. 
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Fig. 13. historySkyline for the Town Hall ensemble (5 
edifices), symbol of power in the city. Visible here is a 

“seizure of power” pattern (a,b,c,d) - numerous 
functional transformations on the arrival /leave of the 
occupying force. An exception is highlighted (c) three 

different occupying powers at the same time. The 
visualisation corroborates an intuitive assumption that in 

such a case a status-quo situation may prevent actors 
from intervening on a symbolic edifice. 

  

383



1st International Conference on 
Metrology for Archaeology 
Benevento, Italy, October 22-23, 2015 
	  

An EIS solution for the in situ characterisation        
of metallic heritage artefacts 

 
Sabrina Grassini1, Emma Angelini1, Simone Corbellini2, Marco Parvis2, Fabrizio Zucchi3 

 
1Dipartimento di Scienza Applicata e Tecnologia, Politecnico di Torino, Italy 

2Dipartimento di Elettronica e Telecomunicazioni, Politecnico di Torino, Italy 
3Centro di Studi sulla Corrosione e Metallurgia “Aldo Daccò”, TekneHub, Università di Ferrara, Italy 

	  

Abstract - Electrochemical impedance spectroscopy 
(EIS) is a powerful technique for corrosion inspection 
and monitoring of metallic artefacts. Thanks to its 
sensitivity and to the small perturbation provided to 
the corroding system, EIS can be considered a useful 
non-destructive testing method to obtain valuable 
information on the conservation state of metallic 
works of art, without causing any or even local 
damages to them. This paper describes a portable, 
low-cost and user-friendly solution for EIS in situ 
measurements, which may be proposed as a suitable 
tool for conservators and art historians for the 
assessment of the artefacts stability and for the 
development of long-lasting tailored conservation 
strategies. 

 I. INTRODUCTION 
Electrochemical impedance spectroscopy (EIS) has been 
successfully employed for corrosion inspection and 
monitoring for more than thirty years.  
EIS is generally used to investigate the protecting 
properties of organic coatings, to study the corrosion 
mechanisms occurring on metallic surfaces and to 
measure the corrosion rates, with the main advantage of 
stimulating the sample with very small alternating 
voltage, usually in the range of 5 to 50 mV.   
EIS can be, therefore, considered a non-destructive 
testing method to obtain reliable information about the 
conservation state of metallic works of art and can help 
restorers and conservators in developing tailored 
conservation strategies.  
In this contest, the possibility of performing in situ 
measurements, which allow characterizing an artefact in 
its environment and establishing long-lasting monitoring 
campaigns to assess its stability as a function of the 
exposure time, should be a real challenge [1]. 
This paper describes a complete and simple EIS solution, 
composed by a small portable instrument and some 
polymeric measuring probes specifically designed and 
developed for non-invasive in situ measurements.  
The proposed solution has been already employed for 
some measuring campaigns in Italy and France, proving 
to be a suitable approach for assessing the conservation 
state of metallic artefacts and highlighting the presence of 
dangerous situations and the need of restoration [2, 3, 4]. 

 
Fig. 1 – Conventional three electrodes electrochemical 
cell usually employed for EIS measurements; the scheme 
shows the counter electrode (C), the reference electrode 
(R) and the metallic surface, which acts as the working 
electrode (W). 

 II. EIS THEORY 
Electrochemical Impedance spectroscopy consists in the 
measurement of amplitude and phase of surface 
impedance at different frequencies. The frequency is 
usually varied in the range 0.01 Hz - 100 kHz, while the 
impedance values, expected in the range of few ohms to 
few gigaohms, are correlated to the insulating and 
protective properties of the surface layer.  
EIS measurements are usually performed in laboratory 
employing a convectional electrochemical cell, with a 
three electrodes configuration, as the one shown in Fig. 1. 
The cell consists of three electrodes: the counter electrode 
(C), the reference electrode (R) and the working electrode 
(W), which is the object whose surface impedance has to 
be tested, and it is usually considered part of the cell. In 
the presence of the electrolytic solution, an 
electrochemical potential difference between the R and W 
electrodes, occurs. This electrochemical potential, the so-
called open circuit potential (EOCP), has to be 
continuously monitored in order to follow its drifts over 
time and collecting further information on the 
degradation mechanism affecting the sample under 
investigation.  
The EIS instruments applies a few millivolts alternate 
voltage around the EOCP value in order to avoid any DC 
current flowing through the surface and performing the 
measurement without affecting the corrosion behaviour 
of the metallic substrate.  
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Fig. 2 – Example of an equivalent circuit model able to 
describe the electrochemical reactions occurring at the 
coated metal/ electrolyte interface. This equivalent circuit 
model can be employed for fitting the EIS spectra 
collected on iron artefacts coated with thin corrosion 
product layers. 
 
The measured impedance spectra can be represented 
either as Nyquist or Bode plots, which are used to analyse 
the collected data in order to determine the simple 
electrical components, such as resistors, capacitors, and 
inductors, of an equivalent circuit model (Fig. 2) that 
represents the coated metal/solution interface.  
The relative changes in the values of the electrical 
components over the exposure time to the electrolytic 
solution, allows one collecting information on the 
corrosion phenomena occurring on the metallic surface 
and on the long-lasting stability of the corrosion products 
layer.  

 III. EIS PORTABLE SYSTEM 
Some portable EIS devices for in situ measurements are 
already commercially available and discussed in the 
literature [5, 6]. However, these systems are generally 
quite big and expensive because they need to be equipped 
with complex input front-ends in order to be able to 
measure a wide impedance range. 
The proposed solution for in situ investigations is based 
on an architecture, which takes advantage of the inherent 
compressing capability of devices based on logarithmic 
amplifiers.  
The block diagram of the developed EIS portable system, 
which has been designed to take advantage of the 
processing and hardware capabilities of the low cost 
Arduino Due boards, is shown in Fig. 3.  
The system employs the 32 bit microcontroller of the 
Arduino Due board to arrange both a signal generation 
section and a data acquisition section capable of working 
in the range of 0.01 Hz to 100 kHz.  
The microcontroller in fact is equipped with an 8 channel 
Analog to Digital converter and two Digital to Analog 
Converters, which can work with a sampling frequency of 
up to 1 MHz. The converters are paced by the same clock 
in order to allow one arranging a synchronous generation 
and acquisition system, which can work satisfactorily up 
to a frequency of 125 kHz.   

 
Fig. 3 - Block diagram of the instrument based on an 
Arduino Due and on a logarithmic amplifier. 
 
For measuring the impedance is enough to sample the 
voltage applied to the cell and the current, which flows 
though it. The samples are, then, processed by means of 
the conventional 3-parameter sine-fit, since the frequency 
is already known thanks to the synchronous operation. 
Arduino Due works with a power supply of 3.3 V, so 
both input and output values have to be confined in the 
range of 0 V to 3.3 V. The current is measured by means 
of an Analog Devices transimpedance AD8304 
logarithmic amplifier, which is designed to handle only 
positive currents in the range of +100 pA to +10 mA. 
However, if the circuit, which generate the AC stimulus, 
works correctly i.e. with a DC value around the EOCP, the 
input current has an average value equal to zero, so that a 
circuit to bias the amplifier input is required.  
Since the input impedance can change in the range of few 
ohms to several gigahoms, by using a stimulus of 10 mV, 
currents in the range of 10 pA to 10 µA are expected. 
This bias required to manage this wide current range 
cannot be obtained by using a linear circuit based on the 
Arduino DAC. 
Therefore, another solution based on the logarithmic 
voltage-to-current characteristic of a diode has been 
developed, as shown in fig. 3. The voltage/current diode 
characteristic is strongly influenced by the temperature; 
therefore, the program, which runs on the Arduino 
controller, adjusts the current by using a closed loop with 
a feedback from the measured current. The injected bias 
value must be removed from the sampled values to 
process them with the sine-fit; luckily, as explained in [3] 
the same sine-fit algorithm can be used for this operation 
by minimizing a second order harmonic, which vanishes 
when the bias is correctly removed. One should note that 
the best results can be obtained by using the minimum 
current bias, which is required to keep the current 
positive. In this case the advantage connected to the use 
of the logarithmic is maximum as it can be seen in Fig. 4-
A and allows estimating the current amplitude values in a 
broad range, by using a 12 bit converter such as the one 
present inside the Arduino microcontroller. Fig. 4-B 
shows, as an example, the impedance spectra obtained on 
an RCR circuit, which has values in the range of 100 kΩ 
e 100 MΩ. 
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Fig. 4 - A) Example of samples recorded at ADC input 
and computed current values corresponding to peak 
values of about 40 µA and 400 nA; B) spectra obtained 
measuring an RCR network with amplitudes in the range 
of 100 kΩ to 100 MΩ. The dots are the measured values, 
while the lines represent the expected impedance values. 
 

 
Fig. 5 – Prototype of the developed EIS system. 
 
Thanks to the use of the logarithmic amplifier, the 
instrument is eventually capable of measuring impedance 
values in the range of 1 kΩ to 5 GΩ with measuring 
uncertainties lower than 5% and with a phase uncertainty 
less than 3°, still avoiding the use of a variable gain input 
front-end, which would require a complex 
characterization and the use of high-quality costly 
components [7, 8]. 

 
Fig. 6 – Images of two types of two-electrodes probes for 
non-invasive in situ measurements on horizontal (left) 
and vertical (right) surfaces. 
 

 
Fig. 7 – A two-electrodes probe prototype developed for 
the EIS in situ measuring campaign on a Corten artefact 
exposed outdoor in Ferrara (June 2015). 
 
This way the entire front-end can lay on a simple printed 
circuit whose dimension are suitable to be mounted 
piggyback on the Arduino board. Fig. 5 shows the 
developed prototype based on the described setup: the 
entire circuit requires less than 100 mA and can be 
powered directly from an USB port allowing one to 
perform measurements in the absence of electric power 
supply. 
 

 IV. PROBES FOR EIS IN SITU MEASUREMENT 
EIS measurements on historical artefacts require 
specifically designed electrochemical cells in order to 
measure the impedance without damaging the metallic 
surface. Fig. 6 shows two types of measuring probes 
specifically designed for measurements both on 
horizontal and vertical surfaces. The probes, made of 
acrylonitrile butadiene styrene (ABS), have an external 
diameter of about 30 mm and a measuring area of 8 mm 
in diameter. They can be filled up with mineral water or 
low aggressive electrolyte solutions and stick on the 
metallic surface by means of an easily removable 
adhesive tape. Each probe is equipped with a platinum 
(Pt) wire, which acts as reference/counter electrode, while 
the artefact is the working electrode.  
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Fig. 8 - Result of the finite element computation for the 
current field inside the two-electrodes probe. 
 
An example of prototype of the measuring probe 
employed during an in situ EIS measuring campaign is 
shown in fig. 7. 
Usually, as already mentioned, EIS measurements are 
performed by employing a three-electrodes 
electrochemical cell, a configuration that reduces the 
counter-to-solution resistance effect on the measured 
impedance value.  
The two-electrode proposed approach has been 
optimized, taking also into account the resistance 
correlated to the low conductivity of the electrolytic 
solution, in order to correct the measurements. With a 
two-electrodes probe it is not possible to measure the 
solution resistance, which has therefore to be estimated 
on the basis of the electrode/probe geometry and of the 
electrolyte chemical composition.  
The evaluation of the solution resistance has been 
performed using a finite element model to compute the 
current field inside the probe.   
Fig. 8 shows that the current field is reasonably uniformly 
distributed, so that the final resistance is only 65% larger 
than in the case of a uniform current field. The absolute 
value of the resistance depends on the solution 
conductivity. These values can be of some tens of ohms 
up to some kiloohms for 0.1M and 0.001 M solutions of 
sodium sulphate (Na2SO4), respectively. Commercially 
available mineral waters have conductivities of 1 to 2 
mS/cm, which correspond to a resistance of few hundreds 
of ohms. 

 V. MEASURING APPROACH VALIDATION 
The measuring approach has been validated on some iron 
clamps used as reinforcement of the upper part of the 
Cathedral of Saint-Étienne de Metz (France).  
The clamps, dating back to the early Middle Ages, were 
inserted in the mortar, which protected them from 
atmospheric corrosion.  
Consequently, only a thin corrosion product layer is 
present onto the surface, and therefore low impedance 
values are expected to be measured on the clamp surface. 
These samples are, therefore, a good case study for 
validating the proposed measuring procedure and, in 
particular, for highlighting the effect of the solution 
resistance on the measured impedance. 

 

 
Fig. 10 - EIS spectra collected with Na2SO4 solutions of 
different concentrations on the same area of an iron 
clamp; A: raw data; B: corrected data. 
 
Fig. 10 shows the impedance spectra collected by 
employing sodium sulphate (Na2SO4) solutions, with 
different concentrations (0.1M, 0.01M and 0.001M, 
respectively). Fig. 4-A shows the raw data where the 
effect of the solution conductivity is clearly evident; Fig. 
4-B shows the impedance spectra corrected by taking into 
account the value of the solution resistance.   
It is easy to observe that the measurements obtained with 
concentrations of 0.1M and 0.01M are now superposed 
within the expected measurement variability. On the 
contrary, the curve obtained with the 0.001M solution, 
even after the correction, remains different from the 
others.  
A possible explanation, still to be deeply investigated, is 
that the extremely diluted solution turns out in a low 
mobility of the ions through the corrosion products layer, 
which resulted in an increased resistance. 

 VI. CONCLUSIONS 
The proposed EIS approach is an effective solution for in 
situ assessment of the corrosion behaviour of metallic 
artefacts.  
The low cost, less than 150$, enables a massive use of the 
proposed devices, thus opening the possibility of an 
effective mapping of the conservation state of large 
works of art and permits to carry out long lasting 
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monitoring campaigns, assessing the artefact degradation, 
thus enabling a responsible and effective metallic heritage 
maintenance. 
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Abstract -Laser cleaning, as a conservation technique, 
is a selective, precise and minimal intrusive method of 
removing corrosion product layers. Nevertheless, in 
order to optimise this method as a standard 
conservation technique, it is still necessary to define 
different laser cleaning methodologies. In this study, 
laser cleaning was performed with near-IR lasers on 
artificially aged copper specimens and on two copper 
coins coming from Bubastis (Egypt) in order to 
remove the patinas in a totally non invasive way. 
Different irradiance and different number of passes 
were utilised and compared. The treated surface is 
characterised by optical and scanning electron 
microscopy, X-ray diffraction and X-ray 
photoelectron spectroscopy.  Results show that near-
IR laser has successfully removed corrosion products 
from the surface. An alteration of the metallic surface 
is observed only after treatments performed with 
higher irradiance values or with numerous passes. 

 I. INTRODUCTION 
Ancient metallic artefacts can exhibit a variety of 
complex corrosion product layers depending on the 
environment in which they were exposed for long time. 
Consequently, preservation of cultural heritage metals is 
an on-going challenge in conservation science, which 
requires reliable measurements and data interpretations in 
order to optimise tailored non-invasive, reversible and 
long-lasting cleaning and protecting methodologies. 
Corrosion product layers formed on Cu-based ancient 
artefacts are usually characterised by a complex chemical 
composition and microstructure. In addition, due to 
unique character of the objects, trials and errors attempts 
in cleaning procedures are limited.  
Laser cleaning of cultural heritage artefacts has been 
utilised as a conservation technique in several occasions 
[1, 2]. The evolution of laser systems increases the control 
and reproducibility of the process and opens new 
possibilities for applying laser cleaning in conservation. 
Nevertheless, it is still necessary to increase the 
understanding of how the different laser parameters affect 

the final laser-material interaction and to study different 
laser cleaning treatments in order to optimise the 
methodology and assess its real feasibility as a standard 
conservation procedure for metallic works of art, able to 
meet all the conservation requirements highlighted by 
archaeologists and museum curators. 
In the last two decades a vast number of studies regarding 
the application of laser in conservation and restoration 
have been published.  
Interaction between laser and materials were studied by 
analysing and reporting the outcomes of per spot 
cleaning, while the efficiency of laser cleaning of cultural 
objects were done with lasers coupled with articulated 
arms or moved by hand.	   The advantage of spatial 
manoeuvrability can also be a disadvantage, since the 
exact irradiation point is unknown and the beam cannot 
be manipulated automatically [3]. 
When the ablation threshold of the corrosion layers is 
lower than that of substrate, the laser cleaning is a self–
limiting process. It is possible to eliminate the corrosion 
layer without affecting the substrate.  
However, this is not applicable to all materials. When 
ablation threshold of corrosion layer is higher than the 
one of the substrate, laser-cleaning conditions should be 
selected avoiding that the surface is overcleaned and 
damaged by radiation [4]. In these cases, the laser 
cleaning process allows a removal of the contaminated 
surface layer by layer. Another advantage of laser 
scanning systems is the high precision that allows uniform 
cleaning regardless of corrosion’s morphology. 
Laser technologies are evolving very fast and in this 
context it is important to explore if these developments 
may overcome the problems that limit the application of 
laser cleaning in conservation and restoration.	  	  
One of the evolutions is the possibility of using 
galvanometric mirrors and scanning the surface with the 
laser beam with very fast scanning speeds and in a very 
reproducible way.  
This is the type of commercial laser system tested in this 
study. It allows both experimental (monitored and 
reproducible) and applicable cleaning. 
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Fig. 1 – Bronze coins excavated in the archaeological  

site of Bubastis in Egypt. 
 
To be able to differentiate the cleaning approach used in 
this study from the ones mentioned before, the term 
dynamic laser cleaning will be used. In this work 
dynamic laser cleaning will be referred to, where laser 
cleaning is performed via high speed, precise laser 
scanning controlled through vector graphic editor. 
In addition to the usual laser parameters (power, 
irradiance, wavelength, pulse width, ...) dynamic laser 
cleaning requires to control different geometrical 
parameters in order to adjust pulses overlap. These 
include spot size, interlining, scanning speed and 
repetition rate. Spot size, repetition rate and scanning 
speed define overlap in X-axis, while Y-axis is 
determined by interlining, which is related to the spot 
size. The adjustment of the geometric parameters allows 
high precision and control of the cleaning treatment by 
avoiding over irradiation and thermal incubation. 
In this study, different laser cleaning experiments were 
performed primarily on some artificially aged and 
corrosion inhibitor treated copper specimens and then on 
two bronze coins, coming from the archaeological site of 
Bubastis in Egypt (Fig. 1), with the final aim of removing 
dangerous compounds and preserving the original surface 
from the chemical and aesthetical point of view. Special 
attention has been focused towards detection of chloride 
based corrosion products, because deterioration of copper 
based objects can be most drastically observed in 
presence of active chloride ions. 

 II. EXPERIMENTAL 
Before applying laser cleaning in the coins from Bubastis, 
a set of reference specimens of pure copper (99,96 wt%), 
coated with patinas with similar chemical composition 
and microstructure to those present on real artefacts, have 
been produced to study the effect of different laser 
cleaning conditions. The reference specimens simulate 
both  just  excavated artefacts,  as well  as objects  already 
restored and exhibited in museums. 

	  
Fig. 2 –Aspect of the samples B and C after                

laser cleaning. 
 
Following the procedures described in [5], specimens 
were buried in silica sand with the addition of sodium 
chloride in the average amount of Egyptian sands (about 4 
wt%) and then artificially aged in a climatic chamber for 
three months with a thermal cycle simulating a desert-like 
environment. After ageing, sample A was immersed in 
0.5 % sodium sesquicarbonate (Na2CO3 NaHCO3 2H2O). 
Sample C was directly immersed in a 0.01M aqueous 
solution of 5-amino-2-mercapto-1,3,4-thriazole (AMT) at 
60°C for 1 h. On these aged samples, the presence of 
cuprite and copper based chloride compounds were 
detected by XRD. 
These artificially aged samples and the coins were 
cleaned using a Q-Switched Yb:YAG pulsed fiber laser 
(model EasyMark-20 by Jeanologia) operating in 1064 
nm of wavelength. Pulses generated may be varied in a 
range of different nanosecond durations. Laser’s 
maximum output-power is 20 W and it can achieve a high 
repetition rate up to 200 kHz. Pulses are delivered with 
two-dimensional scanning mirrors and were focused with 
convex lenses with focus lengths of 160 mm and 300 mm 
yielding to spot diameters in the focal point of 30 and    
50 µm respectively. The intensity of laser beam has a 
Gaussian distribution. 
After laser cleaning, treated surface morphology was 
evaluated by optical digital microscopy and field emission 
scanning electron microscopy equipped with an energy 
dispersive spectrometer (FESEM-EDS), while chemical 
and microstructural analyses were performed by X-ray 
diffraction (XRD) and X-ray photoelectron spectroscopy 
(XPS). 

 III. DYNAMIC LASER CLEANING ON ARTIFICALLY 
AGED SAMPLES 

Initially, experiments were performed to determine 
irradiance values that minimize damage in the copper 
substrates. It was established that irradiance values lower 
than 225 MW/cm2 are required.  
Values between 200 and 300 MW/cm2 have been selected 
in this work. 
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Fig. 3– FESEM images of sample A surface coated with a 
copper chloride patina before (left) and after (right) the 

laser cleaning treatment performed with 1 pass at 208.33 
MW/cm2. 

 

 
Fig. 4 – Sample A, XRD diffractrogram of region 1. 

 
The specimens were cleaned with a dynamic approach in 
four specimens were cleaned with a dynamic approach in 
four regions (Fig 2.). In sample A the cleaning laser 
parameters are: 0.3 W, 20 kHz, scanning speed of 300 
mm/s, spot size of 30 µm and a 50% of overlap. This 
leads to an irradiance value of 208.33 MW/cm2, bellow 
the cooper ablation threshold. The four regions that can be 
observed in Fig. 2 correspond to the number of passes that 
the cleaning process is repeated: x1, x5, x10 and x20, 
from left to right.  
It has been observed that the effectiveness of the number 
of passes reduces when this number increases. For 
instance, after 5 passes with these conditions, laser 
treatment eliminates a layer of near 1 µm of corrosion 
products; and after 20 passes this layer only reaches a 
thickness of less than 2 µm. For this reason, in sample B 
the results of combining laser treatments with different 
irradiance values have also been analysed. In section 1 we 
have used the following cleaning parameters: irradiance 
282.22 MW/cm2, 0.76 W, 520 kHz, scanning speed of 
300 mm/s, spot size of 30 µm and a 80% of overlap. The 
objective is to use an initial strong laser treatment without 
affecting the substrate and after to finish the cleaning 
treatment with low irradiance conditions. 

 
Fig. 5– FESEM images of regions 1, 2 and 4 in sample A 

after cleaning. 
 
In section 2, 4 additional passes with the same cleaning 
parameters than in sample A were used. In sections 3 and 
4, the cleaning parameters of sample A have been used 5 
and 10 times. 
The morphological characterisation of the sample surfaces 
after laser cleaning processes shows that, in most of the 
cases, laser cleaning performed at low irradiance 
conditions was successful, even though removal rate 
varied as a function of the composition of the corrosion 
product layers. Laser process allows eliminating, in a 
controlled way, surface layers 1-2 µm thick. As shown in 
Fig. 3, patinas, mainly composed of copper chlorides, 
were present in the sample surface before cleaning. Even 
after 1 pass, these chlorides regions were mainly 
removed. This was confirmed with XRD analysis and 
EDS. Fig. 4 shows the XRD spectra of sample A, in 
region 1 where only one cleaning treatment was 
performed. Only cuprite and tenorite were observed and 
chlorides could not been detected. 
Eventually, FESEM observations (Fig.5) allow 
highlighting that a slight melting of the corrosion products 
and, in some cases, of the copper surface is observed 
mainly on the specimens coated with patinas composed of 
copper oxides, cleaned with high number of passes: x10 
and x20 passes. XPS and XRD results also confirm that 
copper oxide layers can be removed by laser treatments at 
low irradiance with a low number of passes.  In this case, 
even if the surface is not completely cleaned, XRD 
spectra show that the Cu peak rises significantly, thus 
confirming a noticeable removal of the corrosion product 
layers.  Low irradiance cleaning conditions that have been 
used in sample A do not allow to remove some minerals 
that are present in the sample B surface, probably due to 
the inhibitors that have been used in the preparation of the 
sample. 
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Fig. 6 – Optical image of the border of region 2              

in sample B. 
 

 

Fig. 7 – XPS spectra of cleaned and not-treated regions. 
XPS spectrum with marked copper(I) oxide satellites. 

 
It is presented in Fig. 6, where the border between cleaned 
(right) and original sample surface (left) is depicted. 
These minerals are the dark dots that are visible in the 
original surface. 
Through characterisation of the corrosion products on the 
surface, these accelerated aged copper samples, copper(I) 
oxides (tenorite) and copper(II) oxides (cuprite) appear 
together as a part of corrosion layers. It was important to 
determine if there were any chemical changes affecting 
these two oxides through laser-corrosion interaction. With 
XPS we have observed that the treated region does not 
show the presence of tenorite (Fig. 7). This behaviour can 
be explained considering a lower ablation threshold of 
tenorite or considering a probable reduction of Cu2+ to 
Cu1+ through laser induced reduction. The limited 
analysed region may not be representative of the 
heterogeneous corrosion that is typically found in cultural 
heritage specimens. To determine if there is a different 
behaviour of copper(I) oxide and copper(II) oxide, further 
analysis are required. 
These results show that to eliminate thin corrosion layers, 
low irradiance laser parameters are adequate. However, 
this approach is not valid when the corrosion compounds 
are thicker because if the laser cleaning is repeated, the 
efficiency decreases. In this case a cleaning process in 
which an initial cleaning step with high irradiance 
followed by additional processes with low irradiance 
values is more adequate. 
 

Fig. 8 –Bubastis coin 1, side a. Images of corrosion 
encrusting. 

 

  
Fig. 9 – Aspect of coin 1 after laser cleaning. 

 

 IV. DYNAMIC LASER CLEANING ON BRONZE 
COINS 

Based on the cleaning conditions tested on the aged 
specimens, dynamic laser cleaning was conducted on the 
two bronze coins from Bubastis. Both coins exhibit 
heterogeneous corrosion, with thicker corrosion structures 
located on the edge of the coin (Fig. 8). Analysis done 
with EDS show that in case of Bubastis coin 1, surface 
layers show as well heterogeneous composition of 
corrosion and contaminants present on the surface. 
Each side of coin 1 has been divided in four quadrants in 
order to check three different cleaning conditions and to 
leave one as a reference. In side A, the three regions have 
been cleaned with the same parameters that were used in 
the aged sample A with low number of passes (x1, x2, 
x4). The aspect of the two side of the coin after the initial 
cleaning process is presented in Fig. 9. 
It was noticed that while in some areas cleaning was 
sufficient for removal of the corroded surface; in other 
regions, with a thicker corrosion structure, it was only 
partly cleaned. For cleaning these corroded layers, a 
localised cleaning was done in the regions where thicker 
corrosion layer was present. In these additional cleaning 
steps it is important to avoid working on the regions that 
have been cleaned in the previous passes in order to 
damage them. This has been reached by isolating the 
corroded areas of the coin through a vector graphic 
software (Fig. 10) and applying the cleaning process only 
in the selected areas (black regions in the Figure). In the 
case of S1, the same parameters as in sample A, with an 
irradiance value of 208 MW/cm2and x2 passes was used. 
After S1, irradiance value used in the following steps was 
lowered with intent not to damage copper oxide layer 
underneath.  
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Fig. 10–Areas of the coin 1 marked in EzCAD 2.1 UNI for 
cleaning. In the successive cleaning steps (S1 to S4) laser 

acts in the showed black regions. 
 

 
Fig. 11 – Image of the cleaned areas in region III of coin 

1 after the four cleaning steps. 

 
Fig. 12 – Image of the coin2, side b, after cleaning steps 

S1 and S2. 
 
S2, S3 and S4 have been executed with irradiance value 
of 148 MW/cm2 by reducing the laser power to 0.21 
W.x5, x3 and x1 number of passes, where used in the 
three regions, respectively. As it can be observed in Fig. 
11, after these treatments most of the corrosion layers 
were removed after selective laser cleaning. Relief was 
not affected by the cleaning, and the original outline was 
preserved. Nevertheless, cleaning was not sufficient 
enough for remove the thicker corrosion layers. Laser 
cleaning did not affect the areas that surround the treated 
surface. To avoid an increasing damage in the copper 
oxide patina, further cleaning was not performed.  
In the case of coin 2, the objective of the cleaning was to 
try to evenly clean one side of the coin through dynamic 
laser cleaning. As in the case of coin 1, larger corrosion 
regions were isolated and cleaned additionally after the 
whole surface cleaning. Laser cleaning of coin 2, side b, 
was done using a two steps process. Initially (S1), the 
whole surface of the coin was cleaned with x1 pass with 
the cleaning parameters used on the sample A. 

	  
Fig. 13– µ-XRD diffractrograms of the areas marked 
on the coin 2 photographs. Diffractrograms show the 

distribution of Cu and Cl compounds. 
 

 
After the first treatment, it was observed that most of the 
green powderish particles present on the surface (Fig. 1) 
were removed. On the edge of the coin, some corrosion 
encrusting was still present. The second step (S2) was to 
isolate and mark the remaining corrosion and apply 
additional passes. For S2 cleaning, the same parameters 
than in steps S2 to S4 in coin 1 were selected. From the 
images taken with optical digital microscope, surface of 
the coin 2 seems to be evenly cleaned while not greatly 
damaging copper oxide layer (Fig. 12). 
During laser conservation of copper objects it is important 
to study the possibilities of alterations that can be induced 
by laser cleaning. Except of potential changes that can 
happen to original substrate of the copper objects, 
alterations affecting the corrosion layers of the objects are 
often disregarded.	  To have a better insight of the surface 
chemistry and composition of the treated objects, both 
sides of the coin 2 were analysed with µXRD (Fig. 13) to 
compare the microstructural differences between the non-
treated and the treated areas. 
XRD diffractrograms of non-treated surfaces, areas A1 
and A2, show a considerable presence of chloride 
compounds and other depositional contaminants In point 
A2, it is noticeable the peak located at 27.85°. It 
corresponds to quartz. In both areas, A1 and A2, the 
presence of clinoatacamite has been confirmed. 
The comparison of the micro-diffractograms performed 
before and after laser cleaning show a strong reduction of 
all the peaks associated with the copper chlorides 
compounds. In the three analysed points, diffractograms 
B3, B4 and B5 in Fig.13, the observed peaks corresponds 
to copper oxides compounds. In spots B4 and B5, 
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chlorides or other contaminants have completely 
disappeared, while in B3 there is a peak with small 
intensity that can be correlated with the presence of 
copper chlorides. 
In consequence, laser cleaning in Bubastis coin 2, side b, 
resulted in a partial removal of corrosion products and 
contaminants. Despite the compositional heterogeneity of 
the initial corrosion layer, laser cleaning was performed in 
an even removal of top layers. EDS and XRD show a rise 
in detection of copper and copper oxides, while the 
presence of other chloride corrosion products have 
decreased notably. 

 V. CONCLUSIONS 
This study demonstrates that dynamic laser cleaning 
opens new interesting possibilities in restoration of 
metallic artefacts.  
As a matter of facts, the experimental findings show that 
near-IR laser treatments are successful in removing both 
copper oxide and copper chloride patinas from the surface 
of copper-based artefacts.  
Precautions have to be taken in the treatments, because 
corrosion processes lead to inhomogeneous structures, 
consequently a tailored choice of the cleaning parameters 
for each artefacts typology is needed. Both the features of 
the material to be cleaned and the environmental context 
in which the degradation took place have to be 
considered. A tailored cleaning allows performing a 
precise and controllable removal of the corrosion products 
layers. For optimizing the cleaning strategy for different 
metallic artefacts, the dynamic cleaning laser parameters 
have to be highly controllable. 
It has been observed, for example, that the use of low 
irradiance conditions for laser cleaning may not be the 
best option for the removal of thick corrosion products. 
These conditions allow remouving the corrosion layers in 
a very controllable way, eliminating less than 1µm in 
each pass. This is an advantage from one side because the 
process may be stopped leaving a thin patina layer, 
eventually useful for the artefact conservation. However, 
from the other side, the process losses efficiency when a 
multipass procedure is used. Consequently, when thick 
corrosion layers have to be removed, a procedure that 
combines laser treatments with different irradiance 
conditions has to be preferred. This approach requires a 
careful definition of laser conditions in order to avoid any 
possible damage of the artefact substrate. 
From these experimental results it can be concluded that 
the dynamic laser cleaning is a promising powerful tool in 
Cultural Heritage conservation. 
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Abstract – The Morgantina silver Treasure 
belonging to the collections of the Archaeological 
Museum of Aidone (Sicily) were involved in a 3D 
survey and diagnostics campaign for monitoring 
over time of the finds, in anticipation of their 
temporary transfer to the Metropolitan Museum of 
Art in New York, for a period of four years. 
According to a multidisciplinary approach, it has 
been developed a scientific and methodological 
protocol based on non-invasive techniques to 
achieve a complete and integrated knowledge of the 
precious items, of their conservation state and 
increasing their valorisation. All acquired data, i.e. 
3D models, UV fluorescence and X-Ray images and 
chemical information, will be made available, in a 
integrated way, within a web oriented platform, 
that will represent a in progress tool to deepen the 
existing archaeological knowledge and technologies 
of production and to obtain referenced information 
of the state of preservation, before and after moving 
of the finds from their exposure site.  

 I. INTRODUCTION 

 
The Morgantina Treasure, (Fig. 1) one of the most 
precious collections of the Archaeological Museum in 
Aidone, consists of 16 pieces that were returned to 
Italy in 2010, following the 2006 agreement between 
the Italian and Sicilian governments and the 
Metropolitan Museum of Art in New York. A police 
investigation determined, in fact, that the provenance 
of the objects was the house of Eupolemos in 

Morgantina, where the precious items probably were 
hidden during the chaos of the Second Punic War. 
According to the 2006 Agreement, every four years the 
silver set must be shared by one museum and then the 
other, and since the beginning of 2015 the precious 
finds are now on display at the Metropolitan Museum. 
The group consists of several table vessels plus an 
arula, a phiale and two pyxides probably used for the 
ritual libations of a symposium. Most of the silver 
objects bear punch-dotted and incised inscriptions that 
give names, monograms or weight indications. The 
chiseled and embossed techniques on the bowls, the 
medallion, the pyxides and the arula are among the best 
examples of Hellenistic metalworking.  
 

Fig. 1. The silver hoard from the Eupolemos’s House - 
Archaeological Museum of Aidone (Sicily) 

 
The silver set has been considered to be a composition 
made in early Hellenistic times from different groups – 
the “result of acquisitions or juxtapositions” from 
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different contexts, as P. G. Guzzo [1] puts it in his 
remarkable edition of this hoard. The slight differences 
observed in the silver objects through diagnostic non-
invasive investigation, as shown in the following, 
corresponds fairly well to the groupings made by 
Guzzo [1] on the basis of the inscription techniques 
that appear on the objects. Despite the internal 
articulation in the material composition and the 
epigraphy, these three groups all seem to belong to the 
same period.  
Unfortunately not much analysis has been performed 
on Hellenistic silver comparable to that from 
Morgantina, and we know relatively little about 
Hellenistic metal-working techniques. Pure native 
silver is very rare.  Commonly silver is derived from 
minerals with significant lead content, such as galena, 
and the process of purification is very complex. The 
refining process, which seems to have been developed 
in Asia Minor in the third millennium B.C., remained 
unchanged for centuries and spread throughout the 
Mediterranean. 

 II. SCIENTIFIC RESULT AND DISCUSSION 

 
Before the trip to New York have been decided to 

examine the silver pieces through a campaign of non-
invasive diagnostic analysis and 3D survey in order to 
collect useful data both to monitor the conservation 
state over time (to check after four years) and to 
guarantee the virtual visit of the item during their 
absence. Finally, all provided data and information will 
be organized in a web-oriented interface framework for 
different level user and application aims. 

 A. DIGITALISATION MODELS VIA 3D SCANNING 

Among the new technologies currently proposed for 
the application to Cultural Heritage, the potentialities 
of the 3D scanning technique represents a significant 
example of how originally far apart fields, such as the 
one of conservation, that of research and that of 
advanced industry, can find a common interest ground. 
Noninvasive experimental use of methodologies and 
innovative tools have been developed for analysis 
procedures of geometric dimensional data, restoration 
and monitoring. 
In our case study, the innovative applied technologies 
had the purpose of creating a 3D collection data to 
assist the restoration and conservation of the 
Morgantina Treasure.  
Now, after the transfer of the collection, the 3D 
digitalization is bringing to restorers and archeologists 
in documenting the process of investigations and 
presenting it to the public. 
The geometric survey helps us to evaluate the state of 
material preservation of the external and internal 
portions of the object and permits, each time the 

collection is moved to a new location, the registration 
of anomalies and stresses to which the object has been 
subjected through a systematic program of monitoring. 
The process started on physical models is defined 
Reverse Engineering and the digital resolution up to 
0.1 millimeters for each object was realized using a 3D 
portable scanning system with a structured light flash 
bulb (Artec 3D Scanner_Spider), permitting highly 
detailed digital models to be produced (Fig. 2). 

 

 
Fig. 2. Acquisition phase via 3D scanning  

of a piece of the collection. 
 

The choice of this technology was greatly determined 
by the physical characteristics of the 16 objects of 
collection to be scanned, including the size of pieces, 
the complexity of its outer surface, the light-reflecting 
properties of the surface of the metal object and the 
constraints on access/manipulation. 
The size of the pieces varied greatly, ranging from 
large piece of kyathos (diameter 26 cm; height 20 cm), 
to pieces of average size, such as the concave cups 
(diameter 22 cm), down to smaller pieces, such as the 
Émblema with Scylla shown (diameter 8,3 cm; height  
5,5 cm). 
The selection of the specific instrument is influenced 
also by the characteristics of the 3D model required, in 
terms of accuracy and resolution, which depend on the 
intended use for the digital model [2]. In the case of the 
Morgantina Treasure, the process with a high surface 
detail can be managed also to ensure enjoyment to 
various categories of users: cataloging, restoration 
work, promotion, consumption and diffusion. 
The campaign of indirect detection was carried out by 
the team in 20 working days, under the supervision of 
museum staff.  
The acquisition structured light system is based on the 
capture of the points that make up the surface of a 
physical object returning a digital 3D model with a 
high degree of geometric correspondence to the real 
object.  
The extremely versatile system (it do not require any 
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special markers to be placed on the object being 
scanned), functional, rapid and capable of acquiring 
almost 1.000.000 points/sec., turned out to be 
particularly suitable for the geometric-dimensional 
characteristic of the object. The used tool captures 
images also (texture resolution1.3 mp; image color 24 
bpp). 

 
 

Fig. 3. Synthesis scheme describing the 3D scanning 
and data registration processing steps. 

 
The structured light system works with a light source 
projecting a series of light patterns on the object to be 
scanned(blue led). The reflected image is captured by 
cameras and from the analysis of the distortion of the 
pattern the position is evaluated of each point of the 
surface to be scanned.  
To obtain a complete 3D model, it is sufficient to move 
uninterruptedly around the object and filming it from 
various angles. Although the technical characteristics 
tell about an alleged irrelevance of the camera angle, it 
is easy to observe how rays, which are perpendicularly 
incident and/or not tangent, assure a greater final 
accuracy. 
The related proprietary software (Artec Studio) 
automatically joins all the acquired frames in a single 
mesh. The algorithm, in fact, recognises the geometry 
of the object (points clouds processing)and it allows 
the correct alignment of the various captured 3D 
frames to visualise them in a single model (therefore 
conserving the reference system), eliminating as much 
as possible the presence of holes and shadows due to 
back drafts. 
We acquired from a minimum of 5 to a maximum of 20 
scans for each pieces of collection. A total of 180 scans 
were shot and 12GB of raw data were collected. 
After the scanning and data registration process (the 
workflow includes the following stages: revising and 
editing the data; alignment of scans; global data 
registration; fusion of data into a single 3D model;final 
editing of the 3D model; texture mapping), the 
procedural phases of post processing and of polygon 
mesh tessellation have been performed through the 
software Leios (Fig. 3). 
Thanks to semi-automatic algorithms, that is able to 
take account of the surface geometry (curvature, 

adjacency edges, density of the polygonal mesh), it 
removes artifacts scan. 
The high-quality 3D digital models are responsive to 
the complexity of the geometric-formal of the analyzed 
objects and the digital collection reproduces really well 
the decorations in organic form (Fig. 4). 
The collected data so far are a great start to deepen the 
existing knowledge from the archaeometric to 
conservative point of view [3-4]. 

 

 
Fig. 4. 3D digital model of the Émblema  

with Scylla shown. 
 

 

 B. DIAGNOSTIC NON INVASIVE INVESTIGATION 

Digital X radiographs, UV fluorescence data and X-
ray fluorescence analysis (XRF) of all the silver objects 
were carried out directly in situ using portable 
instrumentation [5-7]. The acquisitions carried out on 
the sixteen silver objects have produced: 
- 110 XRF spectra for the analysis of silver and gilded 
surfaces, and of the area affected by corrosion 
phenomena, that is, the formation of silver and or 
copper degradation products; 
- 40 hours of UV fluorescence (450 nm, 540 nm, 600 
nm) acquisition for the identification of materials 
present on the surface, that is, integration, adhesives, 
protective materials; 
- 27 X-ray exposures (2 projections for each objects) 
for structural analysis. 
These non-invasive methods have provided 
complementary results, for a more comprehensive 
evaluation of the state of conservation and of executive 
technique. In particular, the non-invasive diagnostic 
study was directed to: 
i) distinguishing the original material from degradation 
and/or restoration materials; 
ii) obtaining a deeper knowledge of the production 
technique; 
iii) assessing the current state of conservation and 
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acquiring useful data for scheduled monitoring. 
The X-Ray imaging has allowed to document details 
related to the technology of assembly and the execution 
of embossing (Fig. 5). 
The radiographic data, which analyzes the internal 
structure of the object by comparing the varied 
absorption of X-rays, has provided information on the 
presence of fractures, which for the most part were 
subject to previous restoration (Fig. 6), also highlighted 
by observations under Wood's light. 
 

  
Fig. 5. X-Ray acquisition on Mastòs (NI 9): upper-

lower projection  
 
Simultaneous observation of UV fluorescence image 
shows along the discontinuities the presence of organic 
material (adhesive) applied during prior restoration 
work carried out to solve fractures visible on X-ray. 
This deformation allows to suppose that the fractures 
are due at the time of the clandestine excavation. 
For most of the analyzed finds, UV fluorescence in the 
visible range acquisition has allowed us to map 
materials present on the surface, which were used for 
protection or integration during the past restorations. 
This technique highlights the use of different types of 
adhesives present in fractures already evident in the X-
ray images.  
Such mapping has not always been done in 
documenting previous conservation efforts. 
 

  
Fig. 6. X-Ray and UV fluorescence acquisition on 

find NI 16a 
 
Finally, the analysis of the X ray fluorescence has 
enabled us to identify chemical elements, which 
provide information on both the silver alloy and the 
application of gold leaf decoration, as well restoration 
material localized by X- ray and UV fluorescence 
imaging (Fig. 7a-b). 

Among the constituent materials of precious artifacts, 
in addition to gold and silver in the silver matrix it was 
also found copper, but in this variable ratio with to 
silver, splitting the 16 findings in three clusters (Fig. 8).  
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on the basis of the Cu/Ag ratio. 
 
The copper content was probably added voluntarily 
into alloy to modify properties rheological and 
mechanical properties of the melt, since the copper 
(above 3%) allow to increase the resistance of the 
silver and lowers the melting point. 
In correspondence with the gilded surfaces it has not 
been found the presence of mercury (attributable to the 
technique of gilding with amalgam) and consequently 
it is likely that the gold leaf has been applied to the 
silver surface by thermal treatment. 
Moreover, useful chemical markers were also 
identified for the monitoring of the blackened areas due 
to the formation of silver or copper sulfides, as shown 
for find NI 7 in figure 9, bromide or chloride. 
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Fig. 9. Silver Skyphos (NI7): Spectra acquired at the 
surface in good preservation state (P1) and the one 

affected by blackening (P4). From the zoom reported is 
well evident the high signal counts of sulfur peak.  

 

 C. WEB-ORIENTED INTERFACE FRAMEWORK 

Using the 3D scanning approach applied on Cultural 
Heritage [8-12], the Morgantina silver gilt Treasure 
collection, has been converted into 3D digital model1. 
In order to make this collection accessible in a user 
friendly way, we are developing a web-oriented 
interface framework. 
Its main functionalities are the cataloging of already 
existing or totally new 3D scans and the management 
of additional metadata. Indeed, one of our main aims is 
to augment the digital version of the artifact with 
semantic annotations about it, such as the history, 
measurements data, expert comments and so on. 
Another point of value of the proposed system, raises 
from the possibility of subdivide the initial scanned 
mesh into several layers of interest: each layer can 
show different aspects of the artifact. 

                                                 
1 Archeomatica project: 
http://www.archeomatica.unict.it/ 

The proposed framework could be useful also in the 
implementation of a versioning catalogue for the 
monitoring and preservation of the cultural heritage 
state. Moreover, developing the framework in a web-
oriented way will help the researchers from over the 
world since data will be eventually available online. 
The prototype is developed by using the Unity engine, 
version 5.0. Unity is a platform with an integrated 
game engine and is developed by Unity Technologies. 
It is mainly employed to develop video games for 
different platform, such as PC, consoles, mobile 
devices and websites. It allows to handle 3D model and 
other kinds of assets, as material, light, image, and 
video. Unity 5.0 provides an IDE called Mono Develop 
to code in two different program languages: C# and 
JavaScript. For this work C# has been used. Although 
Unity is usually used for game development, it is also 
suitable for generic purpose application related to 3D 
modeling. 
 

 

Fig. 10 An example of textured 3D model into the 
viewer of the proposed system. The red sphere on the 
bottom is used as marker for semantic annotation. 

Through the developed software, Morgantina artifacts 
can be selected from a list of the digitally acquired 
objects. Each of them, has its own 3D environment, 
with the mesh located in the center. Typical navigation 
actions, as rotating and zooming are provided, so that 
the surface and details of the object can be analyzed 
from all the points of view. The user can navigate the 
environment with the mouse or using the proper 
buttons on the GUI. Moreover, two visualization 
modes are provided: shaded and textured. Shaded 
mode (Fig. 10) is better for geometric details analysis, 
since general shape is usually clearer without texture. 
Using this mode, the alteration in the original structure 
of the Cultural Heritage could be investigated (e.g., 
deformation, missing parts). On the other hand, Texture 
mode (Fig. 10) gives information about the colors and 
generally the state of conservation of the surface. 
Indeed, it could be helpful in finding chemical reaction 
(e.g., oxidation) or pigments scratches. 
In each scene, the rendered object contains semantic 
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annotation, as textual and visual data. Among the latter, 
we provide images and graphs, that are useful for 
comparisons with the same artifacts in different time. 
Interactive parts of the mesh, are enriched with these 
major details and are emphasized with markers. When 
users select a marker, a tooltip appears or a sided info-
box shows the related information. The sided info-box 
window is particularly useful to show visual data. 
The kinds of semantic information are: X-Ray for 
fractures analysis and manufacturing techniques 
identification; UV spectral image to detect previous 
restoration evidences; XRF spectral data for chemical 
composition analysis and corrosion material detection; 
optical microscopy for details about the manufacturing 
techniques. All the semantic annotations onto the 
meshes, are labeled with one or more tags. For 
instance, all additional notes concerning corroded 
regions are labeled with tag “alteration”. This 
functionality will be useful in future version, because 
we are considering to develop a query system to filter 
annotations selecting just some of them identified by 
specified tags. 
As other future works, we are planning to improve the 
framework with several functionalities. For instance, 
the possibility to subdivide the visualization of an 
object into subparts (e.g., the handles of an amphora). 
Another improvement is to add an editing system to 
allow the user to add their own 3D models, and add 
annotations wherever they wish. We are considering to 
release the software for several platforms (like 
smartphones or tablets), and exploit a 3D engine 
different from the Unity and to use novel libraries like 
WebGL, specifically developed for web. 
 

 III.  CONCLUSION 

The data so far collected represent a key starting point 
to deepen the existing knowledge from the 
archaeometric point of view, but also to provide an 
objective reference for monitoring the state of 
conservation of the precious items constituting the 
Morgantina Treasure belonging to the Archaeological 
Museum in Aidone (Sicily). The ongoing web-oriented 
platform consists an active tool to management of 
metadata, which will gradually be implemented 
through knowledge acquired by specialists and at the 
same time contribute to the valorisation of these 
archaeological findings to the wide public. 
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Monetary weight systems in Southern Italy and Sicily in the Mid-
dle Ages (IX - XIII century) 
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Abstract - In the south of Italy and Sicily since the 
early Middle Ages and throughout the XI century, it 
is possible to identify two broad areas of the mone-
tary circulation, the Arab in Sicily and the Byzantine 
in the continental part of the peninsula. With a dia-
chronic analysis and a more detailed observation 
more minor areas of monetary circulation can be 
identified, each with unique characteristics. Between 
the IX and XI centuries in Puglia and Basilicata and 
more generally in the lands bordering the Adriatic 
Sea and in part from the Ionian sea the Byzantine 
coin predominated. It is represented by solidi and 
tremissi, gold coins initially with high-title, and by fol-
lari, copper coins of value 40 nummi, and their frac-
tions. In the same period in the west, in the Ducato of 
Naples and the Amalfi, in the principato of Salerno 
and in the thema of Calabria, all land overlooking the 
Tyrrhenian Sea, the market was using to mediate im-
portant transactions gold represented by Byzantine 
coins and was using also gold ruba'î quarter of Arab 
dinar. From XI century the gold tari minted in  Amal-
fi and Salerno appeared, imitating vaguely  Arab 
ruba'î . In the central part of southern Italy, solidi 
and tremissi, coined by the princes of Benevento dis-
appered from long time, and  in the circulation only 
silver coins of the Carolingian and Imperial typolo-
gies were present. 
 

I – BIZANTINE GOLD COINS IN SOUTHERN IT-
ALY AND SICILY 

 
The value of coins, proportional to their weight, did con-
stant reference to weight systems in the circulation areas. 
For gold and silver coins, their value affected the title of 
the precious metal too. In Southern Italy before the ad-
vent of the Normans, the most common coins were the 
Byzantine ones. The most important transactions were 
generally brought to end with gold coins as reference. 
The biggest gold coin was the solidus (solidus aureus 
Byzantinus), also known as nomisma. Costantino il 
Grande (274-337 AD) around the year 312 of the Chris-
tian era, in the frame of the monetary reform that re-
mained the basis of the coinage of the Roman Empire for 
more than a millennium, established that from a pound 
of gold, 72 solidus aureus coins had to be obtained. Alt-
hough till now there is not a full agreement on the exact 
weight of the pound, it seems that the figure adopted by 
the emperor corresponded to 326 g, with a consequent 
solidus weight of 4.53 g. Traditionally, the pound was 
divided into 12 ounces, each of 27.18 g, with the conse-
quence that the solidus weight was equal to 1/6 of pound 
weight. The solidus weight of 4.53 g was also equivalent 

to 24 carats. The carat was originally a unit of weight, 
and with time it acquired the property to indicate the title 
of a gold coin and later of the gold itself. The solidus 
coin, which soon earned the character of international 
currency, was almost pure gold, with a title of  23,5/8. 
The ratio between gold and silver was initially set 1/12 
and in monetary terms 1 gold solidus was equivalent to 
24 silver silique. During the VII and VIII centuries the 
solidus weight ranged between 4.40-4.35 g, but the title 
remained 23,5/8.  Economic reasons led in the different 
mints of the empire, to the need to put in circulation sol-
idus coins with weight equivalent to 1/80 or 1/86 of a 
pound, equal to 22, 20  carats, or  4.1525 and 3.775 g 
and therefore equal to 22, 20 silique. During the IX, X 
and XI century the ideal nomisma (solidus) 24 carats 
weight  and  23,5/8  title, disappeared, replaced by the 
nomisma Histamenon, perhaps indicated in Italy as no-
misma schifatus, apparently with the weight and the title 
of the solidus, but with a  decreasing thickness, a larger 
diameter and a characteristic concave-convex shape. In 
the same period, the nomisma tetarteron coin with a 
weight and title  reduced to 22 carats but with a classic 
form, appeared. During the XII century the nomisma 
Histamenon was replaced by the hyperperon coin with a 
weight of 24 carats, but the title went down to 20. The 
nomisma trachy Aspron had the value equal to 1/3 of hy-
perperon and weighed 24 carats with the title of 7 carats. 
The title of the solidus remained  higher than 90% until 
the time of Emperor Basile II Bulgaroctonus (976-1025) 
when was reduced and stepped up to 88%. With Michele 
IV Paphlagonico (1034-1041), the alloy began to alter 
since the title arrived to a constant value of 19.5 carats. 
Costantino IX Monomachus (1042-1055) lowered the 
alloy to 19-18 gold carats. The solidus of Costantino X 
Doukas (1059-1067) shows a more constant 18 carats 
title. The successive emperors established severe devalu-
ations. In the Michele VII Ducas (1071-1078) period, 
solidus  coins of 12 carats are known, accounting for on-
ly 50% of their weight in precious metal. Since gold 
coins different for weight and title remained in circula-
tion for centuries, it was necessary to define, in the doc-
uments that confirmed the agreements, the coins to be 
used with a peculiar terminology. The solidus coins, ini-
tially identified with the generic words solidos or solidos 
bisanteos, began to be systematically indicated with the 
name of the emperor: romanati if issued on behalf of 
Romano III Argyros (1028-1034), michelati if coined on 
behalf of Michele Paphlagonicus IV (1034-1041) or 
Michele VII (1071-1078), constantini from Constantino 
Porphyrogenitus VIII (1025-1028) or by Constantino IX 
Monomacus (1042-1055), ducatus if minted on behalf of 
Constantino X Ducas (1059-1067), but also with differ-
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ent adjectives: bonos, beteri or veteri, pesantes, so-
nantes, milatus, melatus to indicate that they had to pro-
duce a good sound, sotirichi to point out that they had to 
have the image of Christ the Redeemer, olocratus want-
ing indicate a coin entire, undivided, unbroken or bro-
ken, toriatus to indicate a well-minted coin, deithatus 
with reference to high title, the high quality was evi-
denced with terms as obryzum or obryzatum, scolicatus 
or sculicatus. The term schifatus used almost exclusively 
in the medieval maps of Puglia, also referred to as 
schifatus, scifatus, skiphatus, scyfatus, scefatus or 
sclifati, has given rise to various speculations about the 
exact meaning. The initial interpretations assumed that 
the term was not specific for a gold coin but for coins, of 
any metal, which had the characteristic concave-convex 
shape used between the X and XI century; more recently 
it is supposed that term refer to a currency with a wide 
outer edge. However the term is still not yet fully clari-
fied as it appears in documents of X century of Lucera, 
and even in a document of 842, well before the edge of 
solidus became wide. Although more rarely than solidus  
coins,  other coins were minted as semissis with the 
weight of 2.20 g, equal to half solidus, and with greater 
regularity and wider spread the tremissis, weighing about 
1.45 grams, equal to the third part of solidus. The fourth 
of solidus was also minted, but only in very exceptional 
cases. In Sicily, in Catania and Syracuse mints, solidus 
coins were produced with weight 4.35 g and title of up to 
950/980 millesimus (23,5/

8 carats) till the first period of 
Emperor Giustiniano II (685-695 and 705-711) when 
their weight began to decrease to 4.07-4.11g. Propor-
tional reductions are documented for tremissis and 
semissis. With the Emperor Leontius (695-698) nominal 
gold coins were minted with title quickly and gradually 
decreasing  from 8500/

00 until 7500/
00 and remained such 

until Michele II (829-842) when the title came down to 
7000/

00, and to  6000/
00 with the Emperor Theofilo (829-

842) and finally reached 4000
/00 (10 carats) with Michele 

III (842-867). Gold tremissis with a title so low as to ap-
pear as silver coins are known dated back to Emperor 
Basilio I (867-886), under his reign the Arabs, who be-
gan the conquest of Sicily in 827, took Syracuse (878) 
and ended the Byzantine rule in Sicily. 
 
II – BIZANTINE SILVER COINS IN SOUTHERN IT-
ALY AND SICILY 
 
In Southern Italy silver coins never produced in local 
mints circulated. The oldest currency was hexagramma, 
with weight 6.82 g and value set at 1/12 of the solidus. 
The hexagramma was later replaced by miliaresium, 
mentioned in the documents as miliaresium, miliaresion, 
miliarensis o solidus argenteus. The miliaresium, whose 
name comes from the equivalence to 1/

1000 of the gold 
pound, initially weighed between 7.5 -8.5 g with variable  
title. Even the ratio between solidus and miliaresium was 
1/12. During the VI and VII centuries the ratio  between 
solidus and miliaresium ranged betwee 1/12 and 1/13. 
and was maintained even during the VIII century, but in 
some circumstances its value was fixed at 1 to 14. With 
time a miliaresium light, which ranged in value between 
1/

14 and 1/
18 of the solidus was produced. Miliaresium 

heavy and light with a ratio of 2 to 3 started circulating. 
The miliaresium coins were minted exclusively in east-
ern mints, but without regularity, while in Italy fractions, 
equivalent to half, fourth and eighth parts were pro-
duced; half the miliaresium is known with the name of 
siliqua whose value is equal to 1/

24 of the solidus aureus. 
The ratio between gold and silver coins was not constant 
but varied over the centuries. 
 

III – BIZANTINE COPPER COINS IN SOUTHERN 
ITALY AND SICILY 
 

In all southern Italy gold and silver coins were present in 
small quantities, and most of the circulating money was 
represented by copper coins. In the continental part of 
southern Italy, the circulation of copper coins in the X 
and XI centuries was represented by follari or follis with 
value equal to 40 nummi with fractions of 20, 10, 5 
nummi. These coins were minted in such a way that from 
a given weight of copper a fixed number of pieces was 
obtained, but the weight of the individual specimens 
could vary widely, and so for the same nominal value 
different weights could be obtained, even with signifi-
cant differences. The initial ratio between solidus and 
nummo initially set to 1/

8400 was moved to 1/
7200 but they 

were always theoretical values; in Italy it seems that dur-
ing the VI century, the value of a solidus was equal to 
12000 nummi, ie 300 follis. 
In Sicily copper coins in circulation during the Byzantine 
period show deep changes both as regards the morpho-
logical aspects and the type and weighting and metrolog-
ical values. In the period from 535 (occupation of Sicily 
by General Bilisario) and 878 (taking of Syracuse by the 
Arabs) a gradual reduction in the form and weight of fol-
lis occurred. These coins from a weight 15-16 g and di-
ameter of 29-30 mm of the initial period, when 
decanummi and pentanummi were minted too, came to 
weigh during the IX century, only about 1 gram with a 
diameter that did not exceed 15-17 mm. 
 
IV - GOLD AND SILVER COINS OF THE ARAB PE-

RIOD IN SICILY 
 
The coins minted in Sicily during the Arab rule still re-
serve surprises, despite the fact that since the 18th centu-
ry scholars and antique dealers, mainly in Sicily, have 
extensively studied them. The Arab Monetary system 
consisted of gold dinar about 4.25g, a reduced weight 
compared to the solidus, and title of 23,5/

8 carats and of 
silver dirhem 2.75g (± 0.10) and about 14 qirat (kera-
tion,carat). These initial metrological parameters were 
established by the caliph Umayyad 'Abd al-Malik with 
the currency reform of the year 75 of Hegira (696 of the 
Christian era), with time even the dinar suffered a reduc-
tion of the title. However, the Fatimid caliphs, who con-
trolled the gold road from the Sudan, created the ruba'î 
about 1.05g of gold, equivalent to ¼ dinar. The silver 
coins were the dirhem made with a good alloy, also re-
ferred to as nuqud or Sihah, and dirhem made with an 
alloy where silver was replaced by lead and therefore 
with a darker colour, indicated as warag. The half 
dirhem and quarter-dirhem were also minted. Between 
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273 - 277 of the Hegira (886-890 A.D) for the first time 
small fractions of dirhem were minted with weight be-
tween 150-200 mg, corresponding to 1/16 of dirhem, 
whose name kharnubah or kharrubub, italianized in 
kharruba, was an Arab coin typically Sicilian, whose ti-
tle was high. Gold and silver coins were accepted and 
circulating in the entire Islamic world to mediate signifi-
cant transactions. For daily needs the Arabs used the 
copper coins fals, name derived from the Byzantine follis 
which could circulate only in the production areas. It was 
considered regrettable, also in deference to religious be-
liefs, a payment in gold coins and with the rest in silver 
or copper coins; for this particular need the handus, coin 
broken into two or more parts was used and the 'qita', 
minute fragments of coins of gold and silver, obtained by 
cutting individual pieces. This activity was carried out 
by the 'sayrafi', money exchange Jews. During the X 
century the ratio between dinar and dirhem was 1/10, but 
over the next two centuries dirhem leggieri or waraq 
dirhem, evaluated ¼ of dirhem of full weight and title 
diffused. As mentioned before the ratio between dirhem 
and kharruba was 1/16, consequently a dinar was equiv-
alent to 160 kharrube and  a ruba'î to 40 kharrube. Dur-
ing the last period of the Arab government in Sicily sil-
ver coins equivalent to 5 kharrube, about 1g weight, 
were minted. Upon arrival of the Normans in Sicily, 
where the circulating money was the gold ruba'î, possi-
bly cracked or broken, and the silver kharrube. Different 
monetary areas can be evidenced, also if with a higher 
homogeneity in respect to the continental regions. With 
regard to the money circulation, Sicily can be considered 
one entity in the beginning of the XI century, meanwhile 
around the third decade of the century (1035-1040) two 
areas may be identified: a "western" one with coins 
minted in the Palermo mint that no longer met the stand-
ards but still had specific references to these, and an 
"oriental" area with emissions whose title and weight 
met  the standards to a lower extent. In western Sicily, in 
the last period of the Arab rule, coins were also produced 
in the Agrigento mint, with ruba'î that after the death of 
the Emir al-Zahir (1020-1035) continued to be coined in 
his name. The ruba'î decreased in the title and in the 
weight well below the gram, and the title of the kharrube 
initially fell down to 50% and after to 30 or even 20%. 
In eastern Sicily, in Siracusa a mint issued provincial 
Arab coins , as ruba'î" pallidi, because of low gold and 
higher silver content. During the first decades of the XI 
century in Sicily, the emirate divided in several inde-
pendent principalities, and between the third and fifth 
decade of the century lordships independent from Paler-
mo arose in Trapani, Marsala, Mazzara, Sciacca, and 
then in Castrogiovanni (Enna), Girgenti (Agrigento), Ca-
tania, Syracuse and Noto. In these cities, although not 
all, ruba'î and kharrube with low title could have been 
produced. In 1061 the lord of Catania and Syracuse Ibn-
ath Thumna after unsuccessfully besieged Castrogiovan-
ni, beaten and abandoned by his people, asked to the 
Norman Ruggero d’Altavilla who had a site in Mileto in 
Calabria, to help him in the reconquest of the island. The 
invitation did not fall on deaf ears since the occupation 
of Sicily was already courted by the Normans. 
 

V - GOLD COINS OF AMALFI AND  SALERNO 
 
 In closets discovered in Campania or in Daunia dated 
back to the XI century gold coin produced in Amalfi and 
Salerno, imitation of ruba'î minted in Palermo on the be-
half of the caliph	  al-Mu’izz li-dîn Allah	   (341- 365 of 
the Hegira, 952 -975 of the Christian Era) may be found. 
Amalfi would begin to produce these imitations since the 
second half of the X century, followed by Salerno only 
at the beginning of the XI century. The high title of these 
coins, over 20 carats and the weight of 1.05 g corre-
sponding to the Arabic standard, made them attractive to 
be treasured, both because actually available and because 
the lower value than the solidus. Towards the middle of 
the XI century  in both mints there was a gradual devalu-
ation of the weight and especially of the title, which 
came down to 11-12 carat. In Salerno, simultaneously to 
this reduction of the intrinsic value, the Lombard Prince 
Gisulfo II (1052-1077) put his name on the tari. The 
Normans conquered Bari in 1071, Amalfi in 1073 and 
Salerno in 1077. In Amalfi Roberto il  Guiscardo ordered 
that the tarì were minted,  while in Salerno only follari 
in copper were produced. When Roberto il Guiscardo 
died (1085), Prince Gisulfo II regained the title of Duca 
di Amalfi and the power in the city and in 1088 he or-
dered to coin  tarì with a title between 10-11 carats. With 
the death of Duca Gugliemo (1127) the title of Duca di 
Apulia came to Ruggero II. The Salerno mint produced 
again tarì, continued even after the creation of the King-
dom of Sicily in 1130. The title of these tarì is around 8 
carats, composed of equal parts of gold, silver and cop-
per. It was supposed that  Ruggero II from 1130 ordered 
the mint of anonymous tarì in Amalfi; their alloy is bet-
ter that the one of tarì salernitani, having a title of 10 
carats five parts of gold, five parts of silver and two of 
copper. The weight of these tarì, wide and thin, is 0.88 - 
0.89 g. Guglielmo II il Buono ordered the production of  
tarì in Salerno, but their title did not exceed  no more 
than 10 carats. Even Guglielmo II il Buono minted  in  
Amalfi tarì with a low gold content. 
 
VI - GOLD COINS FROM NORMANS  
 
When Duke Roberto il Guiscardo and Count Ruggero 
began the conquest of Sicily ordered to mint ruba'î, that 
by this time called tarì, in imitation of the quarter-dinar 
(ruba'î) of al-Mustansir, both starry type with Kufic hor-
izontal inscriptions. These coins had a low title: the star-
ry tarì were minted with titles oscillating between 9 -13 
carats, the tarì with inscriptions linear title between 13-
17 carats.  Roberto il Guiscardo and Count Ruggero or-
dered to mint also kharrube quite similar to the Fatimide, 
but with title until further reduced and perhaps deliber-
ately illegible inscriptions. Other kharrube that could be 
attributed to this first period of the Norman invasion of 
Sicily, have a shape that recalls the al- Mustansir starry 
ruba'î.  Roberto il Guiscardo, shortly after the conquest 
of Palermo, would set the alloy of tarì to 16,1/

3 carats and 
the remaining alloy of silver and copper with the propor-
tion of about five parts of silver and three of copper. It 
seems that in establishing these proportions he consid-
ered the title of Byzantine gold coins and that of the Si-
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cilian coins issued in the period 1061-1072. The title of 
carats 16,1/

3 will remain substantially unchanged until the 
monetary reform made by Carlo I d’Angiò in 1278.  It 
seems that it should be dated to the time of Count Rug-
gero the loss of the ratio between theoretical weight 
(1.05g) and real weight of tarì, since tarì of weight ex-
ceeding the theoretical one are found in this period. In 
the following decades this circumstance was consolidat-
ed irreversibly and gave rise to coin with variable 
weights, with no connection with the theoretical ones, 
but these types always maintained the title of 16,1/

3 car-
ats. This situation made it necessary to weigh the indi-
vidual coins in order to achieve the necessary theoretical 
weight for the transaction in tarì; in this way the circula-
tion of tarì broken or even split into minute fragments 
increased and the birth of the term tarì weight or coun-
terweight occurred. When the issue of tarì lost all con-
tact with the theoretical weight began to circulate bags 
containing tarì of different weights, sealed by constituted 
authority which guaranteed the title. It was at the time of 
Guglielmo II il buono (1166-1189) that there was a radi-
cal change in tarì whose theoretical weight was reduced 
to 0.891 g. The reduction would be set up in the end of 
the XII century, to even out their weight to that of the 
tarì issued in the mints of southern Italy, but the real rea-
son remains unexplained. The title of the goodness of 
gold remained at 16,1/

3 carats, but due to the severe 
shortage of silver, the title of silver (approximately 5 
carats) was drastically reduced, replaced by copper that 
from the title of  3 carats was brought to higher values. 
 
VII - SILVER COINS IN NORMAN PERIOD 
 
     Until the end of the period of government of Count 
Ruggero in Sicily the Normans minted only kharrube 
with a weight of around 0.2g with a low silver title.  In 
1140, on the occasion of the tenth anniversary of the 
founding of the Kingdom of Sicily (1130 coronation of 
King Ruggero II in Palermo) the  ducale was minted,  a 
coin concave/convex  shaped with a theoretical weight of 
2.60-2.70g (weight equal to  2.5 trappesi ) and a title of 
silver 6000/

00 but, after the first emissions fell in 500 0/
00. 

The value of this currency was set at 1/
3 tarì. In the same 

condition the tercia ducalis was minted with a weight 
proportional to 1/

3 of the ducale, i.e. from 0.85- 0.90 g 
and a title of 5000/

00. The ducale  has been minted in imi-
tation of Byzantine miliarese and the tercia ducalis of 
waraq dirhem, but in fact it was equal in weight also to 
the third of miliarese and to denari circulating in North-
ern Italy but they had a title of  silver around 300 0/

00. 
The successor Guglielmo I il Malo minted ducale  coins, 
whose title of silver never exceeded 5000/

00, and khar-
rube (sometimes referred to as a fraction of dirhem for 
its weight that comes close to ½ gram) with a title even 
worse. At the beginning of his government Guglielmo II 
il Buono in place of the ducale minted apuliense with the 
concave-convex shape, with the theoretical title set at 
2500/

00, and a weight of 2.5g. In the same circumstaces 
the third of apuliense (tercia apuliensis) and the sixth of 
apuliense (media tercia) were minted, all emissions of 
flat form with theoretical title equal to apuliense and 
weight proportionately reduced; later it would be defined 

a currency, the tercenario, weighing about 2g and title of 
250 0/

00 of which was actually emitted only the fourth 
part, the quarta tercenarii, weight of 0.50 g. Three were 
the silver coins that king Tancredi minted in the short 
period of his reign: the media tercenarii (weight 0.90 g; 
title 250 0/

00), the quarta tercenarii weight of 0.5 g and a 
variable silver content between 7-25 %, and the fractions 
of dirhem (kharrube). 
 
VIII - COPPER COINS IN NORMAN PERIOD 
 
Notwithstanding the presence in southern Italy of gold 
and silver coins, the copper coins were the highest per-
centage of the circulating coins. In the Arabic Sicily 
copper coins were never produced and the Byzantine 
ones had a marginal role in the money circulation, only 
related to the geographic area, in more immediate con-
tact with Calabria. Fatimidi copper coins were not 
known with the indication of a Sicilian mint.  The first 
Norman settlement in Southern Italy is due to Rainulfo 
Quarrel Drengot to whom the title of Conte di Aversa 
was given by Sergio IV Duca di Napoli as return for the 
help  received in the conflict with Pandolfo IV Principe 
di Capua. Sergio VI was recognized by the Emperor 
Corrado II and his successor Arrigo III. Dealing with the  
coins , some follari were assigned to Riccardo Quarrel 
conte di Aversa (1058-1072), principe di Capua (1058 - 
1062) and Duca di Gaeta (1063-1078), they were similar 
in weight and diameter to contemporary Byzantine fol-
lari. Great interest is given to the coins minted in  Saler-
no. The first follari issued to Salerno by order of Roberto 
il Guiscardo have minted on large logs, thick, with rep-
resentations that generally express the deep sense of reli-
gion spread among men of the time. The son of Roberto 
il Guiscardo, Ruggero Borsa (1085-1111) continued the 
minting of follari in Salerno, always of large diameter 
logs but, unlike those issued by his father, with a mini-
mum thickness. The duke put his name "ROGERIVS" 
and the noble predicate "DVX", sometimes in Greek 
"ΡωΓЄΡΙΟC ΔΟVS". Often these coins were reminted 
on previous releases. Follari similar for morphological 
characters,  type of epigraphy, for the performances and 
for the technique of coinage, can be dated back to the 
period of Duca Roggero Borsa. Follari are attributed to 
the vague "MANSO VICE DVX" for whom the political 
office remains unclear, while follari attributed the enig-
matic "FVLCV DE BASACЄRS" are minted on thin 
logs and cut unevenly. These numismatic traces seem to 
indicate a progressive loss of the control  on the mint of 
the Duca di Puglia. The difficulties that prevent the cor-
rect classification of these pieces also applied to these 
coins are present also for coins with the legends "DVX 
ITA SALERNO" , "ITALIAE", "RU CA TA", "PIRS" or 
"PRS". When to Gugliemo (1111-1127), son of Ruggero 
Borsa, received the "Ducato d’Italia, Calabria e Sicilia" 
by Pope Pasquale II (1114), Guglielmo coined in Salerno 
follari with large diameter and high weight with the rep-
resentations of St. Peter and a Norman knight and then 
he continued with the minting of follari similar to those 
issued in the name of the father with a broad and rela-
tively thick blank. Around 1120 the follari of Guglielmo 
II began to assume a different morphological appear-
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ance, becoming the blank thicker but with a reduced di-
ameter; these coins also appear minted on all blank new. 
At the same time, after Roberto il Guiscardo death in 
1085, the Conte Ruggero, would coin follari large and 
heavy, morphologically similar to contemporary follari 
minted in Salerno but with the characters even more 
pronounced, with the representation of a Norman knight 
moving left and the legend "ROGERIVS COMES" and 
towards the Virgin enthroned with the Child in her arms. 
To this type of coins follari with a smaller, less thick and 
more irregular and overall lighter, perhaps minted in Mi-
leto in Calabria, for circulation in Sicily.  Ruggero II had 
minted copper coins with sacred images in Messina and 
Salerno. The follari minted in Messina appear generally 
heavier than those minted in Salerno and of more regular 
shape: blanks smoother, more cared for dies, better cen-
tering of the images, so that it can be said that to these 
coins more attention and care were devoted. The follari 
Salerno slightly earlier 1130 became smaller, coined on 
blanks irregular in form and of different thickness; also 
the coinage was affixed irregularly, so that these pieces 
appear decentralized, with blurry images or imperfectly 
understood, often with legends incomplete or miss-
ing.  In the period between 1130-1140 by order of Rug-
gero II, in the mints of Salerno, Capua, Naples, Messina 
and Bari, follari on small blanks, thin and irregular were 
produced. They aroused scandal, well highlighted by the 
political opponents of the king represented by Falcone 
Beneventano. In the period of monetary reform for cop-
per coins of  Duca di Puglia Guglielmo the name rame-
sina appeared for coins  minted in Salerno on fresh 
blanks, smaller  and thicker than the previous ones. 
  
IX – CONIAGE OF GOLD AND BILLONE OF THE 
SWABIANS IN THE KINGDOM OF SICILY  
 
     The Swabians were able to unify the coinage in both 
the mainland and in the islands of the Kingdom of Sicily. 
Enrico VI, Manfredi and Corrado II minted only gold 
coins and billone, silver and copper alloy wit title of 250 
0/

00. Federico II gave a very special footprint to this pro-
duction. Tarì with variable weights, 3, 4 and 5 g or 
more, were coine. The title remained 16,1/

3 carats and the 
remaining 7,2/

3  carats silver and copper in the ratio  5/3. 
Each tarì of 0.891 g was ideally composed of 20 acini, 
each equal to 0.04455g; thirty tarì formed an ounce, 
weight 26.55 g, which contained 18.03188g of fine gold, 
5.3238g of silver and the rest copper, 3.19428 g; twelve 
ounces formed a pound equal to 318.6 g. This applies to 
the tarì currency in use throughout the Kingdom, mean-
while around the year 1202 an ounce of Messina (ad 
pondus Messane) was divided into 30 tari of 20 grains 
each, in Palermo (ad pondus Panormi) the ounce was 
divided into 27.5 tarì,  therefore the tarì in Palermo was 
heavier than that of Messina because the ounce weight 
was the same. In 1231 Federico II introduced the pondus 
generale Regni who proceeded to pounds, ounces, tarì 
and grains with 20 grains, each equal to 0.04425g, which 
formed one tarì, 30 tarì forming one ounce and 12 ounc-
es forming 1 pound. The emperor minted simultaneously 
to tarì, who was always used in the transactions in 
weight and not by number, the augustale, gold coin 

whose title was 20.5 carats. The theoretical weight of 
augustale was 5.31g (theoretical weight of 6 tarì single 
weight of 0,885g), equal to the fifth part of the ounce. 
The value of augustale, because of the higher title, was 
fixed to the fourth part of an ounce, equal to 7.5 tarì: an 
augustale contained 4.53563 g of fine gold and 7.5 tarì 
4.50793 g. The augustale was made up of an alloy of 
gold (85.5%), silver (10.9%) and copper (3.6%). Trans-
actions in gold  from 1222 were forbidden to the inhabit-
ants of the Kingdom and limited only to the Royal Care 
and international transactions. Transactions were al-
lowed with the use of coins represented by denari that at 
least until 1221/1222 had a silver title of  250 0/

00  and the 
weight of 1 tarì (about 900 mg). In 1209 the denari had 
changed with the ratio 1/16, so that for a theoretical tarì 
of 0.885g that contained 0.60098g of fine gold, 16 de-
nari ideally containing 3.60g of silver (each denari equal 
to 0.225g of silver) were obtained, Fig. 1. Summarizing 
a ratio 1/6,  gold /coined silver was imposed. Not always 
the title of coins in billone was exactly respected and 
moreover in the mezzi denari (medalee, medaglie) and in 
the quarti di denari, the title was not respected at all. 
The denari were thin coins, 18 mm in diameter, the 
medaglie a diameter of 14 mm, the quarti di denari a di-
ameter between 10-11 mm. In 1225 they were issued 
new denari with the ideal title 1660/

00  who were exchang 
ed in the number of 18 for 1 tarì. From 1228 the prohibi-
tion of the use of gold coins in private transitions was 
confirmed (in the documents the transitions were always 
on the basis of tarì) and the use of denari was imposed. 
It was forbidden the use of any foreign coin and the de-
nari from the Regia Curia were put in circulation thus 
abolishing the use of the denari previously issued. For 
each tarì of ideal weight that the subjects had to deliver 
to representatives of Magna Curia they had 18 denari in 
exchange with silver title 1660/

00, so for 0,600g of gold 
they had 2.70g of silver, with a ratio gold/coined silver 
of 1/4.5. The Curia forced his subjects to accept 4.5 g of 
silver and they had to compulsory deliver 1 gram of 
gold. In 1236 the title of the denari was turned down to 
1250/

00, furthermore it was stated that for every tarì 20 
denari  had to be given, i.e.  0.600 g of gold for 2.00 g of 
silver, with a ratio gold /coined silver of 1/3.3. In 1239 
the alloy of denari was further reduced to 83.30/

00 and 
consequently Federico II was excommunicated by the 
pope with the accusation of being a forger. The collec-
tion was repeated in 1242 and in both circumstances the 
subjects were forced to receive in exchange for 0,600 g 
of gold only 1.33 g of silver with a gold silver ratio of 1/ 
2.2. From 1243 to 1248 the collections with denari with 
the title of 62.2 thousands were banned each year. Since 
it was arranged that for each tarì compulsorily trans-
ferred to the Regia Curia and calculated on the basis on 
the ability to pay of each district, 24 denari would be re-
ceived, the subjects for each tarì which contained 0,600 
g of gold would receive 1.19 g of silver. In each tarì was 
also contained a significant amount of silver (title 5 car-
ats). Finally in 1249 the emperor imposed his latest col-
lection with denari with title of 31.20/

00 , circumstance 
that forced the subjects to give gold (0.60098 g) and re-
ceive an equal amount of silver  (0,59904g) to which, 
however, 0.18435g of silver contained in each tarì had to 
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be subtracted: they received 1 gram of silver and had to 
deliver 1.5 g of gold. A. Sambon and  P. Grierson are 
non in accordance with these data because they found for 
denari a title of  210/

00 (0.600 g of gold per silver 
0.0168). These extraordinary collections continued with 
the successors of Federico II: Corrado I and Corrado II 
Manfredi, but there is no information on the precise year 
in which these taxes were fixed. 
   

 
 

Fig. 1 -Title in silver of the denari of Federico II. Conti-
nuous line :according to the accepted literature;  dotted 

line : according to A. Sambon. 
 
X – GOLD AND BILLONE COINS OF CARLO I 
D’ANGIO’ UNTIL 1278.  

Carlo I d’Angiò who, in the Kingdom of Sicily, replaced 
the Hohenstaufen ordered the minting of reali and tarì. 
The reali maintained the same weight and the same title 
of augustale since a pound of reali was composed of 10 
ounces and tarì 7,1/

2 of pure gold, 1 ounce, 9 tarì and 7 
acini in silver and 13 tarì and  3 acini in copper. The tarì 
continued to have the goodness to 8 ounces of pure gold 
and 5 tarì for every pound of tareni, 2 ounces, 26 tarì  
and 5 acini in silver and 28 tarì and 15 acini in copper. 
Tarì with a very accurate weight were minted in order to 
abolish their use in weight, without success,  so until 
1278 the use of minting them without a defined weight 
was taken up. Carlo I d’Angiò went on minting  annually 
denari that the Regia Curia distributed in each province 
in exchange for gold. The executioners divided the sum 
for each country and the universities elected in the public 
parliament mayors, deputies under guarantee of the same 
University, to receive and distribute to inhabitants of 
individual lands the new currency, collecting debitum 
pretium iuxta facultatem eorum. At the time of Carlo I 
d’Angiò the peso generale, also called  legittimo peso di 
Puglia o peso generale della Curia that proceeded to 
ounces, tari’ and grana, was used. In the mint to weigh 
the gold the marco a peso generale weight 8 ounces and 
the peso piccolo della Curia, weight decreased by 1/10, 
were used. Even for silver two types of weights were 
employed: the marco generale or peso di marco and  the 
marco della zecca di Brindisi. The marco generale for 

silver was equal to 8 ounces each of 30 trappesi, but this 
heavier than the trappesi of peso generale, 
corresponding to our 0.9598117 g, so that an ounce of 30 
trappesi was equal to 28.794352141 g and the marco of 
8 ounces 230.354823529 g. So the marco for silver was 
heavier than 1/10 of the marco for gold. The marco of 
the Brindisi mint consisted of 9 ounces of silver. 
In the mint a heavy weight, said gatza or gatzia of 16 
marco of mint was employed. In 1278 Carlo I d’Angiò 
launched a major monetary reform based on the carlino, 
a silver coin used in all of Southern Italy until the 
unification of Italy. 
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Abstract – The research of silver coins circulating on 
the territory of Volga Bolgaria in the 10th century is 
of interest to researchers due to the wide geography of 
crafting locations of these artefacts. The purpose of 
this work is the determination of properties of 
chemical composition and manufacturing technology 
of the coins. For the determination of alloy 
composition, 6 dirhems from a hoard discovered at 
Semenovskoe settlement were researched with the use 
of optical electron microscopy. Fractures of these 
silver articles dating back to various time periods 
were subjected to research. The research 
demonstrated that the coins were crafted from fine 
silver, whereas their manufacturing technology varies. 
 
Keywords – kufic dircham, 10th century, chemical 
structure, optical and electron microscopy. 

 I. INTRODUCTION 

The advantageous location of Volga Bolgaria on the 
Volga-Baltic trade route determined its significant role in 
Eurasian trade of the 10th century between the Eastern 
and Western worlds. The rapid development of state 
economy was related to the collpase of Khazaria and the 
appearance of settled Muslim Saltovo-Mayaki population 
with highly developed agriculture, cattle breeding, trade 
and crafts on the Volga river in the 960s. The wave of 
migration arrived along with trade relations and the 
following crafting skills acquired by people in Khazar 
Khanate: pottery, casting, blacksmithing, jewellery, and 
others. This resulted in the formation of large trade and 
craft centres. Semenovskoe settlement I is a characteristic 
habitation of one of these centres – Izmersky [2]. It was 
located at the interfluve of two largest rivers in Eastern 
Europe - the Volga and the Kama. The following 
numerous artefacts made of various materials dating back 
to the 10h cenury have been discovered in the territory of 
his archaeological site in the course of many years: Kufic 
dirhems, beads, silver and bronze braided bracelets, 

amber, silver ingots, and other articles made of ceramics, 
glass, ferrous and non-ferrous metals [3, 4]. The researh 
of chemical composition of the coins described in works 
[5-7] demonstrated that all silver coins were made of a 
high-quality alloy with silver content over 85%. 

There are many scientific articles related to the research 
of chemical composition of silver coins by means of X-
ray fluorescence analysis [8-11]. The experience of the 
authors in the field of research of archaeological sites 
with the use of this method [12] demonstrated that this 
type of analysis fails to provide a complete insight into 
the composition, sructure and manufacuring technology 
of coins. 

 II. MATERIALS AND METHODS 

This work features the results of research performed 
with the use of optical and electron microscopy obained 
for 6 coin fragments dating back to various time periods. 
This type of research of achaeologicical articles allows to 
avoid several data corruption factors which result in 
mistakes during the determination of chemical 
composition of coins with the use of non-destructive 
methods. Fragments of the following material were 
selected as research samples:  

- a 9th century Abbasid dirhem (Fig. 1); 
- 2 Nuh Ben Nasr coins, one of them dated 951 (339 

A.H.) (Fig. 2), and the other one undated (Fig. 3); 
- 2 Nasr Ben Ahmed coins, one of them dated 942 

(Caliph Muttaqi, Ash-Shash, 330 A.H.) (Fig. 4), and the 
other one undated (Fig. 5); 

- a Bolgar coin of 977 (Bolgar, 366 A.H.) (Fig. 6). 
The research was performed on coin fractures with the 

use of optical and electron microscopy with the use of 
Axio Observer Z1, Axio Imager.Z2m and AURIGA 
CrossBeam equipment with Inca X-Max energy-
dispersive spectrometer at Kazan National Research 
Technical University named after A.N.Tupolev – KAI. 
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Fig. 1. Abbasid coin 4 (9th century). 

 
Fig. 2. Nasr Ben Ahmed coin 51 of 942. (Caliph Muttaqi, 

Ash-Shash, 330 A.H.). 

 
Fig. 3. Nasr Ben Ahmed (Nuh) coin 75. 

 
Fig. 4. Nuh Ben Nasr coin 60 of 951. (339 A.H.). 

 
Fig. 5. Nuh Ben Nasr coin 61. 

 
Fig. 6. Mumin Ben Hasan coin 135 of 977. (Bolgar, 366 

A.H.). 
Preparation technique: the sample was secured with 

electrically conductive carbon adhesive tape on an 
aluminium holder. The sample secured on the holder was 
placed in the chamber of an electron microscope. Probing 

was performed from a selected area on the surface of the 
reserached sample. 

Electron-microscopic analysis included the use of the 
VPSE method (detection of secondary electrons in low 
vacuum mode) for the visualization of general surface 
morphology during panoramic photography, and for the 
performance of quantitative and qualitative microprobe 
analysis (20 kV, 800 pA). 

Microprobe X-ray spectral analysis of samples with the 
use of INCA X-Max energy-dispersive spectrometer 
(with 127 eV sensitivity) includes the determination of 
sample composition and the plotting of spectra and 
element distibution maps. 

Photographs for the visualization of composition 
determination areas were taken with AxioObserver Z1 
optical microscope. 

 III. RESULTS AND DISCUSSION 

The research demonstrated that all coins were made of 
silver-copper and silver-copper-lead alloys. The analyses 
allowed to ascertain the peculiarities of metal distribution 
across the layers and the manufacturing technology of the 
coins. 

- Abbasid coin 4 (9th century) was made of an alloy of 
fine silver and copper. The alloy has a rather 
homogeneous laminated structure (Fig.7). 

 
Fig. 7. Microstructure of coin 4. 

The outer layer (10-12 µm) contains approximately 
2.5% of copper, whereas the inner layer features a higher 
content of copper additive amounting to about 8%. This 
coin was subjected to surface analysis of its polished area 
obtained as a result of fracturing. The concentration of 
copper in this area amounts to about 4%, i.e. fracturing 
causes dissolution of the outer layer of fine silver and its 
intermixture with the inner layer. This results in the 
reduction of determined copper content, which increases 
the fineness of a silver coin. This information suggests 
that the microscopic sections of cross-layers of coins [13] 
used by certain researchers cannot provide correct 
unbiased information on chemical composition of the 
artefacts.  

The coin has a laminated structure, which signifies high 
strength or duration of pressure treatment. Thickness of 
the granular layer inside the coin is up to 1 µm. 

- Nasr Ben Ahmed coin 51 of 942 (Caliph Muttaqi, 
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Ash-Shash, 330 A.H.) has an overlaid outer layer 30-35 
µm thick with a loose structure. On the outside this layer 
is constituted by solid silver, whereas at the junction with 
the inner layer it contains 5.19% of copper. The inner 
layer of the coin has a grained cubic structure and apart 
from silver contains approximately 4% of copper and 2% 
of lead (Fig. 8). The grains are represented by 
homogeneous thoroughly remelted conglomerates. On the 
inside the coins also contain inclusions of a copper alloy 
constituted by 87.5% of copper and 12.5% of silver. 

 
Fig. 8. Microstrucure of coin 51. 

The coin has a three-layer structure. Diffusion bonding 
of the layers is high. The thickness of surface layer 1 is 
up to 60…70 µm, and for the inner layer it varies within a 
broad range from 80…90 to 280…300 µm; the thickness 
of surface layer 2 also varies within a broad range 
depending on the inner layer. The inner layer of the coin 
has an evident cast coarse-grained structure. The surface 
layers have a porous fine-grained structure. The cast 
nature of the coin is signified by a high diffusion degree 
and different structures of coin layers. The outer layers of 
the coin have apparently had a high heat exchange rate 
and access to air, for they contain traces of gas 
microporosity. The inner layer of the coin has had a lower 
heat exchange rate, hence its homogeneous coarse-
grained structure. The most probable manufacuring 
technique used for this coin is cutting-out from a cast 
laminated sheet. This type of sheet was probaply 
manufactured in three stages: application of a layer of 
high-quality molten silver, subsequent application of a 
silver layer with a large admixture of copper and lead, 
and application of a high-quality silver layer on top of the 
unsolidified layer of the previous metal. Hence the high 
non-uniformity of the inner and outer layers in terms of 
thickness. 

- Masr Ben Ahmed (Nuh) coin 75 has a homogeneous 
structure with hollow formations containing spherical 
inclusions. The homogeneous structure is constituted by 
substantially fine silver, whereas the spherical inclusions 
are represented by an alloy of bismuth, silver and copper 
(Fig. 9).  

 
Fig. 9. Microstrucure of coin 75. 

The coin has a cast structure with cellular segregation 
and a large quantity of shrinkage pores. The spherical 
inclusions of bismuth with silver and copper are 
associated with the fact that bismuth has a relatively low 
melting temperature and is the last to solidify. The cast 
nature of the coin is signified by the absence of traces of 
evident lamellar cracking, and the integrity of spheres 
containing bismuth, inasmuch as bismuth is a brittle 
metal. 

- Nuh Ben Nasr coin 60 of 951 (339 A.H.) has a loose 
structure constituted by a porous mass with lumplike 
inclusions (Fig 10). The outer layer with thickness 5-10 
µm is represented by fine silver with 1.3% of copper 
admixture. The lumplike inclusions have a very 
heterogeneous composition constituted by copper and 
silver alloys, copper, bismuth, silver and lead. The porous 
mass is constituted by approximately 90% of silver and 
10% of copper. 

 
Fig. 10. Microstrucure of coin 60. 

The coin features a high degree of segregation of 
chemical elements and contains traces of evident 
recrystallization of its structure. The coin was probably 
obtained by means of pressure treatment from an 
inadequately prepared alloy. This is signified by an 
insufficiently stretched structure and non-uniform 
oxidation of the coin, as well as by traces of 
intercrystalline cracking. 

- Nuh Ben Nasr coin 61 has a loose laminated outer 
layer with thickness 20-30 µm consising of two parts 
(Fig. 11). The outer part of the layer contains fine silver, 
whereas certain parts of its fragments contain 2% of 
bismuth, and other parts – 0.8% of copper in the form of 
admixtures. The inner part of the layer tightly adjoins the 
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inner layer of the coin and contains an alloy constituted 
by 94% of slver and 6% of copper. The inner layer of the 
coin comprises an amorphous mass of petrified melt with 
a homogeneous composition comprising 92% of silver, 
7% of copper and 1% of lead. 

 
Fig. 11. Microstrucure of coin 61. 

The metal of the coin features evident traces of 
pressure treatment. Its structure has a distinct built-up 
nature with a high degree of deformation. There are 
traces of etching on the surface of the coin. The etched 
layer of the coin is 20-30 µm thick, and also features a 
stretched structure. The etched layer is rather thin with 
respect to coin thickness which is 450-460 µm. 

- Mumin Ben Hasan coin 135 of 977 (Bolgar, 366 
A.H.) has a very homogeneous structure with a constant 
composition (Fig. 12). The coin was made of a well-
mixed silver and copper alloy with an average content of 
silver – 96.33%, and copper – 3.67%. 

 
Fig. 12. Microstrucure of coin 135. 

The coin has a cast nature with no traces of ecthing. 
The lateral cracking of the coin is probably due to coining 
die application. The coin is thin – its thickness amounts 
to approximately 300 µm. 

According to the obtained results of electron 
microscopy, all coins were made of 90-98% fine silver. 
The coins were crafted with the use of various 
technological techniques. All coins except for two 
represent individual manufacturing methods. Abbasid 
dirhem and Nuh Ben Nasr coin of 951 (339 A.H.) were 
crafted from silver and copper alloys with subsequent 
flotation of the surface layer. The same technological 
procedure was used for a single Nasr Ben Ahmed coin of 
942 (Caliph Muttaqi, Ash-Shash, 330 A.H.) and the 
second Nuh Ben Nasr coin. However, these coins were 

crafted by means of initial application of the outer layer 
whose composition is different from that of the inner 
layer of the coins. Bolgar coin of 977 (Bolgar, 366 A.H.) 
was crafted from a high-quality alloy containing 96.33% 
of silver and 3.67% of copper. One of the Nasr Ben 
Ahmed coins was made of fine silver. This coin is 
characterized by spherical inclusions incorporated in the 
structure of the coin, constituted by bismuth, silver and 
copper compounds. 

A research of coin structure has revealed the 
corresponding technologies of coin minting. In 
accordance with this information, the structure of three 
coins out of six has an evident cast nature, whereas the 
remaining coins contain traces of active pressure 
treatment of the metal. Two coins minted during the rule 
of Nuh Ben Nasr have an identical stretched structure, 
which could signify a singe school of artisans. Two coins 
are distinguished by their manufacturing technique – one 
with a cast laminated structure (Nasr Ben Ahmed coin 51 
of 942) and the second one with spherical inclusions 
containing bismuth (Nasr Ben Ahmed (Nuh) coin 75). 
These two coins feature traces of an evidently foreign 
manufacturing technology, or practicing of expermental 
techniques. 

The performed research demonstrated the viability of 
silver coin research with the use of electron microscopy. 
The analysis revealed the technological characteristics of 
coin minting, the formulation of silver alloys, and the 
dynamic pattern of technological changes occurring in the 
course of time. 

According to the research of coin fractures using an 
electron microscope, a portion of the coins was made 
with the use of a silver, copper and lead alloy. As it is 
known, if a simple silver and copper alloy is used, the 
density of an article is less than the density of fine silver. 
This fact can be easily confirmed by the weighing 
method. The addition of lead allows to bring the density 
of an alloy closer to that of fine silver. However, if an 
article made of such an alloy is subjected to the flotation 
procedure in order to increase the concentration of silver 
on the suface, the lead, as well as the silver, will remain. 
Therefore, ancient craftsmen used a special 
manufacturing system. It consisted in the manufacturing 
of the inner core of coins from a silver, copper and lead 
alloy. These cores are covered with a silver and copper 
alloy on top. Five manufacturing stages can be considered 
as a result of fracture research: A layer of silver with 
fineness about 95 was poured over a flat core. Then this 
layer was covered with a silver, copper and lead alloy 
with a lead content of approximately 90%. Afterwards the 
same mixture which constitutes the cast silver substrate 
was poured on top. As a result, a coin was cut out of a 
three-layer raw material, whereas during cutting the 
upper layers "floated" over each other due to a high 
moldability of the silver and copper alloy. The final stage 
comprised the etching of copper resulting in practically 
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pure silver remaining on the surface of the coin. It should 
be noted that five coins out of six were subjected to the 
flotation process. Only the Bolgar coin did not undergo 
the specified process.  

Besides, certain peculiarities of sample preparation 
were revealed during the research of coin material. Our 
suggestions pertaining to the uncorrectness of 
manufacturing of microscopic sections of articles made of 
non-ferrous and noble metals were fully comfirmed 
during the research of a dissolution which occured as a 
result of fracturing of the Abbasid coin. Silver is a 
viscous and plastic material, and application of any kind 
of force causes smearing of the metal and filling of 
hollows in the coin matrix. Therefore, the research of 
structural characteristics and chemical composition of 
silver coins requires chipping of samples, whereas the 
researched area of the material should by no means be 
subjected to abrasive or chemical exposure. Thus, the 
most accurate result is provided not by the research of a 
coin's polished microsection, but by transverse fracturing. 

 IV. CONCLUSIONS 

The research of silver coins circulating in the territory 
of Volga Bolgaria in the 10th century is an urgent 
problem considering the broad geography of their minting 
locations. The use of high analytical tecnologies in the 
research of artefacts made of non-ferrous and noble 
metals allows to obtain new information on their 
production and formulation. The research performed at 
this stage of works demonstrated that ancient minters 
invented the technology of bringing the density of coins 
made of alloys containing silver and other metals close to 
the density of pure silver. 

The performed research once again demonstrated that 
the analysis of the surface layer cannot provide correct 
information on chemical composition. The issue of 
incorrect analytical formulation data becomes especially 
urgent in the case of artices made of a single alloy 
covered with an elevating metal. Our research 
demonstrated that even in the case of homogeneity of a 
metal alloy, minters frequently used the flotation method 
– etching of the copper component from the surface layer 
of an article. As a result of this procedure, the content of 
noble metal in the surface layer (up to 20 µm) becomes 5-
10% higher than that on the inside. The surface analysis 
of a coin's transverse section revealed the phenomenon of 
a surface layer made of effectively pure silver 
"overlapping" the inner layers. 

It should be noted that the electron microscopy and 
optical methods of coin fracture research used by the 
authors proved to be highly effective. Considering the 
small volume – 1 mm from the plane is sufficient – it can 
be recommended as the primary method of research for 
non-ferrous and noble metal articles. 
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Abstract – The necropolis discovered in Tauste 
(Zaragoza, Spain) reflect an important Muslim 
settlement between 8th and 10th centuries. Stable 
carbon and nitrogen isotope analyses allow to 
reconstruct diet, social stratification, and migrations 
of the inhabitant of Tauste. Muslim individuals 
mainly consumed legumes and cereals like wheat and 
barley but also freshwater fish protein as staple food. 
Female individuals show lower consumption of 
proteins, compared to male individuals. The δ15N 
enrichment (mean values 15.0‰ ) is related to climatic 
condition more than to dietary patterns. Two outlier 
values for δ15N correspond to women and probably 
indicate they were migrated from a less arid 
geographical region. 

 I. INTRODUCTION 
In the historiography of Tauste (Zaragoza, Spain) the 

presence of Muslim population has always been 
considered merely anecdotal and even nonexistent. 
Recent excavations have shown that a stable Islamic 
population in the town had existed since the beginning. 
Located midway between Zaragoza, and Tudela and on 
the way to Ejea, constituted to be an important point of 
communication during the 11th to 12th centuries. In 2010 
a cemetery with several graves aligned perpendicular to 
the Mecca were discovered. The bodies are placed lying 
on its right side and facing the Mecca characteristic of a 
Muslim cemetery [i.e. 1]. Similar burial system is already 
documented in other necropolis of the Iberian Peninsula 
such as Marroquíes Bajos (Jaen) [2], Tosssal Manises 
(Alicante) [3] or Valdeherrera (Zaragoza). 

The excavated area indicates that the space was used as 
an Islamic necropolis during the period of al-Andalus. 
The cemetery has at least two levels of burials, which 
also reveals an extended period of occupation. In fact, 

radiocarbon dating aged the graveyard between 8th and 
10th centuries and it could be considered one of the 
oldest Islamic necropolis of Spain.  

At present only the tower of Santa Maria church has 
been classified as mudejar architecture but it has not been 
found remains of the village associated to the necropolis 
[4]. Therefore the analysis of the isotopic composition of 
human remains could provide some information about the 
socio-economic dynamics of the Muslim population. 
Stable isotope composition of bone collagen reveals 
information about nutrition, life history, and migration in 
past population [5, 6, 7, 8, 9].  

Carbon isotope analysis provides information about 
plant consumption, in particular between plants following 
the C3 (e.g. wheat and barley) and C4 (e.g. millet) 
photosynthetic pathways. Nitrogen isotope analyses 
reflect the intake of animal proteins and gives 
information about the trophic level [9, 10, 11]. However 
the fractionation of nitrogen isotope in terrestrial 
ecosystems leads to an enrichment in δ15N of 2-5‰ (on 
an average of  3.2‰) from diet to body tissue, whereas 
δ13C for each step in the food chain only shows an 
enrichment of ≈ 1‰ [5,6,7,12]. Carbon and nitrogen 
isotopes illustrate the contributions of animal protein to 
diet revealing important information within populations, 
including differences according to sex, age and social 
status. 

The aim of the study is to reconstruct social 
stratification of the Muslim inhabitants of Tauste based 
on palaeodiet. 

 II. ARCHAEOLOGICAL SETTING 
Tauste archaeological site is located in the town with 

the same name in the province of Zaragoza (northern 
Spain) (Fig. 1). Tauste is placed in the Ebro valley in the 
margin of Arba River a tributary of the Ebro River. 

ISBN-15: 978-88-940453-3-8 
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Fig. 1. Location of the necropolis of Tauste.  

The four excavation campaigns conducted between 
2010 and 2013 reveals graves aligned SW-NE with 
human bodies placed lying on its right side and facing to 
the Mecca indicative of a Muslim cemetery i.e. [13](fig. 
2). 
 

 
Fig. 2. Overview of some of the burials found in the 

necropolis of Tauste. 

Graves appear dug in clay soil in Tertiary and Miocene 
materials consist of massive alabaster gypsum alternating 
with earthy gypsum, calcareous marl and gypsum marl. 

The human remains extend over an area of two hectares 
and the density of graves allows establishing a minimum 
of 4500 burials, excluding children [14]. The only grave 
goods found was a simple hoop earring bronze in a 
woman's grave also indicative of Islamic funeral rites.  

Radiocarbon dating establishes the time interval of the 
burials (Fig 3). Three burial period were dated a first 
period between the second half of the7th century and the 
first three quarters of the 8th century, a second burial 
period dated in the 9th-10th centuries and a third period 
on 10th century (Table 1). 

The antiquity and the dimension of this necropolis 
suggests that Tauste was a place of some importance in 
the times of the Banu Qasi, when the upper mark on Al-
Andalus was established [15, 16].  

Table. 1. 14C dates for individuals of Tauste. 
Sample Lab. Code Age BP Age cal AD 

   from to % 
895 929 22.7 Tomb 1 CSIC-2180 1072 ± 32 
939 1021 72.7 

Tomb 2 CSIC-2235 1286 ± 31 664 772 95.4 
777 791 3.3 
806 842 5.7 Tomb 3 CSIC-2234 1133 ± 28 
861 986 86.4 

 

 
Fig. 3. Calibrated radiocarbon dating of the burials of 
Tauste obtained with Oxcal v4.2.4 [17] and InCal13 

atmospheric data [18].  

 III. MATERIALS AND METHODS 
Thirty individuals’ samples from the Muslim necropolis 

of Tauste were analysed. Twelve of these individuals are 
men, 10 women and 8 of indeterminate sex [14]. The 
individuals were categorized by age into infants (aged 
younger than 12 years), young (ages 12-17 years), young 
adults (ages 18–34 years), middle-aged adults (ages 35–
50 years), and older adults (aged older than 50 years).  

Bone collagen was extracted following the procedure of 
Bocherens [19]. 300 mg of bone sample powder was 
demineralized in 1M HCl for 20 min at ambient 
temperature until all minerals had dissolved. Samples 
were then rinsed with distilled water and 0.125 M NaOH 
was added to remove humic acid. They were then rinsed 
with distilled water again and gelatinized in a pH 3 HCl 
solution for 17 h at 90 C. The filtered supernatant 
containing the soluble collagen was then collected, 
frozen, and lyophilized. 

Collagen (2.5-3.5 mg) was loaded into a tin capsule for 
continuous flow combustion and isotopic analysis. The 
carbon and nitrogen isotopes were analysed by an 
Elemental Analysis- Isotopic Ratios Mass Spectrometer 
(EA-IRMS) at Iso-Analytic (Cheshire, UK).  

Liver standard NBS-1577B and ammonium sulphate 
IA-R045 internal standards were used to confirm 
instrument accuracy. Replicate analysis of the NBS-
1577B standard gave a δ13CV-PDB = -21.60 ‰ ± 0.02 (σ, 
n = 7) and δ15NAir = 7.65 ‰ ± 0.13 (σ, n = 8), and the 

Tauste

CSIC-2180

CSIC-2235

CSIC-2234

Calibrated data (cal AD)

OxCal v4.2.4 Bronk Ramsey (2013), r:5 IntCal13 atmospheric curve (Reimer et al 2013)
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IA-R045 standard gave δ15NAir = 4.70‰ ± 0.05 (σ, n = 
5). 

Prior to analysis of sample isotope composition, 
possible burial modification of the isotopic signal must be 
evaluated. To establish diagenetic alteration and the 
presence of secondary minerals (calcite, oxides, and 
others), Fourier transform infrared spectroscopy (FTIR) 
was performed. 

For the FTIR analysis, 1 mg of ground bone was mixed 
with 100mg of potassium bromide (Aldrich 22186-4, FT-
IR grade) previously dried at 100 ºC. The infrared spectra 
are in the 400-4000 cm-1 range with a resolution of 4 cm-1 
and an accumulation of 40 scans using an FTIR-8400S 
Shimadzu spectrometer. The crystallite size was 
determined by calculating the crystallinity index (IC) as 
IC = (A605 + A565)/(A595), where Ax is the absorbency at 
wavelength x [20] assuming a straight baseline between 
700 and 500 cm-1. This index is correlated with the 
crystallite size of the biogenic apatite, which is indicative 
of the degree of crystal rearrangement and therefore of 
diagenesis. Apatites with larger crystals and more ordered 
show a greater separation of these peaks and a higher CI 
index [20,21,22]. 

Statistical analysis was performed with SPSS v.20 
(Statistical package for Social Sciences). An unpaired 
Student’s t test was used to determine the statistical 
significance. Statistical significance was accepted as p < 
0.05.  

 IV. RESULTS AND DISCUSSION 
The bone collagen amount is 13.5 - 0.74 %wt. The Ccoll 

content is between 36.2 - 25.6 % and Ncoll contests ranges 
between 13.1 and 16.8%. The collagen yielding with C/N 
ratio between 2.9 and 3.6 were taken into consideration 
since corresponds to well-preserved collagen [23,24]. 

Infrared analyses confirm collagen preservation. The 
FT-IR absorbance bands of amide II (1600-1500 cm-1) 
and amide III (1300-1200 cm-1) indicate low collagen 
degradation and a lack of significant chemical changes in 
bone collagen [22, 25]. The crystallinity indices (CI) 
values lower than CI = 3.1 measured in modern human 
bone, indicating that the bone are not significantly 
recrystallized [26, 27]. Both parameters confirm collagen 
preservation [20, 22, 25].  

The δ13C ratio for human bone samples ranging 
between -18.4‰ and -19.9‰ with a mean value of -
19.7‰ and nitrogen isotope ratios ranging between δ15N 
= 9.5‰ and +17.5‰ with mean value of 15.0 ‰. It is 
noteworthy the rather strong signal for δ15N of nearly all 
individuals with values elevated by more than 5‰ over 
terrestrial ecosystem baseline (Fig. 4), an offset unusually 
large for a single trophic level effect [27, 28]. 

In the absence of contemporaneous faunal data, 
individuals from Tauste were compared with broadly 
coetaneous Muslim and Christian populations of several 

locations within Iberian Peninsula (Fig. 4). There are no 
significant differences in δ13C ratios between Tauste and 
neighbouring Muslim populations (Zaragoza and 
Albarracín, [30, 31], or between Tauste and Christian 
populations (e.g. Jaca [30] , Aistra and Treviño [32]). The 
δ15N ratios are unusually elevated compared with 
contemporaneous Middle Age Iberian populations. A 
regardless conventional interpretation of these data 
suggests an intensive consumption of freshwater fish. An 
intensive intake of freshwater fish does not appear 
justified neither historical nor anthropological point of 
view. Islamic texts about the diet in Muslim medieval 
Spain imply consumption based on cereals (wheat, barley 
rye together with C4 grains such as millet and sorghum) 
with regional differences of type of grain being consumed 
[33, 34]. The most common animal protein source were 
mutton and lamb, chicken, hens and, other poultries. Fish 
would have being an important supplement to the diet of 
people from more humble background along the river and 
coastal regions [34]. Other important protein source were 
supplied from vegetables such as chickpeas, lentils, peas 
and others legumes. 
 

 
Fig. 4. Plot of δ13C and δ15N values for the individual of 

Tauste. Ecosystem boxes are based on faunal data 
reported by [28] and [29]. Fields values are corrected 
for trophic level effect. 1-9 are coetaneous Muslim and 

Christian populations within Iberian Peninsula: (1) 
Mendraka. 9th-12th centuries, (2) Zornostegui 7th-14th 
centuries, (3) Aistra 7th-9th centuries, ( 4) Zaballa 10th-
15th centuries,(5) Treviño 12-14 centuries, (6) Jaca 8th-

13th centuries (7) Valencia 14th-15th centuries (8) 
Albarración 10th-12th centuries (9) Zaragoza 10th-12th 

centuries. Data: (1)-(5) [32], (6)-(9) [30].  

The extreme enrichment values for δ15N in Tauste 
population and quantify the relative proportion of various 
food sources a mixing model has used [35, 36]. In this 
study were considered stable isotope data on three 
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different food sources: cereals (wheat and legumes), 
domestic animals (lamb) and freshwater fish. The 
calculation of the relative contribution of these food 
sources has been performed using the mixing model 
IsoConc proposed by [35]. Elemental concentrations for 
food sources were estimated using food composition data 
from the MAGRAMA database. Food stoichiometry (wt 
%) calculation was established taking on account the 
following assumptions: 52% carbon and 16% nitrogen for 
proteins, 75% carbon for lipid and 45% carbon for 
carbohydrates [37]. To estimate the carbon and nitrogen 
of assimilated biomass, it was assumed that 100% of 
animal tissues are digestible and for terrestrial plants 90% 
of protein (C, N) and 100% of lipid and carbohydrate (C) 
are digestible [38, 39].   

Isotope values for domestic fauna were assumed the 
average measured values of bone collagen of sheep [40]. 
Isotope values for cereals were considered the average 
values of cereal mixture following [41]. δ13C and δ15N 
values for freshwater fish, such as eel, carp and tech 
isotope values were considered [40, 42].  

Two groups of end-member food sources for input in 
the Isocon program had been chosen representing the 
range of food available in the Muslim diet. Figure 5 
represents graphically IsoConc result for three food 
sources assuming intake of (1) legumes, wheat/barley and 
lamb and (2) legumes, cereals and freshwater fish and, 
the position of the human average isotope values.  

 

 
Fig. 5. Examples of concentratiosn dependent mixing 

models for male and female individuals of Tauste. 
Triangle: mean of males. Square: mean of females. 

The majority of human data fall outside of the 
triangular dietary mixing space suggesting that domestic 
meat and cereals were not significant dietary source for 
Tauste population diets. The observed such significant 
shift cannot be explained by the trophic isotopic effect. 
Independently of dietary factors, δ15N values can be 
largely affected by climate, temperature, soil salinity and 
precipitation [12]. Local conditions of Tauste, such as the 

aridity and the relative high salinity of regional 
freshwater could lead to this δ15N enrichment [43].  

Two individuals have δ15N values outside to current 
trend suggesting that they consume food with lighter δ15N 
isotope composition. In the absence of a baseline the δ15N 
values of the majority of individual could be considered 
values of local food. Consequently, the simplest 
explanation for individual with lower δ15N values is that 
they were from different geographic origin rather than 
they would have different eating habits. 

An interesting aspect of palaeodiet reconstruction is the 
effect of sex and age on isotope composition. The mean 
values of the male samples are 15.4‰ for δ15N and -
19.4‰ for δ13C. In female samples the mean values are 
14.2‰ for δ15N and -18.9‰ for δ13C. Comparison of the 
results the Student's t-test for males and females shows 
significant differences in δ13C (t14, P<0.039) and δ15N (t19, 
P<0.028) (Fig. 6). This could potentially means that 
females have minor access to animal protein, probably in 
relation to sexual division of labour and the need of 
different energy intakes or as gender inequality [44].  

Comparison of the results by age of individuals, the 
highest δ15N values were found in the bones of children 
aged younger than 3 years, whereas children older than 4 
years old have similar δ15N values to those of adults. In 
younger infants δ15N elevation is due to a “nursing 
effect” whose diet presumably consisted entirely of 
maternal milk. 

 

 
 Fig. 6. Boxplot of δ15N values according to age and sex. 

The results also strongly suggest the evident dietary 
differences within female and male individuals. A 
comparison of different age females reveals that there are 
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no differences between young, young adult and adult 
women overall diet. The lower δ15N values among old-
adult females compared to younger females suggest that 
have lower intake of animal protein (Fig 6 top). 

Variations in diet within men are observed between 
adult and younger men (Fig 6 botton) indicating dietary 
differences that may be linked to large amount of protein 
in the intake. 

 V. CONCLUSIONS 
The δ13C and δ15N results illustrate not only the 

environmental conditions but also the diet varied 
according to sex. The modeling results of isotopic 
composition of the Muslin society of Tauste suggest diet 
consist of mainly in legumes and cereals with a relatively 
low contribution from freshwater fish protein and a 
nearly absence of terrestrial meat.  

Men and women often eat different foods because the 
nutritional demand could be different related to the 
division of labors. The significant higher δ15N values 
determined in the children younger than 4 years could be 
related to “nursing effects”. The larger differences 
between men and women of protein intake are observed 
within adult individuals. Older adult females exhibit 
lower δ15N values indicating less protein consumption. 
The δ15N values of two individuals outside to main trend 
suggest the intake of food with lighter δ15N isotope 
composition indicating they probably were from another 
geographical region with different climate conditions. 
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Abstract – The reconstruction of ancient diets by 

means of stable isotopes analyses acquires a deeper 

meaning when their results are compared with other 

odonto-skeletal indicators and are strongly 

contextualized in the light of historical and 

archaeological evidence, as well. Nevertheless, the 

outcomes can be contradictory or, more realistically, 

they may not completely satisfy our former 

hypotheses on how complex and different conditions - 

such as health status, life style, diet and nutrition - can 

actually interrelate in the life course of an individual. 

In this study we present and discuss evidences from 

Isola Sacra and Velia, two Roman Imperial Age 

coastal towns. The δ
15

N and δ
13

C values are compared 

with demographic and health status parameters, such 

as age, sex, stature, auricular exostoses, DISH, cribra 

orbitalia, enamel defects.  

 I. INTRODUCTION 

The study of the funerary complexes is always and 

necessarily accompanied by the analysis of human bones 

and teeth. A fruitful relationship between the two areas of 

research was in fact established through dialogue and 

collaboration - both on the field as in the laboratory - and 

led to significant advances in the historical reconstruction 

of the biocultural dynamics that characterized the 

evolution of human populations in space and time. The 

final outcome is the attempt to provide a consistent 

response to the growing demand, by archaeologists and 

historians, of coherent reconstructions of past adaptations 

to the environment. 

Skeletal anthropology has matured, since the immediate 

post-war period, its own disciplinary status, which takes 

advantage of the development of advanced technologies 

and methods of investigation. Nevertheless, the 

reconstruction of biological adaptations of past 

populations, based on odontoskeletal remains, is 

extremely difficult and complex. This difficulty is even 

more evident when approaching the subject of dietary and 

health status reconstructions in the complex Roman 

Imperial society. 

The study of biocultural adaptation scenarios of ancient 

populations has, in fact, proved to be a difficult 

challenge. Indeed, the validity of the mortality models 

based on skeletal analyses was deeply criticized by the 

contributions of Boquet and Masset [1] and Wood and 

associates [2], who undermined the reconstructive power 

of paleodemographic and health status indicators in the 

odontoskeletal record. Fortunately, over twenty years 

after the publication of these basic critical tools, skeletal 

anthropology is consistently increasing the quantity and 

especially the quality of the information today extractable 

from skeletal populations. This contribution illustrates the 

usefulness of collagen Carbon and Nitrogen isotopic 

composition studies as proxy of ancient diet. The data 

from two major Italian coastal communities of Roman 

times is used not only to reconstruct diet, but it is 

analyzed in the framework of the morphological, 

histological and paleopathological evidences, opening 

unexpected interpretive opportunities. 

 II. MATERIALS AND METHODS 

The skeletal material from Isola Sacra and Velia 

The two skeletal series come from the Roman Imperial 

necropolises of Isola Sacra (Lazio, I-III cent. AD) and 

Velia-Porta Marina (Campania, I-II cent. AD) (figure 1). 

Isola Sacra has been the main necropolis of the harbor 

town of Portus Romae, serving the capital of the empire. 

The several excavation campaigns have yielded more that 

2000 skeletal individuals. Porta Marina was the southern 

gate graveyard of Velia, a port town on the Tyrrhenian 

Sea. More than 300 skeletons were recovered. A total of 

117 adult individuals from Velia and 105 individuals, 

both adults and subadults, from Isola Sacra were selected 

for the isotope analysis. 
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A. Sex and age-at-death diagnosis  

The analyses for sex and age-at-death assessments were 

performed following the criteria commonly reported in 

literature [3-5]. Sex was mainly diagnosed on the basis of 

the morphology of the pelvis and the skull. Age at death 

of adults individuals was estimated by means of many 

odontoskeletal indicators, which included, among others, 

degenerative changes of the pubic symphysis and 

auricular surface of the pelvis; morphological variation of 

the sternal end of the 4
th

 rib, dental wear and ecto- and 

endocranial suture closure. The subadults were aged 

according to dental formation and eruption stages [6] and 

skeletal maturity and dimensions [7].  

 

B. Stature 

Adult living stature was calculated from the lenght of 

long bones and the application of the Pearson's regression 

formulae, as suggested by Giannecchini and Moggi-

Cecchi [8]. 

 

C. Pathological assessments 

The following macroscopic health indicators were 

recorded: cribra orbitalia; enamel hypoplasia; diffuse 

idiopathic hyperostosis (DISH), external auricular 

exostosis (EAE). The guidelines for diagnosis and 

assessment of the pathological changes are reported in 

Buikstra and Ubelaker [4] and Grauer [9].  

 

D. Dental enamel histology 

Thin sections of dental crowns, obtained using the 

method fully explained  in Caropreso et al. [10], allows to 

enhance and interpreted the microstructures that are 

continuously formed (i.e. weekly Retzius lines and daily 

cross striations [11]) during the regular periodicity of 

enamel matrix secretion. Thus it is possible to reconstruct 

the temporal scales of stress event chronology, 

represented by Accentuated Retzius Lines (ARL) or 

Wilson bands [12], the incremental lines of anomalous 

thickness representing a temporary disruption during 

amelogenesis. The scale is zeroed at birth, marked by the 

Neonatal Line [13,14]. 

To establish the chronology of stress events, the 

regression formulas proposed by Birch and Dean [15] and 

by Guatelli-Steinberg et al. [16] were used for deciduous 

teeth and for the first permanent molars respectively.  
 

E. Isotopes analyses 

The isotopes analysis for diet reconstruction were 

previously performed and published [17-19]. Full details 

of the sampling and analytical methodologies as well as 

individual data, are given in the above mentioned studies. 

  

 III. RESULTS AND DISCUSSION 

A. δ
15

N and δ
13

C values of Isola Sacra and Velia 

The diet composition of Velia and Isola Sacra, compared 

with data available in literature for the Roman Empire, is 

presented in figure 2. The two samples under study are 

characterized by a high intra-site variability. For δ
15

N, in 

fact, the values show the coexistence of both low and 

high protein intake diets, the latter possibly deriving from 

marine food.  

 
 

 

As already suggested in [17-19], males tend to consume 

more high trophic foods (meat and/or fish) than females 

(figure 3), even if this tendency is statistically significant 

in Velia but not in Isola Sacra.  

 

 

 

 

 

 

Fig. 2. Plot of convex hulls of the δ
15

N and δ
13

C 

individual values in Velia (blue), Isola Sacra (red) 

and other Roman Imperial Age skeletal series 

(grey). 

 

Fig. 1. Geographic location of the port towns of 

Portus Romae and Velia Porta Marina 
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B. Velia: diet and stature 

Adult stature, although being a multifactorial trait 

influenced by a complex interplay of genetic and 

environmental factors, is commonly used as a proxy for 

health and nutritional status during growth [21]. The 

relationship between stature and diet composition for 

Velia is presented in figure 5. Results show a positive 

correlation between individual height and δ15N values, 

reaching the significance only in the male series 

(generalized additive regression model, p=0.022). 

 
 

 

C.1. Velia and Isola Sacra: diet and auricular exostosis 

External auricular exostosis (EAE) is an abnormal bony 

growth within the external ear meatus that has proved to 

be very informative in detecting aquatic working 

activities in past populations [19]. The frequency of EAE 

in Isola Sacra and Velia adult males is rather high (21.1% 

and 35.3%, respectively). The presence of this specific 

occupational marker is significantly higher among the 

marine food consumers in Velia, as shown in figure 5. 

Conversely, at Isola Sacra, the correlation between EAE 

and the C, N isotopic ratio fails to be significantly 

different from  zero. 

 
 

C.2. Velia: diet and cribra orbitalia 

Cribra orbitalia is a pathological lesion consisting of 

porosities in the outer table of the orbital roof. It is 

mainly linked to iron deficiency anemia, of acquired 

(unbalanced diets, diarrheal disease, intestinal parasites) 

or hereditary origin (i.e. sickle cell or thalassemia). Other 

possible but rarer causes have also been acknowledged 

[22]. Cribra frequency in Velia is 28,4% (N=74) with no 

differences between sexes. The combined data of diet and 

cribra (figure 6) point out that the individuals showing 

the highest δ15N values do not present the lesions, while 

for the lower values both affected and unaffected 

individuals are equally represented. Overall, cribra and 

diet are not correlated at a level significantly different 

from zero.  

 

C.3. Velia: diet and DISH 

Diffuse idiopathic skeletal hyperostosis (DISH) is a 

pathological condition characterized by vertebral 

ankylosis and extraspinal bone proliferations. DISH has a 

complex etiology: it is often found associated with 

different metabolic disorders and it is more frequent in 

aged males. In the Velia male sample, the occurrence of 

DISH is rather high (12,5%; N=48), when compared with 

other archeological series [23], and significantly 

correlates with high δ
15

N values (figure 7), thus 

contributing with positive results to the issue of the 

 

Fig. 5. 3D scatterplot and generalized additive 

regression of stature in males (green dots) and 

female (blue dots) of Velia in reference to N and C 

isotopic ratios. 
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Fig. 5. δ15N and δ13C values and presence of the 

external auricular exostosis (EAE). 

 

 

Fig. 3. δ
15

N and δ
13

C values in Velia and Isola Sacra 

by sex. 
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possible influence of nutritional habits in the onset and 

manifestation of the pathology [24,25].  

 

 
 

 

 

 
 

D. Velia and Isola Sacra: health status and weaning 

 

Histomorphometrical analysis of the dental crowns was 

performed in a subsample of 79 subadults from Velia and 

compared with the results obtained from the histology of 

127 deciduous teeth from the Isola Sacra sample [26].  

Figure 8 shows the monthly prevalence distribution of the 

defects in both Velia and Isola Sacra. In both samples, the 

general trend of the curve is comparable, and shows a 

steep rise in months 1-5 possibly related, as expectable, to 

the decline of the maternal buffer. The higher monthly 

prevalence values observed in Isola Sacra suggest worst 

general health conditions during infancy, that could be 

related to a much broader range of the socio-economic 

status in reference to the smaller and more homogeneous 

Velian community. 

Such kind of morbility trends are usually associated with 

the stress of weaning; however, the maximum peak in 

Velia seems to occur too early to be consistently 

explained with this hypothesis.  

In Isola Sacra the high number of physiological stresses 

(ARL), registered from birth to 9 months, seems to do not 

affect the survivorship of children at later ages (R=-

0,037). Similarly, the number of ARL do not consistently 

associate with diet (figure 9).   
 

 

 
 

 

 

Fig. 8. Maximum Prevalence of stress events in Velia 

and Isola Sacra.  

 

 

Fig. 9. Isola Sacra Nitrogen and Carbon isotopic 

delta values and ARL number in the deciduous 

teeth analyzed. 

 

Fig. 7. Velia: Nitrogen and Carbon isotopic delta 

values and presence of DISH. 

 

Fig. 6. Velia: Nitrogen and Carbon isotopic delta 

values and presence of cribra orbitalia. 
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IV. CONCLUSIONS 
 

The Carbon and Nitrogen stable isotope analysis depicts 

the dietary habits of Velia and Portus Romae 

communities, showing a high degree of variability in the 

diet composition, especially regarding the levels of 

protein intake. Both samples show indication of marine 

food consumption. These evidences can be explained by 

the geographical location of the towns, together with the 

social complexity and differential subsistence strategies 

within the communities. 

In the study of past populations, diet is usually considered 

a good proxy for wellbeing and it is usually presented and 

discussed as a standing alone evidence. Conversely we 

think that a more in-depth comprehension of ancient life 

conditions can be obtained through a strong historical and 

archeological contextualization and through the 

integration of data from multiple sources. Nevertheless, 

crossing stable isotope data with demographic, 

morphological and health parameters not always yields  

univocal results of simple and straightforward 

interpretation. 

In fact, we found that Nitrogen delta values significantly 

correlates with a specific occupational activity (EAE), 

higher statures and the manifestation of a skeletal 

disorder (DISH), conversely the association of diet and 

aspecific stress indicators (ARL and cribra orbitalia) was 

not detected. Possible explanations can be suggested by 

the fact that cribra orbitalia, observed in the adult sample 

of Velia were developed during infancy and adolescence. 

However, recent calibrated studies on bone remodeling 

rates [27] suggest that the isotopic signal in the adult 

bone still reflect most of its later infancy, adolescence 

and early adulthood.  

The absence of correlation between diet and ARL in the 

growing segment of Isola Sacra deserves further 

consideration and analysis, since it goes straight to the 

issue of the differential (and hidden) frailty of individuals 

and its influence in their morbidity and mortality.  

In conclusion, the identification of physiological stress 

events and processes (such as weaning), the 

quantification of timing of formation, maturation and 

tooth eruption, the reconstruction of the differential diet 

inter- and intra- population and its changes in the course 

of life, represents invaluable information, which allows to 

build models of adaptive strategies, migrations, health 

and growth in an ancient population. Since these events 

are recorded at the tissue level in varying degrees during 

growth, their measure allows to challenge (although not 

entirely) the Osteological Paradox, offering the unique 

opportunity to carry out a longitudinal and transverse 

study of a mortality sample. The ultimate goal is to lay 

the basis for a (possible) consilience, or unity of 

knowledge, of history, archeology and anthropology. 
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Abstract – In this year dedicated to food, we will seize 

the opportunity of this conference to discuss how the 

new measurement tools offered by different sciences 

applied to archeology allow us to specify the uses of 

food and drinks in archaeological contexts. Our study 

concentrates on the use of food and drink in two 

votive deposits belonging to the phase preceding the 

construction of a Hellenistic domus in the Daunian 

center of Arpi (Foggia). 

 

 I. INTRODUCTION 

Discovered in 1992 and partially excavated during four 

campaigns conducted by Marina Mazzei between 1992 

and 1997 for the account of the archaeological 

Superintendence of Puglia, the Hellenistic domus of Arpi 

(Foggia) is known by the iconography of its mosaic 

representing "lions and panthers" [1]. Since 2014, a new 

project by the Superintendence of Puglia in collaboration 

with the Centre Jean Bérard of Naples and the University 

of Salerno aims at the analysis of the whole area of the 

ONC 28. The study concerns the reexamination of the 

excavated data, mainly the campaigns’ documentation as 

well as a thorough analysis of the unearthed material 

culture. It has already allowed a better understanding of 

the stratigraphic palimpsest and a sharpening of the 

chronological sequence, in order to clarify the phases of 

utilization of the area [2]. 

Among the rediscoveries, there are two votive sets 

(DV630 / Q. 44 and DV263 / Q. 33) of great interest due 

to the state of conservation of the documentation and to 

the presence of vessels associated with the consumption 

of wine and meat. The study of the contexts of discovery 

together with the pottery allowed the association of these 

sets to the transformation of the area in the last quarter of 

the Fourth century BC. Built in open spaces, near both a 

circulation axis and walls bordering the area, they 

apparently mark, before the construction of the domus, 

the use of some structures, accompanied with rites of 

deposition associated with a sacrificial kitchen [2]. 

In order to specify the content of those deposits and 

vases, some samples were taken, crossing 

archaeozoology analysis and organic chemistry. 

 

II. ANALYSIS OF ARCHAEOLOGICAL CONTEXTS 

The first deposit was discovered in 1995 in a large open 

space, bordered by a road and by a series of wall 

structures related to rooms (Q. 44). The votive deposit re-

functions a well connected to a canal system (US 637) 

located near the road. The original structure was 

composed by a cylindrical well (US 634) with small 

dimensions and plastered walls, embedded in a square 

structure built in clay and limestone (US 629). The 

cylindrical well was in direct contact with the canal 

system underneath and, therefore, functional to it both as 

a manhole of control and, more likely, as well for the 

collection of water. 

In the last quarter of Fourth century, the well is 

exploited as a votive deposit (Fig. 1). In it, 36 containers 

(635 US) were found disposed in three levels. The 

structure was sealed with a large stone slab (US 628). 

Next to the latter, where the quadrangular structure in 

clay and limestone was touched, a second set of vessels 

was deposed (US 630), identical to those found inside the 

structure. 

The two sets of vessels that compose the votive deposit 

DV635 are characterized by the same vase shapes but in 

different quantities. The receptacles are all small (below 9 

cm in height). 

The vessels within the circular well (US 635) are 

numerically superior, with its 36 vases distributed as 

follows: 12 krateriskoi decorated with bands or 

achromatic, 20 miniature fire-ware wheel-pottery ollae, 3 

small jugs decorated with bands or achromatic and one 

one-handled cup with decorative bands. 

Their arrangement inside the well seems to be accurate 

(fig. 2): all vases were arranged standing, one inside the 

other. Probably the first-layer vases provided a bearing 

surface for the second series of vessels, and so also the 

latter to the third layer. 

The lower level included 16 vases (US 635, nn. 23-38) 

distributed as follows: 12 miniature ollae, 3 krateriskoi 

and a one-handled cup; the second level consisted of 12 
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vessels (US 635, nn. 11-22); 4 miniature ollae, 7 

krateriskoi and a small jug; the last layer included 10 

vessels (US 635, nn. 1-10); 4 miniature ollae, 2 

krateriskoi and 2 small jugs. At the bottom, under the 

pots, there was “uno strato potente di terreno cineroso e 

ossa bruciate” (“an earthen stratum with ash and burnt 

bones”, M. Mazzei, Archivio Sop. Arch. Puglia, Centro 

Operativo per l’Archeologia della Daunia).  

 

 
Fig. 1 – Votive deposit DV635, vessels of the external set, 

US 360 (Photo M. Marchesino, Archivio Soprintendenza 

Archeologia della Puglia - Centro Operativo per 

l’Archeologia della Daunia). 

 

The vessels outside the well (US 630), probably 

deposited after it was covered by the stone slab, were 

placed next to the slab to the south and west sides. The 

composition of this external set is not much different 

from the previous one: 10 krateriskoi with decoration 

bands, 7 miniature fire-ware wheel-pottery ollae and 3 

small jugs achromatic or decorated with bands. It is 

important to note that some vessels were put one inside 

the other. At least six vases were voluntarily deposed in 

pairs: in two cases there was a pair krateriskos-olla, 

wherein the olla was put inside the krateriskos (630.5-6 

and 630.12-13), whereas in another case, inside the 

krateriskos there was a small jug (630.14-15). 

Some of the vessels still conserved their original filling 

composed by strongly carbonaceous and ashy earth with 

traces, perhaps, of the rites performed at the time of the 

deposit’s sealing. 

 

 
Fig. 2 – Votive deposit DV635, internal layers (Photo M. 

Marchesino, Archivio Soprintendenza Archeologia della 

Puglia - Centro Operativo per l’Archeologia della 

Daunia). 

 

At the present state of research, nothing prevents us to 

think that the second set of vessels (US 630) could be the 

result of a ritual repeated over time and then deposited at 

a later time compared to the US 635. 

During the interventions of 1994, at about 20 meters 

away from the store DV635, in an open space 

characterized by the presence of a pebble mosaic (US 

120), a second context was unearthed, which is also 

interpreted as a votive deposit (DV263). The structure is 

far simpler than the previous one (fig. 3). It is an earthy 

rectangular pit that cut the dirt road situated on the side of 

the above-mentioned carpet in pebbles. In this case, the 

containers were also arranged vertically, sometimes, one 

inside the other as has been already observed for the first 

deposit. The pit was devoid of cover and showed only a 

layer of earth in protection of the vessels. The 

examination of the strongly fragmented material allowed 

the recognition of 11 krateriskoi decorated with bands 

and 10 miniature fire-ware wheel-pottery ollae very 

similar to those found in the deposit DV635. In this case, 

the vessels were found with the sediment filling which, in 

addition to being strongly ashy, presented numerous 

fragments of bones. 

During the excavations, the samplings were carried out 

on both deposits, but the study concerned the fillings of 

only deposit DV263. 
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Fig. 3 – Votive deposit DV263 (Photo M. Marchesino, 

Archivio Soprintendenza Archeologia della Puglia - 

Centro Operativo per l’Archeologia della Daunia). 

 

III. ARCHAEOZOOLOGY ANALYSIS 

The systematic sampling of sediment during excavation 

of the votive deposit DV263, has allowed recognition, in 

some vessels, of traces of meat food offerings. This set is 

particularly interesting because it helps to identify the 

precise nature of meat preparations: the species, 

appearance (size), age, meat parts, cutting portions. 

The deposit contained 14 indeterminate bone fragments 

(NFrgID) and 19 determined bone fragments (NFrgD). 

They were contained inside 3 krateriskoi and 3 miniature 

ollae, the two forms of vessels present in the votive 

deposit (Table 1). 

 
Context UnR Species Skeletal elements NIR Stage NBM Obs.

Humerus 1 /+ 1 (1/4)

Radius 1 unid. 2 (1/4)

Femur 2 -/ 1

Calcaneus 1 -

Metatarsal 1 unid.

263.13 2 Ovis/Capra Talus 1 Ad Burned

Rib 1 + 1 (1/4)

Metatarsal 1 unid.

5 9

263.4 1 Ovis/Capra Metatarsal 2 /+ Burned

263.8 6 Ovis/Capra Vertebrae caudal 1 - 1 No burned

Ribs 5 unid.

Humérus 1 unid.

Radius 1 /- 1 (1/4)

9 10

Total général NFrg 14 19

UnR Unidentifiable Remains, NIR Number of Identifiable Remains, NBM Number of butchery marks

2

Total ollette

263.9 Ovis/Capra Burned

No burned

No burned

Total krateriskoi

krateriskoi

ollette

Ovis/Capra

Ovis/Capra263.14

263.5

1

2

 
Table 1 – Archaeozoological remains in the vessels of the 

votive deposit DV263 (M. Leguilloux). 

 

All analyzed remains come from parts of small 

ruminants, sheep or goats, namely 6 individuals (NMI); 

the various stages of epiphyzation of remains (Table 1) 

indicate the presence of three adults and three young 

individuals: 

263.4: An adult over 24 months (metatarsal distal 

epiphysis / +). 

263.5: a young adult of over 6 months (distal humeral 

epiphysis / +) and under 3 years (not proximal epiphysis 

femur, - / and a non epiphysis calcaneum). 

263.8: a young adult under 3 years (non epiphysis caudal 

vertebra, -). 

263.9: a young adult under 3 years (not epiphysis distal 

radius / -). 

263.13: an indetermined adult (+ slope). 

263.14: an adult over 36 months (joint costal epiphysis, 

+). 

The selection of young animals and the lack of culled 

animals (no age-related pathology) indicate a slaughter 

aimed at a high quality meat diet based on medium-sized 

animals (61 cm at the withers). 

Despite the fragmentation of the remains, anatomical 

segments could be identified. They come from many 

parts. This set does not show any special selection, which 

indicates that all consumables pieces could be prepared 

and cooked on the occasion of these ritual (Fig. 4). 

The examination of the fragments shows the methods 

of food preparation for meat dishes: 7 cut marks (NTD) 

were identified. The location and number of these traces 

provide a ratio of 1/4 (RT): each bone segment was 

sectioned at least into four pieces. These cutting practices 

generated small portions of meat. 

Three of these sets (263.4, 263.9, 263.13) contain burnt 

skeletal remains and their black coloration was caused by 

intense heat. The furniture shows signs of charring, 

including the vessels, indicating that it was not a 

particular way of preparing meat but a practice linked to 

the offering ritual. 

 

 
Fig. 4 – Archaeozoological remains present inside the 

vessels of the votive deposit DV263 (M. Leguilloux). 

 

Analyses of fauna of central and southern Italy dated to 

the Fourth and Third centuries BC show that meat from 

small ruminants was the most commonly consumed by 

ancient populations of these periods. Indeed, recent 

diachronic studies show the predominance of their 

remains in the deposits of Mediterranean coastal towns, 

in Pompeii in the Fourth and Third centuries [3], at 

Cumae in the Fifth century [4] and in rural areas. [5] 
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IV. ORGANIC CHEMISTRY 

The conference constitutes an opportunity to present 

for the first time the sampling methods, the two-step 

extraction methodology, and the results from the 

collected and studied pottery, as well as to present the 

identified molecular markers and their interpretation. We 

shall also assess the contribution of these data to clarify 

the function of the vessels and their association in the 

sacrificial kitchen. 

The residue analyses or archaeological samples were 

possible through funding from the French National 

Research Agency (ANR) of the MAGI program (“Eating, 

drinking, and offering for eternity in Gaul and pre-Roman 

Italy” (directed by D. Frère), in collaboration with the 

research groups UMR 8546 (AOROC), UMR 5140 

(Archaeology of Mediterranean societies) and the 

Laboratory Nicolas Garnier. 

Selected vases come from the two deposits and 

illustrate three of the four forms found: krateriskoi, small 

jugs and miniature ollae. For the main deposit, samples 

include vases located outside (DV630: 1 krateriskos, 1 

miniature olla) and inside the well (DV635: 2 krateriskoi, 

2 miniature jugs, 2 miniature ollae). For the second 

deposit (DV263), samples include four miniature ollae 

and one krateriskos located inside the well. In order to 

identify the original content of the vases, the inner sides 

of the ceramics were sampled with a drill or a scalpel. 

The outer sides of some ceramics were also sampled in 

order to determine the chemical fingerprint of the 

environment, as reference background signal. 

As the ceramics did not present any visible traces on 

their inner sides, the organic analyses carried out by 

Nicolas Garnier focused on the identification of chemical 

markers adsorbed in the collected porous ceramic 

powder. The characterization of such organic materials, 

preserved as tiny traces, and consisting in degraded and 

often mixed materials, needs the implementation of an 

adapted protocol for the extraction of soluble and 

insoluble markers, their purification, and their analysis by 

separative and structural methods, i.e. by gas 

chromatography-mass spectrometry (GC-MS). In this 

way, each preserved biomarker is clearly identified by its 

mass spectrum. Then the interpretation of chemical data 

consists on several successive steps: 

- The identified biomarkers are classified into different 

associations; 

- Each association, according to the identity of 

biomarkers (qualitative aspect) and to their relative 

concentration in a same chemical family (semi-

quantitative aspect), allows to identify one or more 

natural products. Some complementary data can be 

obtained and permits to document the state of 

preservation-conservation of the materials, determining 

whether it has been heated, cooked, mixed…, details that 

inform about the chaîne opératoire the material(s) and the 

object have followed; 

- In the case of identification of plants, the identified 

organic material is confronted to archaeobotanical 

knowledge, permitting to validate or to precise the 

chemical interpretation; 

- Chemical interpretations are confronted to other 

analyses conducted on the site, and all the data are re-

contextualized, permitting to propose answers to the 

original problematic. 

The analytical methodology implemented in this study 

was recently developed and validated with reference to 

modern materials and with archaeological ones [6]. 

Briefly, the ceramic powder is extracted according two 

complementary methods: the first one, using a mixture of 

dichloromethane/methanol under sonication, allows the 

extraction of soluble markers such as fatty acids, sterols, 

terpenoids, aromatics, hydrocarbons, sugars… The 

second one was developed for extracting insoluble and/or 

bound matter from the clay, giving access to polar 

compounds and aldaric acids permitting the identification 

of fruit derivatives. Both extracts are analyzed separately 

by GC-MS. The improved method allows the detection of 

grape and wine traces in very tiny amounts, reaching an 

extreme sensibility of 10 ng of tartaric acid / g sherd, 

corresponding to 2 nL of impregnated wine (2·10-9 L) / g 

sherd. In addition, the method allows the identification of 

a wide range of phenolic and aldaric acids: if tartaric acid 

allows the identification of grape, the presence of syringic 

issued from the degradation of malvidine (a typical 

purple-coloured anthocyanin present in the dark and 

teinturier grapes) permits to discriminate white grape 

extracts from dark grape products. At last, a series of 

short chain acids (succinic, maleic, fumaric, pyruvic, 

lactic acids) allows distinguishing the must from the 

fermented juice, e.g. wine. 

The corpus of studied pottery showed that organic 

matter was present in each ceramic even if no residue was 

visible to the naked eye. Even if chemical pollutions have 

been detected in some samples in high proportions, the 

efficient separation by chromatography allows 

characterization of all the other organic markers: 

- Fatty acids and cholesterol allows the identification of 

animal fats. Ruminant sources are recognized when even 

and odd-numbered chain, branched and linear, fatty acids 

are detected, in association with phytanic acid; 

- Medium-chain fatty acids (C16 – C18) associated to 

phytosterols (mainly sitosterol indicate plant oil or a fatty 

material derived from plants; 

- Odd ket-16/18-ones (C29 – C35) formed from the thermal 

decay of triacylglycerols indicate an important heating of 

the fats (at a temperature > 250 – 280 °C). 

Among diterpenic acids, dehydroabietic acid reveals 

resinous materials from Pinaceae. The absence of 

methylated dehydroabietic acid and polyaromatic 

hydrocarbons lets to discard pitch. 

Sugars, mainly disaccharids dominated by mycose, are 

systematically detected and sometimes present as major 
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markers. If these markers were sometimes interpreted as 

honey traces, recent researches in environmental 

chemistry highlighted their presence in bacteria from soil. 

Therefore, we consider these markers as pollution 

markers from soil. 

The second analytical protocol allowed the extraction 

of high-concentrated polar compounds: 

Tartaric and malic acids are present in all samples, 

associated to syringic acid, indicating the large use of 

dark grape derivatives. Succinic acid allows to precise 

that in six vases, the beverage was fermented (e.g. red 

wine), 

- In one case (krateriskos 635.16), aldaric acids have been 

detected but the absence or relative low amount of tartaric 

acid rules out grape derivative in the benefit of other 

fruits that cannot be identified at this time because of the 

lack of research on the chemistry archaeological fruits 

and fermented beverages. 

As the analyses were conducted in a series of ceramics 

issuing from the same context, the comparison of 

qualitative and quantitative data can be cautiously 

considered. For example, tartaric acid is present in very 

various proportions. The olla 263.10 reveals a very high 

concentration in tartaric acid, and the olla 263.11 and the 

krateriskos 263.14 show a unique and intensive peak of 

tartaric acid, although other vases show the presence of 

tartaric acid and others aldaric acids in regular amounts, 

closed to those of fatty acids. We can deduce that grape 

produce a very concentrated deposit in the three artifacts, 

probably corresponding to vases deposited in the votive 

deposite filled with wine.  

 

V. CONCLUSION 

The function of the two votive deposits is still not very 

clear. What emerges from the examination of the contexts 

is, in fact, not comparable to any known other ones 

neither in Daunia nor in the rest of Apulia. A further 

complication of the work of archaeologists is the total 

absence of literary sources that could help in the reading 

of the contexts and the lack of a clear separation between 

the spheres of the sacred and the funeral. 

The composition of the two sets of vessels is surprising 

as they are composed exclusively by vases of indigenous 

tradition (with decoration bands, achromatic or fire-

ware), whereas are completely absent black-glaze, 

Gnathia and red-figure vases that in other contexts are the 

attested votive classes (Lavello, Ascoli Satriano, Serra di 

Vaglio, Viggiano, Masseria Nigro and Marsicovetere, loc. 

Mattinella). 

The two basic vessels of the two deposits are the 

miniature olla and the krateriskos. If the miniature olla is, 

among the kitchen furnishings, a form intended to food 

preparation, the krateriskos, however, is a vase used to 

draw and to pour. The presence of wine confirmed by 

chemical analysis is a known association with this 

ceramic form; its presence even in the miniature ollae 

could indicate the traces of libations that accompanied the 

deposition of offerings. 

Analyses of organic material carried on the miniature 

olla 263.9 and on the krateriskos 263.14 reveal the 

presence of non-ruminant animal fat, which might 

suggest the presence of additional meat in the form of 

animal fat (lard) or parts of pork without bones. 

The small size of the ollae may support the hypothesis 

that the important aspect in this ceremony was not the 

quantity of the product given, but the action itself, the 

gesture. Indeed, the miniature vases are related to the 

sacred sphere and may be associated with a symbolic 

offering. 

If, in the light of the analysis results, we can affirm that 

the rite in question was intended for the deposition of a 

solid offering composed of meat and a liquid one 

containing wine, less clear is the reason that led the 

community that occupied the area to construct these two 

structures in the late Fourth century BC. It is not 

unreasonable to suggest that the two deposits marked the 

transformation of the area, from a housing and/or sacred 

funtion to a burial space; or, more plausibly, the 

abandonment and closure of a housing and/or sacred area. 
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Table 2 – The two votive sets (DV630 / Q. 44 and DV263 / Q. 33) with the archaeological and chemical analyses. 
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Abstract – Archaeobotanical analyses and analyses of 
carbon and nitrogen stable isotopes are crucial to 
describing the Medieval history of food traditions and 
the agrarian economic system, highlighting the use of 
a particular type of food or whole diet among 
different social classes or age groups. A regional-
diachronic overview of Middle Age archaeobotanical 
and isotopic data, pertaining to Tyrrhenian central 
Italy, is derived from 10 archaeological sites 
distributed across Tuscany dated frim the 8th and the 
17th centuries AD. During the 8th-9th centuries, 
archaeobotanical data showed an agriculture in 
continuity with agricultural tradition of the Roman 
period. The specific use of particular crops was been 
interpreted as evidence of specific production 
connected to the Lombard culture. With the transition 
to the feudal periods (9th-11th), more productive 
cereals were cultivated in order to achieve a 
production surplus, and extensive fruit tree growing 
started, in order to satisfy a rising demand for food 
and luxury products. Analyses of carbon and nitrogen 
stable isotopes showed the evident distinction between 
the diet of aristocrats from the Middle Ages and the 
Modern era and of other rural medieval sites in 
Tuscany. 

 I. INTRODUCTION 
In the debate between historical sources and 

archaeological data on plant husbandry and diet of 
medieval populations, analyses of plant remains (charred 
wood, fruits and seeds) from archaeological site are 
crucial to describing the history of food traditions and the 
agrarian economic system [1][2][3]. 

For several years now, the study of human osteologic 
remains, has been able to take advantage of chemical-
physical methods, to acquire new data useful to 
investigate the behavior of the populations of the past. 
This is particularly true for the study of the dietary habits 
of ancient populations through isotopic mass 
spectrometry [4][5][6][7], based on the measurement of 

the isotopic ratios of carbon and nitrogen, which are 
absorbed by humans through their diet. These isotopic 
markers permit to examine the diet models in the last few 
years of life of the individuals, through isotopic analysis 
of collagen, i.e the organic part of bone [8][9]. Moreover, 
analyses of carbon and nitrogen stable isotopes can be 
useful, indicating the geographical distribution of certain 
behaviours or highlighting the use of a particular type of 
food or whole diet among different social classes or age 
groups [10]. 
This study consists of a regional-diachronic overview of 
Middle Age archaeobotanical and isotopic data, 
pertaining to Tyrrhenian central Italy, derived from 
analysis performed on materials from 10 archaeological 
sites distributed across Tuscany and dated between the 
8th and the 17th centuries AD. The aim is to draw a first 
food and diet history of the Tuscan medieval people, 
highlighting differences between social groups and 
changes over time depending on the social and economic 
transformations. 

 II. MATERIALS AND METHODS 
The present regional-diachronic overview is based on 

the literature and our research into seven settlements 
located in the region (Fig. 1). The sites considered are 
from the 8th to the 17th centuries AD. 

 A. Archaebotanical analysis 
Archaeobotanical data were processed with a view to 

evaluating the total amount and the percentage of a single 
taxon within the referential seeds/fruits associated with 
well-defined periods, in accordance with the Middle Age 
chronological framework proposed for the region [11]. 
For the purpose of recognizing possible changes in 
archaeobotanical assemblages, sites belonging to the 
same phase were grouped together, evaluating the relative 
presence/absence (at each site), frequency (number of 
sites with a presence) and abundance (percentage) of each 
type of plant remains (Table 1). 
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Figure 1. Research area. 

 B. Isotopic analysis 
Stable isotope ratio of carbon (C) is reported as 

13C/12C, and the nitrogen (N) stable isotope ratio is 
referred as 15N/14N. The relative difference of the stable 
isotope ratio, compared to the ratio of the proper 
international primary standard (VPDB for C and Air for 
N), is herein provided in delta notation as δ13C for C and 
δ15N for N. Bone collagen C and N isotopic composition 
is closely related to protein sources, and it varies 
depending on the ratios of plant/animal proteins, as well 
as with different terrestrial/marine protein sources intake 
proportions. 
δ15N and δ13C were measured simultaneously in 
continuous flow mode, at SUN IRMS Laboratory – after 
collagen extraction and its quality assessment. After 
mechanical cleaning, aimed at removing organic 
exogenous materials (soil, weeds, algae), 2 or 3 grams of 
the samples were weighed and the samples were  
pulverized by using mortar and pestle, to increase the 
surface area for the subsequent chemical attack. The 
objective of the chemical pre-treatment is to remove from 
the sample those contaminants that cannot be eliminated 
through mechanical cleaning, and to separate the organic 
phase (solid phase) from the inorganic one (dissolved in 
the acid solution). Finally the gelatinization protocol was 
carried out [12]. For collagen quality tests, C and N 
fractions of collagen dry mass (C% and N%) were 
measured via an elemental analyzer (CN Flash EA 1112, 
Thermo Scientific, Bremen). Samples were retained for 
isotope analyses when extracted collagen achieved a yield 
higher than 1% and an atomic C:N ratio between 2.9 and 
3.6 [13][14]. 
δ15N and δ13C were measured concurrently in 
continuous flow mode by an isotopic ratio mass 
spectrometer (IRMS), a Delta-Plus connected via 
CONFLOW II interface to another Flash EA 1112, all 
manufactured by Thermo Scientific. Samples were 
analysed according to the method first described by 
Preston and Ovens that is: burned in a single EA red-ox 

reactor held at 1020°C. The isotopic measurements were 
calibrated based on the measurement of standards, aiming 
to set their values on internationally referenced scales 
(VPDB for C and Air for N). The analyses were 
conducted in blocks of 12 samples, maximum. Between 
one block and the next one, three different reference 
materials were measured: two, used to calibrate the 
measurement and the last one used to evaluate the proper 
conduct of the analysis (target) and the repeatability of 
the measurement itself.  The reference materials used for 
δ15N analysis calibration were IAEA-N-2 (ammonium 
sulphate, δ15NAir = 20.3 ± 0.2‰) and IAEA-N-1 
(ammonium sulphate, δ15NAir = 0.4 ± 0.2‰). The 
reference materials used for δ13C analysis were IAEA-
CH6 (sucrose, δ13CVPDB = -10.45 ± 0.03 ‰) and 
IAEA-CH3 (cellulose, δ13CVPDB = -24.72 ± 0.04‰). 
Typical analytical precision evaluated from repeated 
measurements of the same sample is 0.1‰ for δ13C and 
0.2‰ for δ15N.  
It is necessary to associate the analysis of human bones 
with those of animals with a known diet (e.g. herbivores 
and carnivores) uncovered at the same site, with identical 
burial conditions, and hence in the same ecosystem. This 
is key in identifying any environmental contamination 
issues, and therefore diagenesis of the samples analyzed. 

 III. RESULTS AND DISCUSSION 
For central-northern Italy, historians considered the 

Medieval agrarian economy to have regressed in 
comparison with the Roman economy. A self-sufficient 
form of agriculture characterized medieval farming and 
historians consider it inadequate because of the decline of 
wheat cultivation and the predominance of minor cereals. 
Archaeobotanical research, from the archaeological sites 
of Miranduolo (VIII-XI century AD) and Rocca degli 
Alberti (IX-XI century AD), has led to understand a 
different picture and the cultural and economic processes 
that have drove the evolution of the agriculture. 

Table 1. List of seed/fruits remains recovered according 
to the chronology, cultural periods, archaeological sites 
and references; for each taxon the number of specimens, 

percentage, total amount are given. 

Chronology 8th-9th 
 

9th-11th 
  

Cultural period Lombard Feudal  

Archaeological site Miranduolo Miranduolo Rocca degli 
Alberti 

References [15] [15] [17] 

       
Crops       
       
Cereals - 10 taxa       
       
Avena sp. 47 7,62% 284 0,31% 270 0,63% 
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cf. Avena 2 0,32% 124 0,13% 5 0,01% 
Hordeum vulgare 16 2,59% 4232 4,55% 969 2,25% 
cf. H. vulgare   194 0,21% 51 0,12% 
P. miliaceum 28 4,54% 1158 1,25%   
cf. P. miliaceum   81 0,09%   
Panicum/Setaria   4 0,01%   
Secale cereale 2 0,32% 10521 11,32% 25 0,06% 
cf. S. cereale   1088 1,17%   
Setaria italica   408 0,44% 48 0,11% 
cf. S. italica   4 0,01%   
cf. Sorghum 
bicolor   2 0,01%   
Setaria/Sorghum   3 0,01%   
Triticum 
aestivum/durum 200 32,41% 25432 27,37% 37970 88,36% 

T. cf. 
aestivum/durum 6 0,97% 497 0,53% 510 1,19% 

T. dicoccum 1 0,16% 414 0,45% 206 0,48% 
T. dicoccum fork   71 0,08%   
T. cf. dicoccum 11 1,78% 218 0,23%   
T. monococcum 109 17,67% 1981 2,13% 70 0,16% 
T. monococcum 
fork 1 0,16% 408 0,44%   
T. cf. monococcum 6 0,97% 204 0,22%   
T. monoc 
/dicoccum   220 0,24% 9 0,02% 

T. spelta   5 0,01%   
T. dicoccum/spelta   29 0,03%   
Triticum sp. 44 7,13% 969 1,04% 2719 6,33% 
Triticum/Secale   1513 1,63%   
Cereals undiff. 11 1,78% 4271 4,60%   
       
Pulses - 8 taxa       
       
Cicer arietinum   22 0,02%   
Lathyrus cicera   17355 18,68%   
L. cf. cicera   7816 8,41%   
L. sativus   4300 4,63% 17 0,04% 
L. cf. sativus   1795 1,93% 3 0,01% 
Lathyrus sp. 5 0,81% 318 0,34% 4 0,01% 
cf. Lathyrus   1  3 0,01% 
Lens culinaris   2    
cf. Pisum 1 0,16% 7 0,01% 1 0,01% 
Vicia ervilia 1 0,16% 49 0,05%   
V . faba var. minor 7 1,13% 6471 6,96% 52 0,12% 
V. cf. sativa   114 0,12% 14 0,03% 
Vicia sp.   2  3 0,01% 
Pulses undiff. 2 0,32% 131 0,14% 15 0,03% 

       
Fruits - 8 taxa       
       
Castanea sativa 
seed   29 0,03%   

cf. Ficus carica 
syconium   3 0,01%   
Juglans regia 
fragm   4 0,01%   
cf. Malus sp.   4 0,01%   
Olea europaea     1 0,00% 
Prunus 
avium/cerasus   13 0,01%   
P. persica   7 0,01%   
Vitis vinifera   67 0,07% 9 0,02% 
V. vinifera stalk   63 0,07%   
       
Total 617  92908  42974  
 

During the Early Medieval period (8th-9th centuries), in 
the phase of Lombard-era villages, archaeobotanical data 
showed an agriculture based on the production of cereals 
and legumes, with a predominance of naked wheats 
(Triticum aestivum/durum) and horse bean (Vicia faba 
var. minor), in continuity with agricultural tradition of the 
Roman period [15]. The records suggest a specific use of 
einkorn wheat (T. monococcum) that can be interpreted as 
evidence of specific production connected to the 
Lombard culture, and perhaps to particular dietary habits 
and tastes [15]. It seems interesting to stress that chestnut 
(Castanea sativa) was used essentially for wood, while 
there is no evidence that it was cultivated for chestnuts 
[15][16].  
The transition to the Carolingian and feudal periods (9th-
11th) spread the land management system of manors and 
castles; naked wheat and other more productive cereals 
than einkorn were cultivated, such as rye (Secale cereale) 
and barley (Hordeum vulgare), in order to achieve a 
production surplus, and extensive fruit tree growing 
started, in order to satisfy a rising demand for food and 
luxury products [15][17]. 
The presence of three fruit taxa, chestnut (Castanea 
sativa), olive (O. europaea) and grape vine (V. vinifera), 
is very interesting. The spread of chestnut groves for fruit 
production in southern Tuscany was closely connected to 
the economic system of the Carolingian manors in the 9th 
century AD; in Tuscany charred wood data recorded the 
gradual expansion of chestnut woods in the 10th and 11th 
centuries AD [16]. 
As regards grape vine and olive tree, scant trees could be 
cultivated for the Christian ritual. It is interesting to note 
that the matching of pollen and charcoal data in this 
period suggested the beginning of olive tree growing in 
Thyrrenian central Italy to satisfy a rising demand for 
food and luxury products [18]. The emergence of such 
landscapes is well attributable to the set-up of the new 
socio-economic organization with the establishment of 
the newly-formed local seigneurships between the 10th 
and 11th centuries AD. 
 Analyses of carbon and nitrogen stable isotopes 
investigated 89 human bone samples and 30 animal 
specimens (a total of 119 samples) from five Medieval 
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sites in a rural context in Tuscany, such as the Castle of 
Monte di Croce (XI-XII century), the Pieve of Pava (XI-
XII century), the Pieve of Monti di Villa (XII-XIV 
centuries), and two urban settlements in the towns of 
Lucca and Florence (Table 2). 

Table 2. Sites investigated with their respective historical 
periods, number of individuals, fauna analysed and 
δ13C, δ15N results with  standard deviations. 

Site Centuries N. sample 
individuals 

N. 
sample 
fauna 

δ15N 
human 

(average) 

δ13C 
human 

(average) 

Castel of 
Monte di 

Croce 
 Florence 

11th-
12th 

18 9 7,6 (0,6) -18,6 (0,6) 

Pieve di 
Pava 
Siena 

11th-
12th 

22 9 9,6 (0,6) -19,2 (0,9) 

Pieve dei 
Monti di 

Villa  
Bagni di 
Lucca 

12th-
14th 

23 8 6,8 (0,9) -18,7 (0,6) 

Guinigi 
Chapel 
Lucca 

15th-
17th 

13 4 18,2(0,4) -19,2 (1,0) 

House of 
Medici  

Florence 

16th-
17th 

13 - 12,1 (0,6) -18,2 (0,4) 

 
An early general result is the evident distinction between 
the diet of aristocrats from the Middle Ages and the 
Modern era in Florence and Lucca (Medici and Guinigi 
Chapel) and of other rural medieval sites in Tuscany 
(Pava, Monte di Croce, Monte di Villa). It is also worth 
noting that, as was expected, none of the Medieval rural 
samples in inner Tuscany shows either high values of 
δ15N or correlation between the values of δ13C and 
δ15N: this points towards a low intake of marine proteins, 
differently from the findings of the Medici family. 
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Abstract – The application of biomolecular techniques 

for the study of food practices in the Italian Bronze 

Age has revealed an unexpected complexity. This is 

particularly true for the Po plain, in northern Italy, 

where the use of ‘alternative’ grains (i.e., the millets), 

has been recently assessed isotopically through the 

measurement of stable carbon (δ13C) and nitrogen 

(δ15N) isotope ratios in human and animal bone 

collagen at the site of Olmo di Nogara (Verona) [1]. The 

present work provides new isotopic data from several 

Early, Middle and Late Bronze Age sites from western 

Veneto (Valserà di Gazzo and Dosetto di Nogara for 

the Early Bronze Age, Olmo di Nogara, Bovolone, 

Castello del Tartaro, Franzine Nuove, Scalvinetto and 

Fondo Paviani, for the Middle and Late Bronze Age) 

together with sites from Friuli (Sedegliano, Monte 

Orcino and Mereto di Tomba, dated to the Early and 

Middle Bronze Age). Data obtained contribute to the 

understanding of mode and tempo of the spread of 

new crops in Europe, with a special focus on northern 

Italy, which appears to be a hotspot for the study of 

Bronze Age farming economies.  

We analysed over 200 human specimens, with data 

from faunal samples used as an ecological baseline, to 

find that δ13C values are considerably enriched, in a 

way that we interpret as indicative of C4 plant (i.e., 

millets) consumption. Only some of the sites analysed, 

with a specific chronological indication, show this 

evidence. We explain this phenomenon as the result of  

‘leapfrog’ spread of new crops in northern Italy at a 

very specific moment of the Bronze Age.  

The further integration of isotopic proxies with 

archaeobotanical and osteological data, together with 

fresh information on material culture, calls for a 

reconsideration of food production and consumption 

among Bronze Age groups of southern Europe.  

 I. INTRODUCTION 

There is a handful of isotopic studies on prehistoric Italy 

[1-3], with northern Italy representing a hotspot for the 

understanding of food practices of early and middle 

Bronze Age communities. In particular, earlier study by 

Tafuri and co-workers [1] revealed the direct and indirect 

consumption of C4 plants (i.e., millets) at Olmo di 

Nogara, in the Po Plain, already at the middle phases of 

the Bronze Age. Isotopic data from coeval contexts in 

southern Italy showed a fully C3-reliant diet, which 

called for a further understanding of mode and tempo of 

the spread of new crops in Europe. Foxtail millet (Setaria 

italica) and broomcorn millet (Panicum miliaceum) are 

among the earliest domesticated crops in East Asia 

(China, Japan, Russia, India, and Korea) at around 10.000 

calibrated years BP [4]. The spread of these crops in 

Europe is still debated with earliest evidence registered so 
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far coming from Olmo di Nogara. 

Given the unprecedented evidence in Italy, we decided to 

widen our sample either in chronological or geographical 

terms. Hence, a selection of 12 sites dated to the early, 

middle and late phases of the Bronze Age has been 

samples for isotopic studies. The focus of our interest was 

the Po Plain, however we included in our study sites 

coming from the easternmost regions, mainly to test the 

presence of C4 species in area of the Peninsula where the 

introduction of these crops is believed to originate (Fig. 

1). 

 

Fig. 1, Maps of Italy with areas where selected sites are 

located. 

II. MATERIAL AND METHODS 

We present here stable carbon and nitrogen isotopic data 

for 184 samples, of which 25 come from an earlier study 

[1], and 159 are described here for the first time. In brief, 

64 human and 7 animal samples come from Olmo di 

Nogara (ODN), 1 human from Valserà di Gazzo (VG), 1 

human and 3 animals from Dossetto di Nogara (DN), 25 

humans from Bovolone (BOV), 20 humans from Castello 

del Tartaro (CT), 6 humans from Franzine Nuove (FN), 1 

human from Scalvinetto (SC), 23 animals from Fondo 

Paviani (FP), 2 humans from Sedegliano (SED), 1 human 

and 3 animals from Mereto (MER) and 19 humans from 

Monte Orcino (MU), with 3 animals from Gradisca di 

Codroipo (GRCD).  

As evident, a strong limitation of this study is given by 

the paucity of faunal samples, given that the kind of 

contexts considered (cemeteries) rarely yield faunal 

assemblages.  

Collagen extraction for isotopic analysis followed a 

modified Longin [5] method [6]. In brief, cortical bone 

(0.5g) was cleaned by sand abrasion and demineralised in 

0.5M aq. HCl at 4ºC for about one week. The samples 

were then rinsed to neutral pH and gelatinised in pH3 

HCl at 70ºC for 48hrs. The collagen solution was filtered 

off with 5-8µm Ezee filters, frozen and then freeze dried. 

Each of the collagen extracts was weighed (ca. 0.8 mg) in 

triplicate into tin capsules, and stable carbon and nitrogen 

isotope ratios were measured using an automated 

elemental analyzer coupled in continuous-flow mode to 

an isotope-ratio-monitoring mass-spectrometer (Costech 

elemental analyser coupled to a Thermo Finnigan 

MAT253 mass spectrometer). Analysis was carried out at 

the Godwin Labatory, University of Cambridge. Based 

on replicate analyses of international and laboratory 

standards, measurement errors are less than ±0.2‰ for 

δ13C and δ15N.  

The collagen yield, the percentage of carbon and 

nitrogen, and the atomic C:N ratio of each sample were 

also recorded to check collagen quality [7-9]. 

III. RESULTS AND DISCUSSION 

Isotopic data are presented as mean values in Table 1 

together with quality control indicators. The samples 

from the sites of Valserà di Gazzo, Dossetto di Nogara, 

Castello del Tartaro, and Franzine Nuove yielded either 

poor quality collagen or no collagen at all, hence are not 

discussed here. The analysis of the fauna from Fondo 

Paviani is still ongoing at the time of writing. All samples 

listed below provided good quality collagen with C:N 

ratio and standard error within the accepted range. 

 

 Table 1. Mean stable carbon (δ13C) and nitrogen (δ15N) 

isotope data from selected sites with mean C:N ratio. 

Site code n mean δ13C 

‰ 

mean δ15N 

‰ 

mean C:N 

ODN humans 64 -14.9 9.3 3.2 

ODN fauna 7 -19.1 6.8 3.2 

DN humans 1 -13.5 8.5 3.2 

DN fauna 3 -20.6 4.8 3.3 

BOV humans 25 -15.2 9.4 3.2 

SED humans 2 -17.7 8.3 3.2 

MER humans 1 -20.2 7.4 3.2 

MER fauna 3 18.7 4.7 3.2 

MU humans 19 -19.6 8.7 3.2 

GRCD fauna 3 -20.5 4.5 3.2 

 
The first evidence comes from the site of ODN were the 

samples (45 humans and 4 animals) added to the 
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published set confirms the results obtained earlier. 

Moreover, the carbon values measured in the fauna might 

indicate a direct human consumption of C4 crops given 

that carbon values are more depleted in the animals as 

opposed to the humans.  

 

 

 

Fig. 2, Mean stable carbon (δ13C) and nitrogen (δ15N) 

isotope values from selected sites. Individuals are 

grouped according to sex and age at death. 

 

Further striking evidence comes from the sites of 

Dossetto di Nogara and Bovolone. At DN the only human 

analyzed has carbon values typical of C4 plant-reliant 

diet with no corresponding isotopic data for the animals 

species analyzed; furthermore, a significant N enrichment 

of the human over the animals is registered, revealing that 

most of the protein intake for the human comes from the 

consumption of animal meat and/or by-products. 

Similarly, at BV the δ13C of the humans is, again, 

indicative of C4 plant consumption although no faunal 

data are available. 

For the other sites examined δ13C is typical of terrestrial 

C3 plant consumption, for either humans or animals, with 

a human-to-animal N enrichment of about 3‰. 

Interestingly, the contexts from Friuli (SED, MU, MER) 

are consistent with the C3 plant-reliant set (Fig. 2). 

The general patterns that emerges seems to suggest an 

introduction of C4 plants in Northern Italy at the early 

phases of the Bronze Age, with a selection of sites 

revealing direct human consumption of these crops.  

Until further isotopic data become available we should 

envisage the spread of millets in north-eastern Italy (and 

particularly in the Po Plain) as a discontinuous, site-

specific phenomenon, also mirrored in the paleobotanical 

record. In fact, botanical macroremais from 20 sites of 

Bronze Age northern Italy, suggest that the diffusion of 

broomcorn millet, and particularly foxtail millet, is 

inconstant and very variable in terms of percentages [10-

11]. 
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Abstract – The use of geophysical methods and 
techniques and a metrological approach are 
significant elements within the wide research of 
landscape archaeology carried out since 2010 in the 
area east of the town of Benevento: the Ancient Appia 
Project. The integrated and global approach allowed 
to study the presence, the shape and the layout of 
prehistorical, Samnitic and Roman settlement located 
along the Appia road, and the cyclical elements and 
human activities that influenced the vocation of 
landscapes. The overlap of archaeological dataset and 
geophysical surveys and the recent digs have allowed 
also to recognize the path of an ancient road in 
Masseria Grasso area, perfectly integrated within the 
rural structures. 
Keywords - Ancient Appia Landscapes (AAL), 
Beneventum, geophysical survey, land use, formation 
processes. 

 I. INTRODUCTION 
In this essay we intend to introduce the several methods 
and tools used in the multidisciplinary Ancient Appia 
Landscapes project, carried out since 2011 by the 
University of Salerno in partnership with the 
Soprintendenza Archeologia della Campania [1]. We will 
specifically refer to macroscale investigations and 
infrasite survey, directed in  partnership with the IMAA-
CNR of Tito Scalo (PZ) and the GeoGisLab of the 
Dipartimento Bioscienze e Territorio (University of 
Molise). 
The research aims to study the path of the Via Appia in 
the ancient Beneventum area and to identify  
environmental phenomena, socioeconomic and 
productive activities that influenced the settlement 
dynamics before, during and after the construction of the 
Consular road.  The research covers a broad area east of 
the city of Benevento, defined by Irpinian Appennines to 
the south and the Calore River to the east and to the 
north. In this sector the Appian path is outlined by the 
ancient itineraria, according to which it is possible to 

identify two stationes just outside the city: Nuceriola, 
located at the fourth mile, and ad Calorem, which 
probably was near Ponte Rotto, an important bridge of 
the imperial age located at the tenth mile from Benevento 
and used to cross the Calore towards Aeclanum [2]. The 
few archaeological data in this area consist mainly of 
bibliographic information and archive materials. The area 
was also investigated by the team of Besançon, which 
identified two hypothetical cadastres, dated back to the 
Triumviral period (Beneventum I, 20x20 actus, N 42° E) 
and to the Augustan era (Beneventum II, 16x25 actus, N 
2° W) [3]. Recent considerations about Beneventan 
cadastres did lean towards a new dating: the years of the 
colonial foundation (after 268 BC) for the Beneventum II, 
the Triumviral-Augustan age for the Beneventum I. 
Moreover, it has been suggested that a change of 
orientation is occurred in the cadastre Beneventum II 
(16x25 actus), between Sabato river to the west and 
Calore river to the north-east: this layout  is conditioned 
by the morphology and hydrographic system, and has an 
orientation of N 42°E. [4-5]. 

 II. METHODOLOGY 
The research about Appia landscapes aims at a “global” 
approach, based on a profitable exchange of knowledge 
between different branches. In this perspective, the 
research covers various methods and tools of 
investigation (study of archives, historical maps, 
paleobotanical analysis, surface surveys, aerial 
photography interpretation, geomorphological surveys) 
involving metrological aspects from a territorial to an 
infrasite scale [6]. A first step of analysis has involved the 
identification and stratification of agrarian cadastres that 
have occurred over time. Starting from the past data 
about agrarian infrastructures identified by the team of 
Besançon, it has been possible to identify iso-oriented 
modular and measurable landscape shapes (roads, field 
boundaries, etc.). The research on ancient cadastres has 
involved the analysis of  the correlation between iso-
oriented shapes and archaeological sites through the 
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implementation of theorical and modular grids based on 
the roman actus (35.5m). These grids have been linked to 
several crossroads already attested by the historical 
cartography and have been overlapped with the aerial 
photographs of 1953-1955 (1:34000), the IGM 
cartography of 1956 (1:25000) the Regione Campania  
orthophotos (1:10000). A more accurate metrological 
analysis has been carried out in the area between Ponte 
Rotto and Apice Nuovo, where it has been possible to 
measure regular ranges inside the hypothetical centuriae. 
These ranges correspond to the distances between vertical 
and horizontal iso-oriented elements. Such dataset has 
been overlaid on a 5m resolution DEM, together with the 
geomorphological data and archaeological finds collected 
during the survey. The application of a relative 
chronology between iso-oriented forms and 
geomorphological dynamics would allow differentiating 
the residual elements of ancient agricultural landscapes 
from the recent assets. The occurrence of a high level of 
conservation defines the identification of landscape units 
in which the historical value is still preserved. 
The results were compared with other data coming from 
the study of historical cartography. The direct comparison 
with such supports has highlighted the dynamics which 
contribute to the transformation of landscapes, returning 
an overall vision that allows to understand their 
contextual features. A total of 410 maps has been 
acquired, heterogeneous both for chronology and 
typology, with an extension of time from the second half 
of 1600 to the beginning of XX century. Such approach 
has required the comparison of ancient and heterogeneous 
measurement systems, and the study of cartographic 
maps of different types and scale factors. The more 
common measurement systems are those of the Regno 
Borbonico – the neapolitan “palmo” (about 26.3 cm ) and 
the “tomolo” (3065 sqm)  – and of the Stato Pontificio – 
the “canna architettonica” (2.23 m) and the “rubbio” 
(18480 sqm). 
The different criteria of representation and measurement 
have been processed through the creation of an 
Information System of collected data, able to manage and 
interrogate each acquired unit. 
Firstly, the documents were georeferenced and compared 
with recent maps, identifying those that could be called 
“matrix elements” and can be recognized in the actual 
shapes of the landscape [7]. Crossroads, masserie and 
churches have been used to snap “Ground Control 
Points” (GCP). It was preferred to keep the digital format 
as a raster, without a preliminary vectorialisation. In this 
way, each data has been preserved. The vectorial element 
was added only to make more visible possible survivals 
or discontinuities between each map. Finally, historical 
supports were overlapped with a reverse chronological 
order, starting from the most recent to the oldest. 
Thereafter, maps were georeferenced proceeding from the 
document with the highest denominator till the one with 
the minimum scale.  
The overlap of cartographic and archaeomorphological 
data with the large amount of information collected 

during the survey, has also allowed to recognize cyclical 
elements that influenced the vocation of landscapes, their 
shape and human activities, even without substantial 
surface evidences.  Such approach, developed and applied 
in a systematic way, would lead to a “regressive” 
reconstruction of the landscapes without excluding from 
the research those elements that only apparently don’t 
have potential information[8]. 
Areas with significant anomalies in terms of 
archaeological evidences have been investigated via 
infrasite surveys using sampled collection of surface 
artifacts and geophysical surveys (geomagnetic-GM and 
ground penetrating radar-GPR). 
The geophysical techniques are not invasive and allow us 
to obtain high resolution images of subsurface. These 
methods are characterized by rapid data acquisition rate 
and reduced costs and measurement time and are able to 
provide useful information for identifying and mapping 
shallow structures and giving guidelines for the 
subsequent excavation and archaeological studies [9]. ]. 
In detail, the GM is more adaptive for large survey, in 
order to obtain a relative fast result but with low 
resolution. On the contrary, GPR makes high resolution 
information, but for the heavy data process is adapt for 
small survey area.  The geomagnetic measurements were 
performed using an optical pumping magnetometer G-
858 Geometrics in gradiometric configuration, with the 
two magnetic probes set in vertical direction at a distance 
of about 1m each by other. The GPR profiles have been 
carried out by the Subsurface Interface Radar (SIR 3000 
GSSI). The SIR 3000 consists of a digital control unit 
with keypad, VGA video screen and connector panel. The 
unit is backpack portable, requiring one or two operators, 
and the used a monostatic type antenna with a center of 
frequency of 400 MHz. 
According to the analysis of geophysical results, it was 
decided to carry out some archaeological digs, supported 
by a topographic and three-dimensional photogrammetric 
survey. During the excavation, the GPR acquisition was 
carried out, in order to help the archaeologists to 
highlight some archaeological features in the investigated 
area. Several parallel GPR profiles were acquired, in 
order to define a 3D image. The survey was acquired with 
a wheel chart and the ReflexW software has been used to 
process the data. The high quality of the traces required 
only standard analysis techniques for data processing and 
to reduce the background noise (normalization, zero time 
correction, background removal processing). 

 III. RESULTS 
A. Archaeomorphological studies on territorial scale 
In pre-historic and protohistoric times the research has 
been highlighted a structured pattern, which demonstrates 
a continuity of settlement choises despite wide caesurae. 
Areas with the highest frequentation are identified along 
the edges of the terraces near watercourses. Most of them 
were occupied during the ancient Neolithic, Recent 
Eneolithic and Medium Bronze Age. In this case, it is 
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more appropriated to talk about “frequent occupation 
areas”.  
In historical times, the population of Benevento territory 
is perceivable since at least the 4th century BC, until Late 
Antiquity, according to a process of occupation which 
gradually involves spaces ever more distant from the 
colony. In this interpretation, the recognizable longue 
durée phenomena seem to characterize a reorganization 
of rural areas interconnected with social and political 
needs. These changes are evident in the transition from 
the foundation of the colony of Beneventum in the 268 
BC (Beneventum II cadastre) to the re-organization of the 
territory in the Augustan age (Beneventum I cadastre).  
The archaeological and archaeomorphological data 
suggest a new moment of changes, which seems to take 
place in the middle imperial age, in an area between the 
Calore river and the Cubante plain. In this sector, the 
measures performed on the iso-oriented traces with a 
theoretical grid of 20x20 actus (about 710x710m) 
showed a more or less constant variation of the multiple 
values of the actus, with an error range of about ± 5m. 
Generally, the values that have the greatest number of 
occurrences correspond to 71, 142, 213, 255, 390, 710 
meters, namely to 2, 4, 6, 10, 11, and 20 actus (Fig. 1). 
 

 
 

Fig. 1 Measurements in the Cubante plain: the N 29°E 
centuriation. 

In the plain, the survival of internal subdivisions is quite 
evident, with parcels that still retain the width of 2 actus 
(71 m). In certain cases it is possible to observe the 
presence of boundary stones located at intersections of 
secondary axes. Deteriorated shapes of several main axes 
are observed especially in areas of high human activity or 
in fields with evident geomorphological phenomena. 
The survey has shown the presence of a settlement 
network, homogeneous for chronology and functions, 
with evidences from the 1st century BC until at least the 
5th century AD. These sites seem to develop in 
conjunction with the construction of Ponte Rotto, 
probably occurred along with the restoration of Via 
Appia commissioned by Hadrian in 123 AD. 
According to these data, it is possible to hypothesize a 
third centuriation of Middle-Imperial age, in the Cubante 
plain near Ponte Rotto (20x20 actus, N-29°E, named 

Beneventum III). It seems to originate from the 
orientation of the Ponte Rotto ramp and to exploit the 
natural conformation of the alluvial terraces. The cadastre  
orientation is also related to the urban layout of the east 
portion of Benevento, affected by planning activities 
made by Trajan and Hadrian. Several main axes are also 
recognizable in a cartographic document of 1669 that 
shows a clear survival of these iso-oriented roads. This 
allows to give a new interpretation on centurial systems 
which structured themselves during wider chronological 
ranges. 
 
B. Infrasite investigations in Masseria Grasso 
The infrasite investigations conducted in the sector of 
Masseria Grasso have found several information about 
the presence of an important site of 4th-3rd century BC, 
with a chronological gap in the Late Republican era, 
during which it seems to develop again and continue until 
at least the Late Antiquity. The geomagnetic 
measurements were performed by a mapped survey mode 
that allows us to previously specify and visualize the 
survey area, moving around in a non-continuous way 
through regular grids. The geomagnetic map was 
obtained by gradient data, that is calculated from the 
magnetic values acquired by each sensor (top and 
bottom). The geomagnetic data were analyzed and 
elaborated by different processes by the use of Surfer and 
Terrasurveyor softwares. The used tools (clip, zig-zag, 
depsike, destripe, ecc.) allowed the data to be produce the 
best possible interpretation, in order to highlight the 
geomagnetic anomalies which should be interpreted as 
archaeological buried remains or features. The total 
investigate area was around 15.000 sqm.  The fig. 2 show 
the merging effect of eight geomagnetic map of the total 
area. The gradiometric map highlights data between -24 
to +30 nT/m (from blue to red colors). 
 

 
 

Fig. 2 Total acquired geomagnetic map in Masseria 
Grasso 
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 The geomagnetic map was obtained by gradient data, 
that is calculated from the magnetic values acquired by 
each sensor (top and bottom). The geomagnetic data were 
analyzed and elaborated by different processes by the use 
of Surfer and Terrasurveyor softwares. The used tools 
(clip, zig-zag, depsike, destripe, etc.) allowed the data to 
be produce the best possible interpretation, in order to 
highlight the geomagnetic anomalies which should be 
interpreted as archaeological buried remains or features. 
Interesting anomalies hypothetically linked to buried 
structures come from this survey (Fig. 3 ). 
  

 
 

Fig. 3. Geomagnetic map and anomalies in the Masseria 
Grasso area 

 
In the north sector, of about 9200 sqm, some alignments 
run parallel or orthogonal: they refer to traces oriented 
with a range from N 41 ° E to N 47 ° E, probably linked 
to the Triumviral-Augustan centuriation and related to 
regular and geometric spaces. They differ from some 
anomalies with curved trend, such as those detected in the 
east and northwest. Here, a circular trace is marked by a 
strong magnetism. 
The south sector is crossed by additional parallel 
anomalies  with a regular rhythm, iso-oriented to the 
previously reported traces. Additionally, there is also a 
mark of greater magnitude, recognizable at least for 60m. 
The overlap between this anomaly and a historical map of 
the beginning of twentieth century, where ancient road is 
reported, allow to hypothesize its persistence below the 
surface.  Two archaeological digs have been carried out 
in order to verify this mark. 
The excavations (namely “S1” and “S2”) have confirmed 
the presence of an ancient road consisting in the overlap 
of several levels of frequentation relating to an ancient 
path dating from the 2nd century BC to the 4th-5th 
century AD (Fig. 4). The road has the orientation of N 
42° E, according with the Triumviral-Augustan 
centuriation (20x20 actus), it is about 5.6 m wide (19 

“pedes romani”), compatible with the width of some 
ancient roads. (Figg. 4-5).  
 

 
Fig.4.The dig of the ancient road (S1): curb (orange)  

and cobbles (green) disarranged by ploughing. 
 

 
Fig.5. Projection of the road detected during the 

excavations: the distance between S1 and S2 is not real. 
 

Given its size and orientation, the hypothetical projection 
of the ancient road path could correspond with a main 
centurial axis. Moreover, it is possible to intercept a 
certain number of roads and field limits still in use, 
slightly divergent or translated, probably modified in 
their original shape by depositional and erosional 
processes. (Fig. 6). 
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Fig.6. The area of Masseria Grasso and the Triumviral-
Augustan cadastre: the projection of the ancient road in 
red, the centuriation grid (20x20 actus) in orange, the 

iso-oriented and degradated shapes in blue. 
 
The GPR survey was carried out between the two digs in 
order to confirm the continuity of the evidence. The Fig. 
7 shows the GPR results, where a 100 sqm area were 
investigated. The time slice is at 1 m depth with an 
electromagnetic velocity of about 0.1 m/ns. . The results 
show some plane reflections  which should be associate 
to main path across the acquisition direction. Moreover, 
the geophysical data should show up the extension of the 
path, which is preserved for at least 14m. 
 

 
Fig. 7 GPR slice at 1m depth with a V=0.1m/ns 

 
From a further dig (S3) nearby the road path, remains of 
structures and many sherds, including the “pareti sottili” 
class with firing defects and furnace wastes, would 
suggest the presence of a production area dating between 
the Augustan-Tiberian era and the half of 1st century AD. 
This interpretation would be confirmed by a strong 
magnetic anomaly and by the results of another GPR 
survey carried out close the S3 dig, which show several 

linear reflections probably associated to ancient structures 
of the production area. 
The remarkable archaeological evidence, the position at 
about four milia from Beneventum and the centrality of 
the ancient site of Masseria Grasso argue in favor of the 
location of the statio of Nuceriola in this area. 

 IV. CONCLUSIONS 
The application of different approaches and 
methodologies has contributed to the acquisition and 
interpretation of data, both on a regional scale and in 
limited areas. The results are derived from the ability to 
relate different disciplines and specialisms, in order to 
integrate disparate data and sources for a “global” 
reconstruction of landscapes. Such approach reconsiders 
tracks and shapes related to different agrarian divisions in 
the area south-east of Benevento, confirming the 
identification of a third cadastre observed in the Cubante 
plain. It is well emphasized the idea of a progressive and 
continuous transformation of rural structures of the city: 
the re-organization represents the reaction to the changing 
production needs and to the mutations of the main vectors 
of development and mobility. The overall analysis 
provides to recognize only some sections of the ancient 
road network and the fixed-points of Nuceriola and ad 
Calorem. According to the hypothetical identification of 
Nuceriola in the area of Masseria Grasso, it is possible to 
assume that the Appian path, starting from the south-east 
of Beneventum, where now there is located Rocca dei 
Rettori, could cross this area  and reach the next statio ad 
Calorem. There are currently no reliable data on the 
possibility of Appia's rerouting in Trajan-Hadrian period, 
but the existence of occupied areas only from the Middle 
Imperial age could justify such hypothesis. At the 
moment, it is significant that the landscape in historical 
times appears affected by an articulated and differentiated 
road network that partly survives until  the present days.  
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Abstract – Current knowledge of Roman roads and 

centuriations indicates that they could be well 

surveyed, with constant orientation and, for 

centuriations, high precision of linear measurement 

and accurate right angles. Therefore, models of some 

road segments may be represented by kml straight 

paths and models of centuriations, also represented as 

kml files, can be software-generated from Euclidean 

transformations of the local UTM grid. Recently 

published models of the Via Appia and the 

centuriation in the Pontine plain do not use this 

approach and do not appear to withstand close 

scrutiny. Appropriate metrology is crucially important 

for the study of these surveyed structures, but models 

should also be based on a secure foundation, using 

evidence on the ground, in aerial imagery, including 

Google Earth, and in the ancient land surveyors’ texts. 

 

Keywords: Spatial modelling, Roman land survey, 

Pontine Plain 

 I. INTRODUCTION 

Computational methods for the study of centuriations [1] 

[2] have, for more than 25 years, used mathematical 

models to calculate the coordinates, in modern survey 

grids, of the postulated grid square corners. These models 
reveal that several (but not all) systems were precisely 

surveyed. For example, a metrological study of the 

cadastre of the Saône plain [3] revealed that over a 

distance of 25km the precision of linear surveying must 

have been better than one part in 2,500. and that precision 

of the right angles was better than Tan-1 0.0004 or 

±0.012°. That particular study also revealed that, firstly, 

the 20 actus module size of this system was more than 

711m and, secondly, the azimuth of the postulated grid 

lines increased noticeably from west to east. 

The author’s technique has recently been enhanced by the 
creation of kml files for Google Earth paths by Euclidean 

transformation of the local UTM grid. This computational 

approach, and the precision of Roman surveying, have 

both been validated for the well-preserved centuriation of 

Parma. This reveals that the module (707.0m) is smaller 

than the conventional 710m value referred to by 

Dall’Aglio [4]. 

As for the Pontine structures, Giulio Magli (with others) 

has recently presented models for the main road, the Via 

Appia, and for the centuriation [5]. Critical scrutiny of 

these models is a concern of this paper. 

 II. MODELS OF THE VIA APPIA 

Between Rome and Terracina the course of Via Appia 
crosses the Pontine Plain (Fig. 1). 

 

 
Fig. 1. Via Appia and the Pontine Plain. The shaded area 

represents parts of the plain lower than 15m above mean 

sea level. 

 

With admirable openness, Professor Magli's project team 

have made their models of the Via Appia and the 

centuriation in this area freely available for examination 
by others on their project's web site, 

http://geomatica.como.polimi.it/elab/via_appia/. From 

study of  these models, it appears that the road line 

defined by the project's “Appia line (model)” does not 

compare well to the actual road line seen in the images 

visible on Google Earth. In the centre of the plain the 

model line is close, only 3m southwest of the road centre 

line, but at the road segment’s north-western end it is 

distant by 16m to the northeast – on the other side of the 

road (Fig. 2). 
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Fig. 2. Misfit between the Magli model (red line) and Via 

Appia at the model line’s northwest end. The yellow line 

(ruler) length is 16m. 
 

Near Pontalto, at  other end of this apparently straight 

section of road, the distance between the road centre line 

and the model line, which again lies towards the 

northeast. is even larger, at 19m (Fig. 3). The model line 

clearly lies on a curve; it appears not to fit the road well. 

So, in order to find the possible cause of its curvature, the 

model line was examined using the Google Earth ruler to 

measure the “heading” (i.e. azimuth) of each successive 

2,000m segment from its northwest end. All the measured 

heading values are either 136.05° or 136.06°. 

 

 

Fig. 3. Misfit between the Magli model (red line) and Via 
Appia at Pontalto. The yellow line (ruler) length is 19m. 

 

This near-consistent orientation suggests that, in the 

model,  the heading was intended to be constant, and that 

it was based on the hypothesis that the Roman surveyors 

used a loxodrome – a line of constant azimuth. However, 

the data available in this case, from Google Earth images 

alone, suggested that this loxodrome hypothesis is 

inaccurate, and a straight path would probably be a much 

better fit. 
To check this idea, a path was created in Google Earth, 

nearly 40km long, between two points on the centre line 

of the road segment at each end. However, such a long 

path between just two points was not completely 

satisfactory for such a check, because the position of the 

line appeared to shift with changes in viewing position. 

Therefore a more useful path was made, composed of 

short (500m) segments. The segment orientation was 

created from the UTM coordinates of the end points, 

using the differences of East and North coordinate values 

and the arctangent of their ratio. Such extremely simple 

trigonometry is appropriate in this case since within a 
UTM zone the Earth can be considered flat [6]. The 

author's java routines, described below, then created a 

kml file for a 500m grid that included the road as one of 

its axes. Its path was copied from the kml file to produce 

a new straight line model of the road. This model seems 

more stisfactory because it did not appear to suffer from 

parallax; and it fits the road with only slight deviation, 

which is most noticeable in the central part of the straight 

line model, as at Mesa (Fig. 4). 

 

  
Fig. 4. Deviation of Via Appia from a straight line at 

Mesa. The ruler (under the word ‘Mesa’) is 6m long. 

 

Any deviation of the road from the straight line is 

towards the northeast. This may indicate that the road 

was deliberately curved. If so it is curved away from the 

Earth's north pole, and has the opposite of a loxodromic 

  

446



tendency. However, the curvature is so slight that it 

cannot account for the difference in azimuth at the two 

ends of the road segment, at which points the road centre 

line and the straight line models appear coincident. The 

two azimuths are 315.95° at the northwest end and 

316.16° at the other end. These two values have a mean 

very close to the constant azimuth of the loxodrome 

model. Could the latter value have been obtained from a 
linear regression of the azimuth values observed by 

Professsor Magli's team? 

Empirical evidence thus contradicts this particular 

loxodrome model and, more generally, other evidence  

indicates that the surveying of straight lines was the 

norm. Extant centuriations have axes that are orthogonal 

and straight. They maintain a constant spacing. Unlike 

meridians, they do not converge. 

Ancient written sources also suggests that straight lines 

were created, either by forward projection, employing an 

assistant to position a ranging rod so that it aligned with 

the appropriate plumb lines of the groma, or by back-
sighting. Both methods are illustrated by Giancarlo 

Moscara  [8]. Another drawing (Fig. 5), created by Edilio 

Boccaleri to illustrate forward projection of the surveyed 

line, could also illustrate back-sighting.  

 

 
Fig. 5. Illustration by E. Boccalieri [9] of forward 

projection from A to B. This could also be regarded as an 

illustration of back-sighting of a line being extended from 

B to A. 

 

Frontinus, one of the ancient land surveyors, describes 
the use of back-sighting  in his de arte mensoria. He says 

(in Brian Campbell's translation [10] ) 

Now, in the case of a narrower valley to the further 

side of which the surveyor can sight, in order to deal 

with any problem, he can cross over to the other side 

and fix at least three markers [moetas].When these 

have been picked up again after the ferramentum 

[groma] has been transported across, he should back-

sight the markers fixed earlier ... 

Frontinus does not specify how wide the "narrower" 

valley can be, but clearly the method could be employed 
even if there was no valley. This has implications for 

Professor  Magli’s view that the road was surveyed from 

its southeast end (see below). 

To give some support to those who believe in 

astronomical orientation, Frontinus does refer to the 

setting out of initial orientation of some centuriations in 

accordance with sunrise on particular dates. However, 

there is no reference to the maintenance of a constant 

azimuth over long distances. Hence the only theoretical 
justification for the loxodrome model seems to be the 

belief of Professor Magli and his team that the surveyors 

used “repeated, accurate sighting of [the setting of] the 

star [Castor] at the horizon” [7]. 

 III. MODELS OF THE CENTURIATION 

 

 
Fig. 6. Some of the traces of the Pontine Plain 

centuriation (in red) around Pontinia, according to 

ongoing work by Tymon de Haas. The oblique straight 

line model of the Via Appia (light blue) is described 

above. 

 

The existence of a centuriation in the Pontine Plain has 

been long known, but the true density of its traces, mostly 
visible only in aerial photographs (Fig. 6), is only now 

being revealed  by Tymon de Haas, as an extension of the 

research described in his thesis [11]. 

Professor Magli’s team could not take account of de 

Haas’ work when producing their centuriation model. 

Their model defines an 80 x 80 grid of supposed squares 

of 10 actus. Like their Appia line model it is based on the 

idea that the Roman surveyors deliberately maintained a 

constant azimuth when laying out their survey lines. The 

grid’s north-south lines are all meridians, and the other 

grid lines are all lines of latitude. The module value 

chosen for the model (10 actus = 355m) is almost 
certainly inappropriate for this early system, since it has 

been convincingly proposed that the size of 20 actus 
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probably increased over time from 703m to 710m [7], 

and the author’s own work indicates that even larger 

values are possible at later dates. 

This is, however, a minor reason for objection when 

compared to the unacceptable errors introduced by the 

convergence of the meridians that form the north-south 

axes. Measurement using the ruler in Google Earth across 

80 grid squares at the northern extremity of the grid 
shows that the 10 actus module, on that east-west line, is 

354.3m. On the southern side it is 355.7m. This is an 

increase of  0.4%. Hence the ‘squares’ are not of equal 

size nor are their sides parallel.  

An alternative grid can be modelled using a java routine 

written by the author. This requires the position and 

orientation to be specified in the UTM coordinate system. 

The coordinates of a grid intersection can be provided by 

Google Earth and orientation to the UTM grid can be 

calculated by several means, such as that described above 

in the case of the Via Appia. As well as these values, the 

routine requires input of the module, together with the 
position and size of the area to be covered. It then 

calculates the UTM coordinates of the grid intersections, 

using a Euclidian transformation of the UTM grid, 

converts them to WGS 84 coordinates and creates kml 

paths for the grid lines. 

 

 

Fig. 7. Comparison of southeast corner of Magli 

centuriation model (in blue) with alternative model 

having the same central azimuth, position and constant 

module of 355m (in white). 

If the alternative grid of true squares, generated by this 

software, has the same module as the  Magli model (i. e. 

355m), and if the two coincide in the Magli model’s 

central part, then there are significantly discrepancies at 

the extremities (Fig. 7). Such large discrepancies indicate 

that, although the Magli model could fit the centuriation 

traces in the middle of the plain, it is unreliable in more 

peripheral places if used for purposes such as cultural 

resource management, prediction or theory development. 

 IV. CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER WORK 

Magli et al.’s modelling of the Via Appia, as if it were a 

loxodrome, is unrealistic and serves only to emphasise 

the fact that the road segment is very nearly straight. Its 

deviation of only 6m from the straight line model at 

Mesa, 10.7km from the line’s southeast end, represents  

an angular deviation of Tan-1 0.00056 or 0.032°. This 

level of inaccuracy is only 50% greater than the 

maximum possible error in the case of the Saône plain 

centuriated cadastre referred to above. 

Given that the line of the road was probably intended to 

be straight, its azimuth is bound to change, increasing 

towards the southeast. Could we use this fact to suggest 
what determined the azimuth of the start of the line and 

where it was determined? 

This question seems to find its answer in Professor 

Magli’s very reasonable suggestion that, because the 

heavenly twins were protectors of the Roman army, 

the azimuth was determined by the point of setting of 
the star Castor at azimuth 315.98° in 312 BC, when 

the Via Appia was constructed. The azimuths at 

each end of the line are (northwest) 315.95° and 

(southeast) 316.16°. The former is closer to the suggested 

astronomical orientation so it seems rational to prefer the 

nothwest as the starting point. Professor Magli suggests 

the opposite, but this carries little weight because it relies 

on the supposed coincidence of southeast end of the road 

with an intersection of an  unreliable grid model. 

Other factors suggest that surveying started from the 

northwest end. It is the end nearer to Rome and it might 

be expected that surveying would start at the city and 

proceed southeastwards. More certainly, surveying by 

back-sighting requires fewer personnel than projecting 
forwards, since an assistant is not essential to the process 

(Fig. 5). Back-sighting would also have been a simple 

way of establishing the initial alignment, as follows: 

looking backwards, the furthest mark would be the star’s 

setting point, the next would be put at the position of the 

groma, the next lined up with it and the star, and the rest 

of the metae back-sighted on those previously positioned. 

The surveyor would initially have been looking toward 

the star but moving in a straight line away from it. 

Turning to the Magli centuriation model, it does nor 

correspond to a structure that a Roman land surveyor 
could have deliberately created. Also, its assumed module 

is implausible. Although the centuriation probably does 

not predate the  Via Appia  – otherwise we might have 

seen a link between the two – it is likely to have been 

established not long after the road was built. At that time 

(4th to 3rd century BCE) a module of 10 actus would be 

closer to half the Parma value – 353.5m, not 355m.  
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Fig. 8. Centuriation traces (red) and models (Magli’s in 

blue and the author’s provisional alternative in green) 

north of Pontinia. 
 

Ongoing study of the traces revealed by de Haas is based 

on a more realistic model of centuriation structures, and 

the software provides the opportunity to postulate any 

number of models, based on Euclidean transformations of 

the UTM grid, to fit many of  the traces. One such model 

(Fig. 8, the green lines) has module 352.6m and 

orientation 1.057° in UTM zone 33T. This orientation 

corresponds to north-south grid line azimuths that 
(in contrast to the single azimuth value of all the 

Magli lines) increase from west to east across the 

plain but do not quite reach geographic north 
(azimuth 0°) before reaching the plain’s eastern 

edge. 

Given the multitude of traces, it is difficult to 

visualise an automatic way of establishing the 
parameters of candidate computational models of the 

centuriation, so trial and error, without unrealistic 

preconception, currently seems to be the best approach. 
However, there is the possibility that knowledge of 

further buried Roman structures may help to refine 

the model. Some of this could come from the 

geoarchaeological evidence [13], particularly of straight –  

and probably Roman – canals. They may well have 

oblique trigonometrical relationships to the survey grid, 

as are known from other parts of the Roman world [14]. 

Perhaps we can work backwards from the orientation of 

these features to the orientation of the survey from which 

the Roman surveyors, using  simple trigonometry, could 

have planned them. Accurate and appropriate metrology 

is vital for this, but we should also use every other 

available source of information. 
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Abstract – The aim of this work is to show the methods 
and tools we have used to create a system that can 
dynamically combine archaeological and 
geomorphological data of Pontecagnano (SA). 
Our work wants to exploit information we have 
received from archaeological exploration realized by 
Lerici Foundation. 
The first approach concerns the study of 944 logs in 
order to analyze information about archaeological 
materials and stratigraphic background. 
The second approach is characterized by a 
geomorphological aspect: it compares archaeological 
documentation with environmental information. This 
analysis allows us to identify all the elements that have 
caracterized the landscape and that have influenced 
human settlement[1]. 
The archeomorphological approach of the work 
occurs with the use of modern data processing 
procedures that can connect different kind of 
information. The elaboration of database allows us to 
check the validity of archaeological documentation 
through the distribution of handmade elements on the 
surface and in the stratigraphy. 
 
Keywords: Pontecagnano, Archaeological Database, 
Archaeomorphology 
 

 I. INTRODUCTION 
The aim of the project is the recovery and the 

promotion of prospecting data realized in 1978-1979 by 
Lerici Foundation in Pontecagnano (SA). At that time 
prospecting campaigns were realized with the purpose of 
defining the maximum extension of the ancient settlement 
so as to protect it from the expansion of the modern city. 

In this work we show methodological choices adopted 
to exploit informative potentialities of the available 
documentation. Therefore we enucleate the critical issues 
found in a documentation realized in not recent periods 
whose only aim was the safeguard.  

Finally, we expose the results reached so far and the 
potentialities of management and data storage system. 

Pontecagnano is located 8 km south-east of Salerno, in 
the northern edge of the alluvial plain of the Sele river[2]. 

The settlement develops on the left side of the Picentino 
river, in correspondence with a travertine plateau 
superelevated in comparison with the surrounding plain 
and it is articulated from north-east to south-west in a 
series of small terraces. On the sides, the plateau is 
delimited by depressions in which surface water flowed, 
in particular that came from mountains. 

The area is occupied from prehistoric times: evidences 
of huts, necropolis or scattered material prove periods of 
settlement during Recent Neolithic and Eneolithic, 
Middle and Late Bronze Age mainly localized in 
depressions on the sides of central plateau, near riverbeds 
that in these depressions flow. 

A significant turning point in the peopling of Agro 
Picentino occurs at the beginning of the first Iron Age 
(beginning of the 9th century B.C.) when a settlement of 
villanovan facies begins; then it will grow until the 
Roman conquest (first half of the 3th century B.C.). About 
this settlement we know in particular necropolis that 
develop around the upper zone of the plateau where the 
inhabited place is located instead. 

In this inhabited place we know the two sanctuaries 
built at the beginning of the 6th century B.C. The 
sanctuary of Apollo, located in Via Verdi, in the 
southeastern corner of the inhabited place, overlooks a 
wide space identified as the “square” of the town. 

A redefinition of town boundaries dates back to the 
Late Archaic Period (approx. 500 B.C.) with the 
realization of a fortified wall and a per strigas plan which 
consists of a series of blocks 46 m wide longitudinally 
divided in two row of housing lots 23 m wide. 

After the Roman conquest, the inhabited place narrows 
along an axis of the previous urban plan which is 
integrated in the main consular road Regio-Capuam 
(known as “decumanus”). Duellings and workshops place 
themselves along the “decumanus” in a complex 
stratigraphy from the 2nd century B.C. to the 5th -6th 
century A.D. 

This work about Pontecagnano's inhabited place wants 
to create a framework of information derived from 
surveys realized in the past – occasional and systematic 
excavations – with data obtained from the study of 
corings. The large amount of information derived from 
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perforations has required the use of the most recent data 
management systems. This tool has allowed us to put new 
data in a cartographic base where all the known evidences 
are georeferenced.  

The aim of the survey is to reconstruct the ancient 
landscape, result of anthropic processes that have 
modified the natural environment due to a new 
organization of spaces. (C.P.) 

 
 II. PROSPECTING CAMPAIGNS 

IN PONTECAGNANO 
Lerici's prospections were realized in two campaigns 

between 1978 and 1979: the aim was to identify the 
boundaries of the ancient settlement in order to subtract it 
from building expansion contemplated by Piano 
Regolatore Generale. 

Surveys involved a surface of 150 hectares in particular 
centered on two upper terraces of the plateau where the 
first excavations pointed out buildings. 

Southwestwards, the explorated area boundary was 
mainly represented by SS 18 that runs along a difference 
in level beyond which necropolis extended. 

This boundary is also marked by the presence of 
modern urban center; the area free from constructions 
was examined until the railway line southerly.  

The definition of south-east boundary probably derives 
from the presence of necropolis.  

Northwesterly, the boundary was identified through a 
series of logs with a wider grid. 

All in all, 944 perforations distributed along a regular 
grid with a perforation each 20 m.  

In delimited areas, perforations were integrated with 
geophysical prospecting, with magnetic or electric 
method. 

The intervention strategy was firstly determined by the 
aim of delimiting the ancient inhabited place area. 

Lerici prerogative was to reach archaeologically sterile 
strata, namely solid rock or fossil soil through logs.  

Some perforations did not reach this target because of 
the presence of water or of hard layer interpreted as 
possible building.  

According to the Foundation, the “archaeological” 
value of a stratum depends on its relation with the 
settlement: even if the necropolis levels give back human 
evidences are not considered as “archaeological strata”. 

Lerici Foundation underlines the difficulty of 
distinguishing “archaeological stratum” from “strata of 
ground mixed to natural rock fragments”. The distinction 
was made thanks to the presence of material and the 
comparison of strata of groups of close logs. (L.D.S)  

 
 III. RESULTS REACHED 

BY LERICI FOUNDATION 
Lerici prospecting are fundamental in order to define 

the boundaries of the ancient settlement of Pontecagnano. 
Afterwards the Ministero per i Beni Culturali e 
Ambientali imposed the protection bond between 1980 
and 1981. It is also important the following institution of 
Parco Archeologico which includes a part of the 

Etruscan-Campanian settlement.  
In the first campaign three profiles were identified: they 

cross the plateau towards north-west/south-east. These 
three profiles led to the reconstruction of the 
morphological elements that have influenced settlement 
choices. 

Despite the relevance of Lerici's work, a negative point 
concerns the diachronic aspect of results: that is due to 
the fact that Lerici Foundation has had to follow to the 
request of the commission, Soprintendenza Archeologica 
di Salerno and Comune di Pontecagnano Faiano. 

Lerici Foundation individuated the inhabited place in a 
general way. The following archaeological excavations 
have underlined the boundaries of the inhabited place 
with its different stratified extension over the time. This 
new result is due to the fact that the extension of 
inhabited place on the plateau has not always been the 
same. (L.D.S) 

 
 IV. METHODOLOGY  

Our work follows different steps of survey: firstly, we 
have analyzed Lerici’s operative modalities obtained by 
the documentation present in the archive. Lerici 
Foundation has in fact realized for each year a report 
characterized by lists, sections, planimetrics, tables and 
synthesis maps. With this documentation it was possible 
to set criteria which led to the planning of the grid of 
geotechnical and geophysical surveys, to the modalities 
of realization and registration of geological data obtained 
by logs, to the modalities of archaeological finds 
documentation and, finally, to the definition of 
“archaeological stratum” and to the interpretative 
modalities. 

In the second phase of the project, starting from data 
collected by Lerici Foundation, we have produced a new 
filing and a photographic documentation of materials of 
each log. 

The filing of materials led to compare emerged 
quantitative data with data already partly contained in 
Lerici reports and also to add the qualitative study of 
archaeological finds as a criterion of analysis. 

The analysis of materials led to the identification and to 
the division in these classes: impasto, bucchero, italo-
geometric pottery, black-gloss ware, terra sigillata, 
amphoras, bricks, animal bones, limestone etc.  

Our contextual approach determined the selection of 
classes on which archaeological measures can be 
performed. 

This operation led to the measurement of classes useful 
to reconstruct the different phases of the inhabited place. 

In order to achieve this target we have processed 
qualitative and quantitative data of classes that 
characterized the orientalizing, archaic, classic and roman 
phase. 

The study of materials has in fact allowed the recovery 
of information about the depth of archaeological stratum. 
This analysis is essential in order to verify the reliability 
of stratigraphy and the possibility to reconstruct the plans 
of phases. This analysis procedure allows to start an 
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integrated analysis of the archaeological potential in order 
to increase and improve the effectiveness of protection 
activities and the planning of archaeological interventions 
of research. 

 
Fig. 1. Map of archaeological potential. 

The use of quantitative and qualitative data of materials 
is conditioned by the different thickness of the 
“archaeological stratum”. Therefore, the survey provides 
an index of representativeness of logs that points out the 
relationship between material quantity and the thickness 
of the stratum.  

Moreover, we analyze logs that not reach the lower 
limit of the archaeological stratum because of the 
presence of hard layer. They can be a sign of buried 
structures.  

It is also important to underline that perforations which 
did not gave back archaeological evidences are useful for 
research purposes anyway. These evidences attest a “no 
data”. 

At the same time, we georeferenced the cadastral map 
with a scale of 1: 2000 on which logs are positioned. This 
operation was effectuated on the basis of selected 
coupling points characterized by a long persistence such 
as routes, crossroads and buildings. All in all the degree 
of distortion is limited: there are situations in which the 
overlapping with latest cartographic tools is almost 
punctual while other situations underline slippings that 
are restrained, in extreme cases, within 5-6 m. (L.D.S) 

 
 V. RESULTS ACHIEVED 

AND THEIR APPLICABILITY 
The research is still in progress; however it is possible 

underline some prospects of reading. 
The analysis of handmade series, taken individually or 

compared, clearly delineate the boundaries of the 
inhabited place, high-density areas and peripheral places 
characterized by the thinning of materials.  

The medial terrace of the plateau of the inhabited place 
is characterized by a high-density area. It runs along the 
“decumanus” street and the connected insulae of the 
Roman period that are superposed to the structures of the 
Etruscan-Sannite period. “Decumanus” street, whose 
functionality is preserved over the centuries, is also 
evident where it comes out of the city and it goes towards 

the Picentino river. In addition to the inhabited place, 
necropolis areas are also indicated (S. Antonio and Piazza 
Sabbato). 

The oldest phases of settlement are documented near 
the northern sanctuary (little amphora of impasto with 
decoration “a baccellatura”) and the southern sanctuary 
(Protocorinthian kotyle). All the surface of the central 
plateau shows traces which date back to the 7th-6th 
century B.C. (bucchero, impasto, italo-geometric potter). 

 

 
Fig. 2. Pre-Roman phase. 

The phase dating back to the 5th-4th century B.C., 
documented by the distribution of black gloss pottery, 
marks an occupation of the entire plateau in continuity 
with previous periods. 

 
 Fig. 3. Distribution of black gloss potter. 

 
 
In the Picentia’s phase it is clear the resize of the 

inhabited place along the “decumanus” zone as 
documented by the excavations of Parco Archeologico.  

 

  

452



1st International Conference on 
Metrology for Archaeology 
Benevento, Italy, October 22-23, 2015 
 

 
             Fig. 4. Roman phase. 

The last phase, documented in the insulae of Parco 
Archeologico, is confirmed by logs that gave back 
materials datable to the same period (fragment of “banda 
larga graffita”). These findings date back to the Late 
Antiquity and to the Early Middle Ages. 

 
All in all, data underline a greater extension of the 

inhabited place on the plateau surface in the pre-Roman 
phases. They also point up the attractive force taken by 
“decumanus” along which construction activities 
thickened during the imperial period until Late Antiquity 
and Early Middle Ages. (L.D.S) 

 
 VI. DATA MODEL 

AND DATA MEASUREMENT 
In order to facilitate the interpretative analysis of the 

considerable amount of information derived from 944 
perforations, we have used modern procedures that record 
and process data. 

Information derived from documentation and examined 
materials has been the basis for the definition of the data 
model of Lerici database. 

Archaeological and geological data, combined with 
information concerning the topography and the thickness 
of strata, are selected so as to build hierarchical levels of 
information and they are structured in tabular form with a 
standard code. In particular, data were grouped in two 
semantic fields related to each other defined as 
CAROTAGGI and MATERIALI. In CAROTAGGI we 
find registry data of the 944 perforations, the depth 
reached, the archaeological stratum thickness, the number 
of objects individuated for each type. In MATERIALI we 
have the quantification of findings for each log, the 
recovery quota and qualitative and chrono-typological 
information. 

In order to make easier the input and the search of data, 
tables are equipped with a user-friendly mask. 

To reach this objective, the mask shows fields that 
compose the table storage. 

Lerici database is linked with a georeferenced map 
which can analyze data contained in the two cards.  

The integrated use of different measuring tools gives us 

the possibility of operating virtual models so as to 
reconstruct anthropic dynamics and to evaluate the 
relationship between these dynamics and the 
geomorphological and environmental evolution.  

This system has an open structure storage which 
associates and disgregates data in multiple levels of 
information so as to represent the different aspects of 
archaeological reality through algorithms derived from 
statistical sciences. 

For example, in this project we made use of point 
pattern analysis, namely, spatial analysis methods. These 
techniques are based on Tobler’s first law of geography: 
“Everything is related to everything else, but near things 
are more related than distant things”[3]. This quote 
contains the concept of spatial association or spatial 
autocorrelation. 

Point pattern analysis studies, for a specific 
phenomenon, the modality in which specific “events” 
(materials) are distributed on the territory: randomly, 
regularly and in cluster in correspondence of fixed points 
or particular sources. The ultimate goal is to verify a 
possible concentration of events in specific sectors of the 
areas of study. 

From a statistical point of view, this comparison occurs 
when we analyze two different types of distribution 
properties: first and second level. 

In this work we refer to the first level properties, 
namely, to the density. We assess the intensity of the 
phenomenon and its distribution in the region analyzed 
by Lerici Foundation. In specific, in order to calculate 
material density we used Kernel algorithm. 

Kernel Density Estimation is an interpolation 
technique, namely, a spatial analysis tool of data able to 
determine the density of a distribution at every point of 
the region analyzed. This distribution can be studied both 
from a global that a local point of view. 

Density is valued by counting the number of “events” 
in a region – kernel – fixed in correspondence of the point 
where we want to realize the valuation. 

The definition of some aspects of the kernel such as 
form and bandwidth is fundamental. 

The definition of bandwidth significantly influences the 
results of the analysis and it is therefore the most delicate 
aspect in the applications of this method. 

If the “events” included within the bandwidth are 
numerous, the density observed in that area will be 
likewise high. 

Therefore, bandwidth must be valued on the basis of 
the investigated phenomenon. 

In order to analyze material density of Pontecagnano, a 
30-metre bandwidth was used. 

Problems concerning bandwidth can be solved by using 
Adaptive Kernel Density Estimation. In this case, we use 
a smaller bandwidth kernel for areas densely populated of 
events while a larger bandwidth is used for sparsely 
populated areas. 

 
The combined use of these spatial analysis techniques, 

implemented in GIS environment, allows the elaboration 
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of thematic maps (density and distribution of handmade 
series, historical periods, statistics). Furthermore it allows 
the identification of phenomenon of continuity or 
discontinuity in the inhabited place valorizing the 
relationship between the known archaeological buildings 
or structures and the structuring of the landscape 
(Etruscan-Sannite and Roman plan, centuration). (A.R.) 

 VII. CONCLUSIONS 
In conclusion, survey realized by Lerici Foundation on 

a surface of 150 hectares can be optimized by recovering 
all information saved.  

The results reached so far confirm what already 
documented by Lerici Foundation about the ancient 
inhabited place area. While Lerici Foundation focused on 
the analysis of the distribution of bricks identifying a 
“generic” encumbrance, in this work we analyzed some 
classes of materials and their recovery context. 

It is clear that the first results of this survey are 
validated by data already known through excavations.  

The archaeological validation of the measurements 
realized and the approach that have produced them 
extends the possibility of facing, in similar contexts, a 
process of knowledge. It must not only record and 

observe archaeological phenomena but it must give back 
“stories” through approaches and tools that can be 
applied on data collected also with different purposes. 
(A.R.) 
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The MISAMS project at the University of 
Birmingham has produced a GIS protocol that models 
patterns of inhabitation in the ancient Mediterranean 
Sea. Due to the size of the dataset (n=871) and the 
potentially predictive nature of these models, 
MISAMS’ results aid in the management of maritime 
cultural heritage in a variety of minimally-intrusive, 
easily quantifiable and measurable, and low cost 
ways. 

 I. INTRODUCTION AND MISAMS 
The ‘maritime turn’ of the Social Sciences over the past 
three decades has prompted a variety of new 
investigations of the construction and inhabitation of 
Mediterranean maritime space, overturning perceptions 
of the sea as a tabula rasa embossed with terrestrial 
constructs such as ‘Greek’ or ‘Roman’.  The 
anthropological roots of this trend emerged in the first 
half of the 20th century, as studies examined ‘maritime 
cultures’ in the Pacific [e.g., [1, 2]), whereas historical 
and geographic studies of the Indian Ocean, the Atlantic, 
Southeast Asia and, particularly, the Mediterranean Sea 
(e.g., [3, 4, 5, 6, 7, 8, 9, 10, 11, 12]), have demonstrated 
how these spaces are not empty of meaning, but are 
structured palimpsests of inhabitation and interaction, and 
represent a new spatial hierarchy around the globe. 

As a discipline focused on documenting and 
understanding the material culture of maritime activities, 
maritime archaeology is ideally suited to apply a tangible 
component to these studies and extend this pursuit farther 
into the past, yet this effort been hampered for two 
reasons.  First, the discipline has been dominated by an 
interpretive approach that presumes that the sea is an 
unconstructed space devoid of meaning; shipwrecks, as 
‘Phoenician’, ‘Egyptian’, or ‘Muslim’, are extensions of 
terrestrial communities crossing this empty space [13].  
Second, although Westerdahl (e.g.,[14, 15, 16]), 
Indruszewski [17], Crumlin-Pedersen [18], Parker [19], 
Cunliffe [20] and Ford [21], among others, have 
examined the archaeological signifiers of maritime 
landscapes and communities, the discipline as a whole 
lacks a common theoretical and methodological 

foundation necessary to take a leading role in modeling 
maritime places. 

The recent Marie Curie Inter-European Fellowship 
initiative MISAMS (Modelling Inhabited Spaces of the 
Ancient Mediterranean Sea), however, has established a 
theoretical and methodological protocol that models the 
inhabitation of maritime places by interpolating spatial 
patterns of activity from the maritime archaeological 
record in GIS.  First, MISAMS presumed that the 
shipwreck corpus within the Mediterranean Sea is large 
enough to generate its own interpretive context, so an 
idiographic approach tethering a wreck to a trope of 
Archaic Greece or Imperial Rome is no longer necessary.  
Second, the modeled context emerging from this collation 
of wreck data represents the habits and interests of a 
community of people using the ships and their associated 
items; the spatial patterns, therefore, model this 
community’s construction of the space around them. 

With these two premises, the MISAMS project collated 
data from 871 assemblages across the Mediterranean 
seafloor, dating from the 15th century BC to the 15th 
century AD, then used site catchment analysis to 
extrapolate polygons representing the catchment basin of 
each assemblage [22].  In this analytical process, the 
sources of items in an archaeological assemblage are 
identified – either a geographically distinct source or a 
region, such as Campania – and the sources are 
subsequently linked to form a polygon representing the 
catchment basin of the site in question. Unlike 
applications of site catchment analysis to relatively 
stationary sites on land, projecting how people were 
moving to or from a site, this application to a wreck 
assemblage projects how the ship itself may have once 
been moving throughout the space – the ship, after all, 
was a mobile object necessary for movement through the 
surrounding medium.  Rather than using dots on a map to 
measure where ships in antiquity have sunk, this method 
measures where ships were most likely operating.  

The initial map of 871 projected polygons across the 
Mediterranean Sea (Fig. 1) appeared to demonstrate what 
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could be presumed intuitively – that there appears to be 
no clear pattern to maritime activity in antiquity evident 
from wreck sites (which are a random sample of material 
preserved in a process of accidental loss), and ships 
appear to have been sailing across the Mediterranean Sea 
as often as they stayed close to home.  Clear patterns of 
movement, and preferences in those patterns, arise 
through a simple color-coding process, however.  First, 
the coastline of the Mediterranean Sea was divided into 
four different sections that resemble the different maria 
perceived in antiquity: the western Mediterranean (from 
Gibraltar to Spain), the Adriatic Sea, the Aegean Sea, and 
the eastern Mediterranean (from Rhodes to Palestine) 
[23].  Second, each section of coastline was assigned a 
particular color: the western Mediterranean was red, the 
Adriatic was black, the Aegean was blue and the eastern 
Mediterranean was green.  Last, these colors were applied 
to the catchment polygons in proportions that reflected 
the contents of each assemblage.  An assemblage – not 
just cargo – entirely from the western Mediterranean 
generated a purely red polygon, whereas an assemblage 
with 50 percent of its contents from the Aegean, 30 
percent from the Adriatic and 20 percent from the eastern 
Mediterranean would be a dark brown (50 percent blue, 
30 percent black and 20 percent green). Once the 
appropriate colors, or proportions of colors, were applied 
to all the polygons, it was possible to visualize and 
distinguish ‘localized’ from inter-regional activity with 
two characteristics.  First, the color of the polygon and, 
second, the size and extent of the polygon.  A purely red 
polygon only within the western Mediterranean, or a 
purely blue polygon only within the Aegean, 
demonstrated localized activity, whereas a polychromatic 
polygon extending between the two areas demonstrates 
inter-regional movements, and the expanse of that 
movement. For the first time, the large corpus of 
maritime archaeological data has been used 
independently of textual and epigraphic sources to model, 
quantify and visualize patterns and preferences of the 
seafaring community in antiquity, demonstrating that 
short, localized activity was significantly more prevalent 
than extended, inter-regional activity.  Among all the red 
polygons in the dataset in the pan-Mediterranean models, 
80 percent are within the western Mediterranean basin, 
implying a much stronger preference by sailors to stay 
within that space, instead of moving beyond that space.  
Similarly localized concentrations are evident in the 
Aegean Sea (over 95 percent local), and the eastern 
Mediterranean (over 65 percent local).  The Ionian Sea 
and, to a lesser extent, the Adriatic Sea, were instead 
spaces of trans-shipment and exchange. 

Equally, it is possible to break down this collection of 
polygons at centennial intervals to model gradual changes 
in activity (Figs 2 and 3 illustrate an emergence of 
localized Aegean activity, for example) and, second, to 
isolate the color-coding and GIS interpolation at a higher 

resolution and smaller scale. In the western 
Mediterranean basin, for example, the coastline from the 
Straits of Gibraltar to Marseille were red, from Marseille 
to the Tiber river was green, the Tiber to Sicily was blue, 
and from Sicily to Gibraltar was black.  Similar to the 
pan-Mediterranean models, this focused model also 
models patterns of activity – in the 1st century AD, the 
massive amount of exports and movement from the north 
African coast and Spain dominates activity within the 
space, whereas there is a minimal amount of exports from 
northern Italy, predominantly voyaging towards Marseille 
(Fig. 4).   

One value of this GIS protocol, then, is that it reinforces 
how the ancient Mediterranean Sea was a culturally 
anisotropic space with zones of localized and inter-
regional activity.  Moreover, the cosmology and 
mythology of the sea as a different thing, as chaotic 
deities such as the Babylonian Tiamat, the Ugaritic 
Yamm, the Jewish Leviathan or the Greek Typhon, 
reinforces the sea as an antithesis of order [24, 25, 26].  It 
was a liminal space that represented the permanent 
disposal of the unwanted, or a sacralized path to holiness 
for Late Antique and Early Medieval pilgrims [27, 28].  
The sea was a place constructed by the seafarers, captains 
and passengers traveling through it and a landscape as 
rich and dynamic as any constructed on land; these 
models aid in the understanding of this place. 

 II. PATTERN RECOGNITION AND   
MANAGEMENT PRACTICES.   

The notion of the Mediterranean Sea as an uneven space 
of ‘localized’ and inter-regional areas, with changing 
concentrations of communities and communal 
perceptions, is not new and has been posed by scholars 
such as Mattingly [29], Purcell [30], McCormick [10] and 
Parker [19].  Important about MISAMS’ results, 
however, is not only the protocol’s ability to manifest and 
illustrate these variations over time, contributing to our 
understanding of life in the ancient Mediterranean Sea, 
but also its ability to harness, quantify and measure the 
data within this large corpus, and apply those results in 
ways beyond the academic sector.  Similar to massive 
studies of patients’ health records to understand vectors 
of disease transmission and progression [31], or niche 
marketing campaigns built upon data from thousands of 
online consumers [32], this relatively large dataset of 
assemblages and projected zones of activity may also be 
analyzed to streamline efforts within the public and 
private sector to manage, monitor and protect underwater 
cultural heritage. Indeed, the quantification of this data 
can be applied in a variety of ways.  First, these models 
can measure the rarity or commonality of certain items in 
certain areas.  They demonstrate, for example, that during 
the florescence of localized activity in the Adriatic Sea 
from the 2nd century BC to the 2nd century AD, such 
material was more likely to travel south and east than 
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westwards.  Assemblages on the southern coasts of 
Greece could be composed of up to 100 percent Adriatic 
material, those in the northern Aegean were commonly 
33 percent, whereas assemblages west of Sicily were no 
more than 17 percent Adriatic.  In a more extreme 
example, Late Roman-era Type IV and V amphorae from 
Palestine are present in 10 terrestrial sites in Spain, yet 
apparently absent along the coastline; Keay Type XXV 
amphorae from Spain are also in Palestine, yet similarly 
lacking from assemblages in the waters nearby [33].  
Numerically, then, Spanish and Palestinian amphorae are 
dominant in their local waters, yet seem to be entirely 
absent from the maritime archaeological record at 
opposite ends of the sea. 

Second, this quantification imparts a predictability to 
these models, a characteristic preliminarily tested during 
the 2014 underwater survey near Boğsak, in southern 
Turkey, in ancient Rough Cilicia.  Working with Dr. 
Günder Varinlioğlu, the Director of the Boğsak 
Archaeological Survey, a maritime archaeological team 
supported by the Institute of Nautical Archaeology and 
the MISAMS project tested MISAMS’ models of 
maritime activity in this region.  Based upon information 
in the MISAMS’ dataset, maritime activity along the 
southern coastline of Turkey in the Late Roman and 
Byzantine periods should be dominated by localized, 
eastern-Mediterranean voyages, and only partially 
affected by activity from the Aegean.  Adriatic and 
western-Mediterranean activity should be entirely absent.  
This underwater survey preliminarily tested these models 
by surveying and quantifying finds along this coastline 
that were not in MISAMS’ dataset; hypothetically, 
submerged assemblages near Boğsak should be 
dominated by material from the eastern Mediterranean, 
with little or no material from the Adriatic or western 
Mediterranean basin, and our surveys reinforced these 
conclusions.  Focusing on a concentration of material at 
the northern end of Boğsak Island, we documented a 
large collection of partial Late Roman-era Type I 
amphorae, commonly from Cilicia and Cyprus, as well as 
a smaller collection of flat and concave roof tiles and 
associated kalipters, also from the region, and a handful 
of Palestinian / Gazan amphorae.  In contrast, less than 
five examples of Late Roman-era Type II amphorae, 
commonly from the southern Aegean, were found; 
nothing from the Adriatic or western Mediterranean was 
identified [34]. 

As MISAMS’ models are both quantifiable and 
predictive, because they measure in statistically 
meaningful amounts the tangible results of patterns of 
activity across the Mediterranean Sea, these models add a 
quantified component to current maritime cultural 
heritage management efforts – a component that may be 
particularly helpful in light of increasingly tighter 
budgets across Europe.  First, the distribution of 

specialisms across the Italian peninsula already reflects 
the shifting spectrum of archaeological material on land, 
but these models promote a similar distribution of 
knowledge for material along the sea floor – resources 
and personnel can thus be allocated in ways that mimic 
these patterns at sea.  Other than items from Italy, which 
are common along both Italian coasts, ceramics from 
northern Africa are fairly common along most of the 
western coastline, so knowledge of these typologies 
should be much more widespread than knowledge of 
Aegean typologies.  Within the MISAMS’ dataset, fifteen 
assemblages in the Tyrrhenian Sea from the 7th century 
BC to the 5th century AD are composed of approximately 
50 percent Aegean material or more (eight are 100 
percent Aegean), but only one assemblage in the Ligurian 
Sea from the same period is over 50 percent Aegean, so 
specialists in Aegean material culture are more valuable 
along the southern coastline, but will need re-training 
along the western and eastern coasts of northern Italy.  
On the Adriatic coastline, in contrast, there seems to be 
little or no need for knowledge of ceramic typologies of 
north African or Spanish ceramics, but much more 
familiarity with Italian and Aegean items.   

Second, the predictive nature of these models also 
enhances the importance of the unexpected.  If there are 
only four examples of Aegean or eastern Mediterranean 
material in the MISAMS’ dataset along the Italian coast 
of the Ligurian Sea, such as the material in the 2nd-
century BC wreck near Pozzino [35] or the Cypriot 
lagynos from the harbour excavation in Pisa [36], then 
the discovery of a wreck composed entirely of Rhodian or 
Cypriot items in the same area is particularly rare and 
important.  Such a site would warrant the allocation of 
more specialized personnel and resources than 
assemblages with Spanish amphorae and Gaulish terra 
sigillata, represented by approximately 15 sites in the 
same area.  As maritime surveys and excavations are 
inherently expensive undertakings, requiring not only the 
various accouterments associated with a terrestrial 
expedition (housing, travel, and food, etc….) but all the 
necessary infrastructure, insurance and experience for 
scientific diving as well, the opportunity to prioritize 
intrusive and expensive investigations in a more 
quantified, empirical manner aids in both the valorization 
of the assemblage, and the collection of funds to support 
such work. 

Third, because these models are predictive, they also add 
a new component to mitigation surveys and/or 
excavations associated with Italian development projects 
such as the installation or repair of gas pipelines, fiber 
optic, or electrical cables.  Within Italian territorial waters 
that encompass up to the first 12 miles offshore, Italy has 
the exclusive rights to determine how to proceed when 
underwater cultural heritage is encountered and possibly 
impacted.  By ratifying the UNESCO 2001 Convention 
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on the Protection of the Underwater Cultural Heritage, 
however, Italy has also adopted guidelines that 
recommend its cooperation with other member states that 
might claim a ‘verifiable….cultural, historical or 
archaeological link to the underwater cultural heritage…’ 
impacted by such projects within the Italian Exclusive 
Economic Zone and its Continental Shelf [37]. As a 
result, Italy is obligated to work with other States Parties 
who have declared an interest in a submerged site to 
ensure its proper protection and management.  Another 
value of these models extrapolating ‘localized’ and inter-
regional activities at various scales from this dataset is 
that they can predict which States Parties to the 
convention may claim an interest in ancient sites on the 
seafloor.  Offshore development and engineering projects 
impacting underwater cultural heritage in the Tyrrhenian 
Sea may require more cooperation with Greece or Turkey 
to proceed, in contrast to similar projects in the coastal 
waters of Sardinia, more likely requiring agreements with 
Spain and/or Morocco, Algeria or Tunisia. 

Lastly, these models also contain a new theoretical 
foundation for maritime archaeological research that does 
not require extensive excavations and the associated 
curatorial infrastructure to generate valuable results.  
Rather than excavating a single site to prioritize its 
association with a particular historical narrative, an 
approach that perceives wreck assemblages as historical 
phenomena, these models prioritize these assemblages as 
representative of mobile phenomena, and thus part of a 
broader pattern of activity and inhabitation through 
maritime space.  Research vectors, therefore, may test 
these inhabitation patterns through relatively inexpensive, 
non-intrusive surveys similar to that conducted at 
Boğsak, Turkey, that document the date, origin and type 
of items in a submerged assemblage, but do not 
necessarily require an excavation.  Scheduled monitoring 
and management of sites might aid this new research 
vector, thus multiplying the potential outcomes of such 
efforts, without dramatically increasing costs. 

 III. CONCLUSIONS 
The MISAMS project emerged from an interest to 
determine if there was an alternate way to conduct 
maritime archaeology. Rather than perceiving each 
submerged assemblage as representative of a terrestrial 
construct, thus acquiring meaning through a historical 
narrative tied to a terrestrial perspective, MISAMS 
perceived each assemblage as an example of life within a 
maritime space, and thus representative of movement 
through that landscape.  Rather than measuring where 
ships in antiquity sank, this approach measures where the 
ships were most likely operating.  Value and meaning 
thus arise through patterns emerging from the collation of 
the corpus of assemblages on the Mediterranean seafloor, 
and an alternative perspective and construction of the sea 
emerges. 

Having tested the viability of this alternative approach in 
MISAMS, efforts are now underway to demonstrate the 
potential and applicability of this new perspective within 
and beyond the traditional academic sphere.  Indeed, this 
paper poses how MISAMS’ approach measuring activity 
can unite the widespread interest in patterns of maritime 
distribution and networks in the ancient Mediterranean 
with an equally wide interest in protecting the 
archaeological remnants of that activity.  MISAMS’ 
growing dataset lends a new quantifiable component to 
efforts managing and protecting underwater cultural 
heritage, a component that may streamline current plans 
and guide new endeavors.  Maritime archaeological 
research is an inherently expensive undertaking, an 
increasingly stark characteristic over the past decade as 
spending on, and support of, archaeological endeavors 
overall has shrunk with the worldwide economy.  These 
models, and their associated GIS protocol, thus represent 
a new way of conducting the practice in parallel with a 
new rubric necessary for today’s curtailed resources.    

 IV. FIGURES 

 
Fig. 1: Map of all 871 projected polygons from the 

MISAMS dataset. The dots on the map represent 
assemblages on the seafloor, or amphora sources, cities, 

provinces, or countries. 
 

 
Fig. 2: MISAMS’ model of ‘localized’ and inter-regional 

activity in the 1st century BC Mediterranean.  The 
concentration of red in the western Mediterranean 

demonstrates a concentration of localized movement in 
that region, as does the black in the Adriatic and the 
green in the eastern Mediterranean.  The southern 

Aegean and the Ionian seas are areas of inter-regional 
exchange and trans-shipment. 
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Fig. 3: MISAMS’ model of ‘localized’ and inter-regional 

activity in the 1st century AD Mediterranean.  The 
concentrations of activity in the western Mediterranean, 
the Adriatic and the eastern Mediterranean remain, and 

the increased blue hues in the Aegean represent an 
increased amount of localized activity there as well. 

 

 
Fig 4: MISAMS’ model of maritime activity in the 

western Mediterranean basin during the 1st century AD. 
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Abstract   Recent works of preventive archaeology in 
the area of  Santa C lementina-Ponte Leproso (via G. 
De Rienzo, Benevento, Southern Italy), localized in the  
the Sabato River alluvial plain, allowed us to collect 
several archeo-st ratigraphical data of Holocene age. 
The new archaeological excavations improved the 
knowledges on the Holocene evolution of the 
landscape and environment of the Sabato River 
alluvial plain, well const rained by archaeological 
remains and by the Vesuvian Avellino tephra layer, 
and, for the first time, on the human occupation of the 
left bank of the river and nearby floodplain during the 
Ancient B ronze Age. In particular, the presence of 
clay layers of floodplain environments containing on 
the top several animal footprints well fossi lized by the 
products of Avellino eruption testified the last 
moments of the grazing, and potentially those related 
to the very close settlements.  

 I. INTRODUCTION 
Recent works of preventive archaeology, performed for 

the realization of the new sewage collector, allowed us to 
provide new archeo-stratigraphical data along the Sabato 
River alluvial plain since the Early Holocene. The 
researches followed multidisciplinary approaches, 
including geomorphology, geology, volcanology, zoology, 
ichnology and archaeology. They were aimed to 
reconstruct the landscape and the environment changes of  
Holocene age; the causes of the changes, especially of the 
fluvial dynamics; the dispersal axis of the Vesuvian 
Avellino eruption; and consequently the human 
occupation of the Sabato River alluvial plain, in the 
sector close to the Calore River confluence, during the 
Ancient Bronze Age.  
In order to achieve these goals, the researchers used also 
old archaeo-stratigraphical data (boreholes and 
archaeological excavations), properly collected, reviewed 

and relocated in a specially made GIS system (SiUrBe 
project [1]), supported  by a detailed geomorphological 
study (based on historical and 1.5000 cartography; aerial 
photos and drone flights). Facies analyses of the layers 
outcropping in the  new archaeological trenches were 
carried out aimed to understand the environmental 
changes and  their causes. On fluvial deposits, cluster 
analyses measurements were carried out in order to 
understand the fluvial dynamics changes and the river 
course changes. The fall-out deposits of the Avellino 
eruption were studied using macroscopic and microscopic 
techniques aimed to measure size, typology, texture and 
mineralogy of the single volcanic particles The 
archaeological layers were analyzed using stratigraphic 
analysis (Harris method), aimed to orders and dates the 
different stages, activities and formation processes. The 
steps of the work followed the below timetable: graphical 
record, analytical record cards for each stratigraphic unit; 
chronological value and periodization.  
The comparison between geological and archaeological 
stratigraphies allow us to understand the relationships 
between the archaeological space and  the landscape and  
the related environments. Finally the 90 track marks of 
animal footprints were recorded using multi-image 
photogrammetry and drawings and partially analyzed 
from a archaeo-zoological point of view. 

 II. ARCHAEO-STRATIGRAPHICAL DATA 

A. Geological and geomorphological synthesis 
Benevento urban area is mainly located on the top of a 
Middle Pleistocene alluvial terrace (Fig. 1), made of 
well-cemented gravelly and sandy layers. Secondly it 
spreads in two large alluvial plains made of very loose 
gravel and sandy layers: the Calore River to the N-NE 
and the Sabato River to the S-SW.  
The alluvial plains present two orders of Holocene 
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alluvial terraces and a large actual floodplain (Fig. 1).  

 
The first terrace, hanging over the river of 10-15 m, is 
constituted by medium cemented gravelly and sandy 
layers covered by dark-brown paleosol containing the 
Avellino tephra layer vesuvian eruption (3.8 ky BP) and 
several prehistorical and protohistarical findings, from 
Neolithic to Ancient Bronze Age. The second terrace, 
3-5m hanging, is constituted by very loose gravelly and 
sandy layers, containing several archeological findings 
from Bronze to Roman Age.  The flood-plain sectors 
was repeatedly flooded since Late Antiquity Age and 
during the last centuries, especially during 1949 
disastrous flood. 
The Holocene landscape and environment 
modifications were caused by high-frequency climatic 
changes (1.5-1.0 ka cycle) and land-use changes [2, 3],  
instead, for the Middle Pleistocene terrace hosting the 
Samnitic and Roman towns,  by several phases of re-
shaping and rebuilding of the urban areas, especially 
after disastrous earthquakes and for new social needs. 

B. The Via G. de Rienzo archaeological data   
In order to evaluate the archaeological potential of the 
underground of Vie G. de Rienzo (Benevento) during 
the works of preventive archaeology to the realization 
of the new sewage collector , seven new archaeological 
trenches were carried out.  The main textural characters 
of the layers (named US) outcropping in the excavation 

trenches (named I-VII) are briefly synthesized below 
together to the measures of the US wideness, medium 
thickness and altitude above sea level:  
Trench II (Fig. 2): US 6 (wideness: 2,00 x 3,50 m.; 
thickness: 40 cm, altitude: 115,81-115,40 m a.s.l.) is 
constituted by medium cemented gravelly and sandy 
layers of fluvial environments; US 5 (2,00 x 3,50 m.; 
115,81 - 115,40 m a.s.l.) is constituted by massive clay 
layer of floodplain environment with  animal footprints 
to the top (US 4); US 3 (1,45 x 3,20 m; 50 cm; 115,98-
115,61 m a.s.l. and 115,81-115,17 m a.s.l.) is made of 
pumices and ashes of the vesuvian Avellino eruption, 
covering the animal footprints. Despite the absence of 
pottery fragments, the deposits of pumices and ashes of 
the Avellino eruption date the footprint to the Ancient 
Bronze Age; US 2 (3,00/1,00 x 5,20  m; 70 cm; 116,03-
115,25 m a.s.l.) is made of dark brown silt-clay layers, 
mixed with pebbles, containing ancient and modern 
pottery fragments, related to the last centuries floods.  

 
Trench V (Fig. 3): US 19 (5,00 x 4,00 m; 120,42-
120,29 m a.s.l.) is constituted by  massive clay with 
footprints to the top;  UUSS 15-17 (US 15: 5,00 x 1,00 
m; 30 cm; 120,00-120,34 m a.s.l., US 16: 4,50 x 
0,30/2,25 m; US 17: 5,00 x 4,00 m; 120,46/120,36-
120,29 m a.s.l.) contain pumices and ashes of the 
vesuvian Avellino eruption, sealing the footprints (US 
18);  UUSS 12-14  (US 12: 4,00 x  1,80/0,70 m; 10 cm;  
120,60/120,40-120,39 m a.s.l., US 13: 3,50 x 0,30/1,50 
m; 10 cm; 120,63-120,52 m a.s.l., US 14:  5,00 x 4,00 
m; 120,50/120,39-120,38 m a.s.l.) are made of sandy 
layers of fluvial environment, with fragments of Middle 
Bronze-Ancient Bronze Age pottery;  UUSS 8-11 (US 
8: 4,00 x 1,50 m; 25 cm; 120,79-120,53 m a.s.l., US 9: 
1,80 x 0,30/1,20 m; 5 cm; 120,60-120,53 m a.s.l., US 
10: 2,00 x 3,50 m; 15 cm; 120,76- 120,59 m a.s.l., US 
11: 3,70 x 2,10 m; 20 cm; 120,85/120,66-120,56 m 
a.s.l.) are made of loose gravels of fluvial environment;  
US 6 (4,10/1,00 x 5,00 m;  20 cm; 120,80/120,57-
118,48 m a.s.l.) is constituted by dark brown-grey 
sandy-clays, mixed with river pebbles, bones and wall 

 
F ig. 2. Stratigraphical  section of via G. de Rienzo 

archaeological Trench II. 

 
F ig. 1. Schematic geologic map of Benevento urban 

areas. Legend: 1) colluvional deposits (Late 
Holocene) 2) Calore and Sabato rivers 3) Late 

Antiquity-Actual f loodplain 4) Late Bronze-Roman 
age alluvial terrace 5) Early Holocene-Ancient 

Bronze age alluvial terrace 6) Middle Pleistocene 
alluvial terrace 7) Pliocene clay 8) boreholes 9) main 

archaeological f indings 10) new archaeological 
trenches 11) main Bronze age settlements 12) 

geoarchaeological cross-section trace.  
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fragments dated to Middle Bronze Age of Impasto and 
Bucchero, and a three-lobed rim fragments [4]; US 5 (5 
x 5 m; 20 cm; 121,10/120,93-120,80 m a.s.l.) is made 
of dark brown silt-clay, mixed with pebbles, ancient 
and  modern pottery fragments; UUSS 2-4 (US 2: 5 x  5 
m; 40 cm; 122,20-121,80 m a.s.l., US 3: 5 x 5 m; 40 
cm; 121,80-121,40 m a.s.l., US 4: 5 x 5 m; 30 cm; 
121,40-121,12 m a.s.l.) are made of sandy layers and 
massive gravels related to the flood events of 1949.  

 
Trench VI: US 10 (4 x 2 m; 20 cm; 120,12 119,94 m 
a.s.l.) is constituted by massive clay with footprints to 
the top; UUSS 7-8 (US 7: 4 x  2 m; 1 cm; 120,18 m 
a.s.l., US 8: 4 x. 2 m; 2 cm; 120, 15 m a.s.l.)  are made 
of pumices and ashes of the Avellino eruption sealing 
and fossilizing the footprints; US 6 (4 x 2 m; 10 cm; 
120,10 m a.s.l.) presents the same texture and 
archaeological contents of  US 5 of the trench  V; 
UUSS 2-5 (US 2: 4 x 4 m; 20 cm; 122,10-121,90 m 
a.s.l., US 3:  4 x 4 m; 80 cm; 121,90-121,10 m a.s.l., US 
4: 4 x 4; 40 cm; 121,10-120,7 m a.s.l., US 5: 5 x 4 m; 
60 cm; 120,70-120,10 m a.s.l.) are the same of the 
UUSS 2-4 of the trench V.  
Trench VII: US 7 (1,70 x 2,00 m; 30 cm; 120,05-119,74 
m a.s.l.) is made of silty-sands of floodplain 
environment; US 6 (1,70 x 2,00 m; 30 cm; 120,04-
119,74 m a.s.l.) is made of  light brown-yellow sandy-
clay layer, fine-grained and smooth texture mixed with 
river pebbles, bones, and fragments of high medieval 
ware (VI-VIII sec. A.C.); US 5 (1,70 x 2,00 m; 90 cm; 
121,12/120,93-120,04 m a.s..l.) is the same of US 5 
trench V and US 6 of trench VI; UUSS 2-4 (US 2: 4 x 4 
m; 10 cm; 122,02-121,90 m a.s.l., US 3: 4 x 4 m; 15 
cm; 121,61-121,46 m a.s.l., US 4: 4 x 4 m; 30 cm; 
121,46-121,12 m a.s.l.)  are the same of UUSS 2-4 of 
trenches V-VI.  
In the trench V, the US 19 massive clay present to the 
top ca. 90 animal footprints (Fig. 4). They are still 
under investigation from a zoo-archaeological point of 
view, but several of them are clearly attributable to 
bovines. The footprints measure averagely 0,40/0,70 x 

0,30/0,50 m and are deep 0,03-0,15 m. Fingerprints are 
mainly oriented from east to west, from the Sabato 
River to inland. The same situation was found in the 
trench II, where the footprints follow the same direction 
(Fig. 5). Here the footprints are ca. 14, two in particular 
are recognized to be of bovine animals; the size of the 
footprints are of m. 0,50 / 0,70 x 0,30 / 0,50 m deep. m. 
0,03 / 0,10. 

 

 
 
The well preservation and fossilization degree of the 
footprints testifies the last moments of the grazing 
before of their fast covering caused by the deposition of 
the distal products of the Avellino eruption. These data 
on the land-use as grazing of the left bank of the Sabato 
River confirm that the Santa Clementina area (Fig. 1) 
was densely occupied during the Ancient Bronze Age. 
In fact at Santa Clementina (Fig.1), very close to Via G. 
de Rienzo, old archaeological data [5, 6] testify the 
presence of plowings associated with hut postholes, 
testifying the presence of Ancient Bronze Age 
settlements. The footprints are unidirectional, mainly 
oriented from east to west, allow to hypothesize that the 
animals escape to the river  in the opposite direction to 
the fall-out of the Avellino eruption., probably looking 
for a passage. After this event the Via de Rienzo was 

 
Fig. 5. Trench II: the animal footprint, US 4. 

 
Fig. 4. Trench V: the animal footprint, US 18. 

 F ig. 3. Stratigraphical  section of via G. de Rienzo 
archaological Trench V. 
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flooded before being newly occupied during the Middle 
Bronze-Iron ages with settlements of which is unknown 
the location and typology. 

C . Geo-archaeological discussion 
New archaeological excavations allowed us to 
reconstruct the Holocene evolution of the landscape and 
environment of the Sabato River alluvial plain. The 
layers  outcropping in the seven new archaeological 
trenches can be briefly synthesized, from the bottom to 
the top (Fig. 6) in: (1) medium cemented gravel and 
sandy layers of fluvial environments associated to 
braided or multichannel river course (US 5, T. II; US 7, 
T. VII); 2) medium cemented silty and clay layers of 
floodplain environments containing on the top several 
animal footprints and bioturbations (UUSS 4-5, T. II; 
UUSS 18-19, T. V); 3) very loose pumices and ashes of 
Vesuvian Avellino eruption distal products, sealing the 
footprints (US 3, T. II; UUSS 15-17, T. V; UUSS 7-8, 
T. VI); 4) loose gravel and sandy layers of fluvial 
environments related to flooding events, containing 
Middle Bronze-Iron Age potteries (US 6, T. V; UUSS 
8-11, T. V);  5) loose and massive gravels and sands 
passing to the top at silty and sandy layers related to the 
1949 floods. (UUSS 2-4, T. II, V, VI, VII); 6) anthropic 
fills and cuttings related to the last decades fluvial 
reclamations.  

 
All the stratigraphic data, summarized in the geo-
archaeological section of Fig. 7, allow to hypothesize: 
1) a change of fluvial dynamics from high to low 
energy constrained before the Ancient Bronze Age, 
probably due to the NE river course migration; 2) The 
left bank of the river and nearby floodplain was 
occupied by Ancient Bronze Age settlements and 
especially used for animal grazing; 3) 3.8 ky BP the 
distal products of Avellino eruption instantaneously 
fossilized the footprints. Probably, being the footprints 
unidirectional, the deposition of the Avellino tephra 
layers can have fossilized the last moments of the 
grazing, and potentially those related to the very close 
settlements; 4) After the eruption and before  the Late 
Bronze-Iron Age the terrace was flooded, probably 

because of climatic changes (rainfall increase and 
temperature decrease) that interested the Mediterranean 
region between 3.5-3.4 ky BP and 2.7-2.5 ky BP [2]; 5) 
Several flood events interested the Sabato River valley 
during the Late Holocene, especially in the Late 
Roman-Late Ancient ages, as testified by several old 
archaeo-stratigraphic data [2, 3], caused mainly by the 
last 2.0 ky climatic changes, especially between 16-1.2 
ky BP and 0.3-0.15 ky BP and, secondly, by land-use 
changes. 6) The last floods occurred in 1949. 

 

 III. THE ANCIENT BRONZE AGE HUMAN 
OCCUPATION AND LAND USE 

The facies that best embodies the Ancient Bronze Age 

 
F ig. 7. Geo-archaeologic cross-section of the 

Benevento urban area. The blu dashed line represents 
the Ancient Bronze Age reconstruction of the ground 
level while the red dashed line the Roman age. The 
numbers on the right of the cross section represent 

the layers outcropping in the archaeological 
trenches. The layers are synthesized in the sub-

section IIB  while the trace of the cross-section are 
showed in the f ig. 1 

 
F ig. 6. Schematic stratigraphical reconstruction of 

via G. de Rienzo archaological trenches..  
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in Southern Italy is Palma Campania [7], that in 
Campania was strongly interested by the Vesuvius 
eruption, known as Pomici di Avellino (3.8 ky BP). 
Approximately 70 settlements were fossilized or 
partially destroyed by the eruptive event. They are 
mainly concentrated in the north-central coastal and 
internal area of Campania. The settlements are 
generally located in the plains, often on small hills or on 
hanging terraces; are surrounded by farmland and 
grazing areas, while the settlements that occupy higher 
elevations are indicative of seasonal transhumance. The 
climate (probably hot and dry) of the Ancient Bronze 
Age was highly conditioning the choice of settlement 
locations: in fact they are mainly located close to water 
points and wetlands, especially in the proximity of 
waterways [7]. Generally the settlements were 
interested by dirt paths cut by wagon wheels or towing, 
and by large tracts of parceled and cultivated lands, 
perhaps even with intensive farming and grazing, and 
general use of the plow [7].  
The above cited framework of the Ancient Bronze Age 
settlement dynamics can be also confirmed for the 
Benevento area (Fig. 1, 8 and Tab. 1).  

Table 1. The main Bronze age settlements of the 
Benevento urban area and their typology and 

geomorphological location, and sedimentary events 
recorded in the layers outcropping in the archaeological 

trenches 

Location A rch.. 
evidence 

G eomor. 
location 

Sediment. 
events 

Via F. Paga  Hut 
postholes, 
furnace 
remains 

Roman age 
floodplain  

Late Roman-
Late Ancient 
ages floods 

Cathedral Huts  Middle 
Pleistocene 
terrace 

 

Via 
Valfortore  

Hut 
postholes 

Roman age 
floodplain 

Late Roman-
Late Ancient 
ages floods 

Santa 
Clementina 

Plowings, 
hut 
postholes 

Early-
Middle 
Holocene 
terrace 

 

Via Tiengo  Potteries  Early-
Middle 
Holocene 
terrace 

 

Via G.. de 
Rienzo 

Animal 
footprints  

Roman age 
floodplain 

Late Bronze-
Iron ages, 
Late Roman-
Late Ancient 
ages and 1949 
floods 

 
Both new findings, some of which are still ongoing, 
both old excavations [5] show a dense human 

occupation of the territory, well testified by settlements 
with huts, farming and grazing areas (Fig. 8). The 
settlements are distributed preferably in the alluvial 
plain of the two rivers, especially occupying the sectors 
of the hanging terraces and the floodplains. In the 
Sabato River alluvial plain, the archeological data 
show, for now, evidences of farming (traces of 
plowing) and grazing (fences for animals, animal 
footprints), generally well fossilized by Avellino 
eruption deposits.  

 

 IV. CONCLUSION 
New and old archaeological excavations produced 
datasets to improve the reconstruction of the human 
occupation development in the Benevento area, especially 
for the Sabato River alluvial plain. Particularly important 
was the complex interplay between human settlements 
and environmental history, mainly during the Ancient 
Bronze Age. The interaction between the archeological 
and geological research methods allowed us to obtain 
new data on the human occupation of the left river bank 
and the nearby floodplain; on the deposition of the 
Avellino eruption in the Sabato River valley, providing 
evidences of the last moments of the grazing, potentially 
related to the very close settlements; on the changes of 
fluvial dynamics and related environments after the 
eruption; and, finally, on the floods that interested the 
floodplain during the Late Holocene; and finally on the 
causes of the changes.  
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Abstract – The research investigates the use and the 
potential of modern digital photogrammetry, connected to 
techniques of dense stereo matching, in order to generate, 
starting from a set of uncalibrated photographs, accurate 
and photorealistic 3D models of the structures in an 
archaeological area, reducing drastically with this 
methodology time and effort required during the field 
survey. The archaeological site where the image-based 
3D modeling (IBM) has been applied is Bastia San 
Michele (Cavaion Veronese, VR); the site underwent 
stratigraphic excavation from 2003 to 2011 and the data 
are still in course of study. It presents an interesting 
example of a topographic emergency survey allowing the 
complete 3D acquisition of a vast and complex area in a 
very short time and with the aid of simple instruments. 
During fieldwork the methodology and software 
employed were very sustainable, aimed at surveying the 
site and considering the issues related to the disclosure of 
the acquired and processed archaeological data, for the 
common audience of visitors, considered also the use and 
diffusion of the data to protect the cultural heritage. 
 

 I. INTRODUCTION 
During the study of the site of Bastia, after an initial 
inspection, it was subject to a preliminary 
photogrammetric survey (IBM), which was followed by 
the essential work of reprocessing the data. 
Image-based modeling (IBM) is an important tool 
nowadays for producing realistic and accurate 3D models 
in a practical and cost effective manner and other 
applications in close range photogrammetry (CRP) and 
computer vision (CV)[1]. The application of 3D 
modeling techniques on the archaeological site has led to 
a notable increase in the quality of the documentation, 

enriching it with virtual copy of the archaeological 
evidence, extremely important not only for study, 
allowing the archaeologist to develop and display the data 
thanks to continuous contact with the object of research 
within the 3D space, but also for aspects of the 
conservation and monitoring of the monument.  
It is precisely in contexts like this that the use of IBM 
methodology is particularly interesting and effective, not 
only for the quick production of graphical documentation, 
useful for scientific purposes, to contextualize studies and 
future archaeological research, and for informative 
purposes. The IBM method has also been particularly 
valuable considering that when this survey was conducted 
no documentation was available, being in the process of 
study and publication; only two publications dealing 
marginally with the site were available for reference [2] 
[3]. 
 

    II .    THE SITE 
The archaeological park of Bastia S. Michele, partially 

brought to light during the excavations that took place 
continuously between 2003 and 2011 under the direction 
of the Veneto’s Superintendence for Archaeological 
Heritage, covers over 5000 mq, on mount S. Michele’s 
summit in a strategic position to control the valleys of 
Adige and Garda. That dominant geographical position 
favored the occupation of the high ground, since 
prehistoric time, and the birth of the fortified site between 
XI and XII century A:D.: the Bastia, derives from the late 
medieval toponym that refers to its defensive functions.  

 
The settlement is spread over  two terraces enclosed by a 
complex system of fortified walls: the lower one is  

 

 
Fig. 1. The site of Bastia S. Michele (Cavaion Veronese, VR) aerial view 
from the south: on left the village, on the right the church.  
 

 

 
Fig. 2. Bastia S. Michele (Cavaion Veronese, VR) aerial view of the 
religious complex: the church and annexed structures 
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occupied by the ecclesiastical structures, a church, built 
between the XI and XII century, religious building which 
saw many transformations until its conversion into a 
small monastery used until the XVII century; the summit 
area was used as a living space, probably of noble 
families, and was occupied from the XI-XII to the XV 
century. 

  

             II.     THE SURVEY AND METHODOLOGY 
The goal of the project was the realization of a 
photographic coverage of the site, aimed at creating a 
detailed mapping, as well as visual and georeferenced 
contextualization of the preserved structures and the 
generation of a 3D model, which could be used to 
generate an accurate quoted plan, on which it is possible 
to take exact measurements. 
Given the extent and the character of the site with a 
height range of about 16 meters, and the associated 
problems of making a traditional photogrammetric 
survey, it was decided to carry out the acquisition of data 
through image-based 3D modeling (IBM).  
This technique of three-dimensional recording with 
passive sensors, through uncalibrated photogrammetry, 
makes use exclusively of digital photographs to produce a 
3D reconstruction of real objects, based on the integration 
of data acquisition, modeling and representation [4] [5]. 
IBM, using a simple acquisition hardware (digital 
camera) and low cost software for data processing, is an 
important tool for the creation of realistic and precise 3D 
models in an efficient and cost-effective manner [6]. 
 

 
Accurate image-based models can be created as long as 
one can obtain correct image calibration and information 
on orientation, which is executed automatically in the 
computer program. This method, infact, thanks to the 
union between photogrammetry and image analysis 
techniques of computer vision, is able to extract from 
digital photos all the necessary information such as 
control-points, distances and coordinates to reproduce 2D 
plans and elevations, profiles, vertices and other spatial 
information. This allows for the 3D reconstruction of 
details and texture, to visually enrich the created volumes 
with the photo-realistic quality [7]. In the past the use of 
manual or semi-manual procedures have precluded or 
limited the application of image-based approach to 3D 
survey on complex objects and extensive sites. The 

principal reason was the necessity to acquire a very high 
number of images and to collect manually an immense 
quantity of tie-points; for this reason it was almost 
impossible to realize close-range image-based surveys of 
large and complicated areas, especially in emergency 
cases, where short elaboration time and low costs are 
inalienable necessities [8]. In recent years 
photogrammetry and image analysis techniques of 
computer vision have revolutionized the way to document 
and measure objects, particularly in Cultural Heritage; 
this permits the quick orientation of a considerable 
number of photographs, allowing the acquisition of 
images for large contexts or composite objects [9]. 
The IBM method is suitable for areas such as 
archaeological sites that requires sustainable solutions, 
flexibility and repeatability as well as to minimize the 
interaction with the site and the time devoted to the stages 
of acquisition and processing, useful in emergencies [10]. 
The technique was adopted for the documentation of the 
archaeological structures in the site of Bastia San 
Michele, to obtain realistic and accurate surveys, given 
the many benefits associated with it, such as the use of 
lightweight equipment and low-cost software. This, 
combined with factors such as processing speed, and 
versatility make the use of this application very attractive 
for archaeological research. 
All acquisitions on the site of Bastia were made with 
terrestrial photogrammetry, not having apparatus for close 
range aerial photography, with a Canon Power Shot G1X 
14 mpx camera during only one day of survey; this fact 
highlights the speed of execution and the reduced logistic 
efforts for this methodology.  

 
One decisive step within IBM is the image network 
planning and subsequent image orientation (bundle 
adjustment). Due to extension of the archaeological site, 

 
Fig. 3. Instruments for the survey: camera, targets, meter, drawings and 
computer  

 

 
Fig. 4  Above on the left scale drawing with the subdivision of the area 
into 8 sub/areas; on the right work in progress: target, mesurement and 
photpgraphy; below drawing of a prospect with targets.  
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the natural choice was to divide all the area into sub- 
areas.  
The division was planned ad hoc in order to do a 
complete survey with enough overlap with closed areas. 
For a complex site, it is very important to have a good 
network of Ground Control Points (GCP) to georeference 
all data together, to scale correctly the single models and 
to have sufficient check points to estimate the accuracy of 
3D reconstruction. [11]. Even if one does not have 
topographical instrumentation available, it is possible and 
essential to create a network, placing targets on buildings 
and using physical architectonical points chosen 
manually on the images as reference points. 
In the case of Bastia’s archaeological site the best capture 
geometry was to adopt a closed circular acquisition 
around every structure, procedure that helped to reduce 
automatically the image orientation errors, also without 
the use of GCP or other geometric external constrains; it 
is the same as creating a closed traverse but made only of 
images. 
Several software are available nowadays for performing 
the automatic image orientation, both commercial 
(PhotoModeler, 2009; Photoscan, 2011, Autodesk 
Memento 2015, now in a beta version) and open-source 
(Bundler, 2010; MICMAC, 2012; VSfM 2012); none of 
these, however, guarantees correct results - a deficit of 
reality depends on many factors such as large datasets, 
wide baseline configurations, illumination changes, or 
repetitive pattern and homogenous texture [12]. 
 

 
The low cost software Agisoft PhotoScan was used to 
process the data. It employs the method of structure from 
motion and automated algorithms for dense stereo 
matching, to automatically generate 3D models, equipped 
with texture, and create ortophotos, which may be 

successively drawn-up using CAD software to realize the 
traditional 2D views for the analysis of the stratigraphic 
sequence. 
In total 790 images were shot, divided into 9 sub-areas; 
every image block was pre-oriented in low resolution on 
site during the survey to verify the quality of the image 
orientation and the completeness of the areas covered by 
the survey. Then all the elaborations were conducted 
using full resolution images for orientation; each image 
block was processed separately and optimized using GCP 
recognized manually; all blocks were then aligned 
together sequentially, starting from the north block and 
gradually adding one by one all the closed blocks. 
 

III    RESULTS AND FUTURE 
APPLICATIONS 

The aim of this project was to survey and process the 
digital data to obtain an accurate 3D model, which had 
the avantage of instantly representing the object in its 
entirety: a faithful photorealistic reproduction from 
which the information could then be extracted for the 
two-dimensional analysis of the structural details and 
alterations.  
 

 
The IBM managed with Agisoft Photoscan software 
permits the transformation of the photographed 
environment into a measurable 3D model, with much 

 
 

 

 
 
 

 
Fig.6 Orto images of the site (1:50 ): Above the plan of the site; in the 
middle the ortophoto of the north prospect of the area; below the 
ortophoto of the north-south profile, seen from the west. 

 

 
Fig.5 Above: screen capture (Agisoft Photoscan) the site and 
photographs taken (blue colour) for the 3D modeling of the entire area. 
Below: screen capture of 3 D model with the various steps of realization 
(from below): sparse point cloud, dense point cloud, mesh and textured 
surface. 
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more detail than is possible with traditional, topographic 
or photogrammetric survey methods and the data 
accuracy is similar to that acquired with laser scanner 
technology.  
In the specific case of Bastia, a photogrammetric 3D 
survey represented the most efficient and rapid system to 
record the huge mass of information yielded by the 
fortified settlement and the religious complex, This 
methodology drastically reduced the time and effort 
required during the fieldwork, compared to a classic 
theodolite survey. 
From the digital images, it has thus been possible to 
extract both plans, orthogonal prospects and 3D 
photorealistic models of the site. 
After the generation of the ortophotos, in PhotoScan, they 
were imported into AutoCAD to form the underlying 
image for the investigation of the buildings and the 
analysis of the stratigraphic sequence; these data are still 
in course of study. 
 

 
The dense point cloud generated by the software, 
matching correlative pixels, identified and characterized 
by comparable precision to the 3D representations 
obtained from laser scanners [13], was managed by a 
point viewer (Bentley Pointool), permitting navigation 
within the cloud, to measure and to examine it (for 
example to create a contour depth map) and to implement 
it with queryable information, all these notes attached by 
links to the cloud’s points are naturally georeferenced 
[14]. 
This display makes possible quick and autonomous 
understanding of the complexity of the site, even to a 
“simple spectator", and meanwhile is a great tool for 
simple analysis and investigation on the virtual model; it 
is also possible to simulate navigation within the 3D 

model with movies and stereoscopic viewing, which 
prepare the way for possible future processing for 
publication and museum displays. 
Thanks to a specific function of this program, a short 
video was produced: the remote navigation within the 3D 
model of the site, with the exploration of its links 
provides a simple document of multimedia information, 
though not interactive, that will be available on the 
Museum website of Cavaion Veronese. 
 

 

The photorealistic 3D model has been merged into an 
interactive digital publication system, represented by 3D 
PDF, with models that can be explored, queried and 
easily downloaded by the scanning of a QR code from the 
website. 
The availability of photorealistic 3D models, produced by 
photogrammetric survey, has also allowed the application 
of Augmented Reality (AR), overlaying real-time 
information with virtual reality [15]. This technology 
contributes to a greater involvement in the knowledge of 
archeological remains thanks to personalized browsing of 
real and digital scenes. AR has been used both for the 3D 
rendering of the entire archaeological site and for the 
specific religious complex of San Michele; to this end 
two custom markers were created suited to be recognized 
by the software responsible for the analysis and 
reproduction in AR environment of the photorealistic 3D 
model. These markers for AR applications will be 
included in the brochure made by the Associazione 
Archeologica Cavaionese to enrich it with the 3D model 
and multimedia contents available for tourism and 
divulgation. This will be of great value for example to 
visitors who are unable to visit the site in person, because 
of the difficult path; they will be able to navigate and 
interrogate the structures from a video screen. 

 
 

Fig.9. 3D model merged into the interactive digital PDF 3D system. 

 
Fig.8. The  point cloud managed with point viewer with queryable 
notes; top right the depth map of the whole area where, indicated with 
different colours, the elevations calculated above sea level, highlight the 
distinct division between the upper and lower terrace, bottom right 
depth map of the north prospect of the site. 

 

 
Fig.7. Vectorization of the ortophoto using CAD. Above: ortophoto 
(1.50) of the site and its plan. Below: ortophoto (1:20) interior of the 
east perimeter of the church and the northern structures of the  religious 
complex. 
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Acquired data are the basis of a lot of workable 
applications. First of all they are faithful images of the 
present status of the archaeological structures, during the 
determined moment of the survey; this information can 
be later used to control the natural decay of the remains 
or possible damage. Besides the data may also be used to 
prepare a digital reconstruction of the original appearance 
of the site, to be used both for academic purposes and for 
popular publications. 
 

             IV.    CONCLUSION 
The application of image-based survey methodology at 
the archaeological park of Bastia S. Michele was 
particularly interesting and efficacious; considering that 
at the time of the survey no documentation was available, 
as it was in the process of study. After only a single day 
of survey a graphic 2D and 3D documentation of the 
structures of the whole archeological area were obtained, 
useful both for scientific purposes, to contextualize future 
studies and interventions, and informative purposes. 
The 3D models obtained by this technique of IBM proved 
to be an effective tool for the dissemination of 
archaeological data. The same method could be adopted 
to survey unstudied, abandoned or endangered 
archaeological sites, where a rapid and precise 
documentation of the visible remains represents the only 
work that archaeologists might ever be able to perform.  
The employment of IMB methodology at the site of 
Bastia, has therefore produced a conspicuous increment 
in the amount and quality of the documentation, enriching 
it with useful results both in the field of scientific 
verification and management of the acquired data. It is 
accessible to professional users and also potentially 
increases the divulgence and presentation with interactive 
products for the general public, of not only scholars and 
professionalas, in the belief that in order to preserve the 

archaeological heritage, it’s necessary to make it  
accessible and usable to a larger  audience. 
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Abstract – This paper deals with a description of
aerial photogrammetry for the survey of archaeological
sites based on UAV. In order to highlight the limits
of aerial photogrammetry, an uncertainty model for
the measurement of the height of objects is provided.
This uncertainty model depends on flight parameters,
such as flight height, and geometrical measurements
provided by the sensors embedded on UAV or by image
processing algorithms. A discussion on the uncertainty
sources for height measurements is reported.

I. INTRODUCTION
Unmanned Aerial Vehicles (UAVs), also known as

drones are used in several measurement applications
[1]. Principally, light Remote Piloted Aircraft Systems
(RPASs) are growing their use in the civilian market due
to their low weight and size.
For example, UAVs are used in the archaeology field for
the surveying of archaeological sites. These drones are
equipped with a camera or a laser scanning system in
order to allow the 3D reconstruction of the entire area of
interest. Several techniques are used for archaeological
survey with drones. Furthermore, several mission flight
parameters and geometrical measurements influence the
accuracy of the obtained 3D models.
The use of UAV in archaeology is continually growing,
especially for applications that need short acquisition time
though accurate documentation of the site. For example in
[2], authors have tested three UAVs, quad rotor MD4-200,
8-rotor Falcon 8 and Copter 1B for surveying different
archaeological sites. In [3], the authors have used a
low cost UAV called Pellican for surveying the Augusta
Bagiennorum site. The UAV has been equipped with the
semi-professional RICOCH GR camera with a resolution
of 8 Megapixels and a focal length of 5.9mm.
Nowadays, the survey of archaeological site can
be performed with different techniques: (i) aerial
photogrammetry, (ii) hybrid techniques, and (iii) aerial
laser scanning. In this paper, a comparison among
these techniques is reported. This comparison is based
on equipment cost, time required for the site survey,
measurement uncertainty, and processing time for the 3D
reconstruction. From this analysis, it is possible to affirm
that aerial photogrammetry is the cheapest technique. For

this reason, an important task is to quantify the limits of
aerial photogrammetry. In this way, in order to choose the
appropriate technique for the specific survey, it is possible
to define a cost function, which takes into account all the
above described parameters. One of the key parameters
for the definition of this cost function is the uncertainty on
the height measurements.
This paper aims to provide an uncertainty model for
height measurements. This uncertainty model takes
into account several geometrical parameters, that can
be classified in flight parameters, such as flight height,
and camera parameters, such as attitude angles of the
camera embedded on UAV. The influence of mission flight
parameters on the 3D model reconstruction is reported and
discussed.
The paper is organized as it follows. Section II
highlights the advantages and disadvantages of aerial
photogrammetry compared with aerial laser scanning
and hybrid techniques. For the cheapest and most used
technique, aerial photogrammetry, an uncertainty model,
which takes into account the influence of flight mission
parameters and distance and angles measurements on the
accuracy of the 3D reconstruction, is presented in Section
III. Section IV reports results regarding the influence
of flight parameters on the uncertainty value of height
measurements of objects in the archaeological site.

II. UAV FOR ARCHAEOLOGY
Site archaeological survey aims to obtain accurate

measurements for producing maps and 3D models. To
this aim, several methodologies can be used: (i) terrestrial
photogrammetry, (ii) aerial photogrammetry, (iii) aerial
laser scanning (ALS), and (iv) terrestrial laser scanning
(TLS). Terrestrial photogrammetry is a low-cost technique,
but requires high computational post-processing tasks
and long time for the survey of the site. On the other
hand, aerial photogrammetry allows the acquisition of
images without obstacles and from different points of
view. ALS and TLS are expensive but they require less
post-processing tasks than photogrammetric techniques.
Nowadays, UAVs are equipped with cameras. Thus, they
are used in several application fields: military, agriculture,
geology, archaeology, etc. In archaeology, UAV are more
and more used for aerial photogrammetry due to their
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Fig. 1. Orthophoto of the archaeological site of Cempoala
[5].

low-cost, handling, and short time required for the survey
of sites. Furthermore, researches are becoming more
focused on the use of ALS on UAVs. In the following
subsections a description of: (i) aerial photogramemtry
techniques, (ii) hybrid technique, and (iii) ALS is reported.

A. Aerial photogrammetry with UAV
Aerial photogrammetry with UAV is used especially

for the monitoring of wide archaeological sites or
archaeological sites with difficult access. UAV systems for
photogrammetric image acquisitions are able to produce
very large scale cartographic products with acceptable
accuracy values [4]. In [5], the authors use a UAV
combined with the open source photogrammetric MicMac
software for analysing pre-Columbian archaeological sites
in Mexico. For the site survey, the used UAV is the
Spreading Wings S800, which embeds the Sony NEX-
7 camera. The camera has a 24 Megapixel matrix with
28 mm diagonal and it is equipped with a zoom lens of
18 to 55 mm. Furthermore, the camera has been placed
on a 2-axis gimbal, which allows the orthogonal alignment
of the camera to the ground, during the flight. In order
to obtain a resolution of 1 cm for the acquired photos,
the authors have chosen a flying height of 60 m, a flying
speed of 5 m/s and an exposure time of 1/2500 s, with a
sensitivity value, ISO, of 400. In Fig.1, the orthophoto of
the surveyed site is reported.
In [6], the authors report the 3D model of the Theatres area
of Pompeii obtained from aerial survey using UAV. In this
case, the UAV has an average flying speed of 2 m/s, the
flight height is 45 m and, during the mission, 800 shots
with an overlapping ratio of 80 % have been acquired.

B. Hybrid technique
Another methodology to obtain 3D models of

archaeological sites consists of combining aerial,
terrestrial photogrammetry and TLS. In [7], the authors
propose a hybrid technique based on aerial, terrestrial

photogrammetry and laser scanning. The system consists
of: (i) equipment to define the reference coordinates, and
(ii) the equipment for image acquisition. The equipment
used to define the reference frame includes: (i) the total
station, Topcon Imaging station 2, which allows the
measurement of distance and angle between the total
station position and the target; (ii) the high accuracy GPS
station with mobile units, Leica System 1200; and (iii)
the targets for geo-referencing the obtained models from
the different 3D models. The equipment used for image
acquisition consists of: (i) the UAV microdrone d4-200
with embedded the Pentax Opio A40 digital camera,
and (ii) the TLS Leica Scan Station 2 that includes a 1
Megapixel camera and provides distance measurements
from 30 cm to 300 m with a precision of 4 mm. In order
to provide an unique 3D model, the processing procedure
consists of: (i) defining an unique coordinates system,
(ii) acquiring the digital terrain models (DTMs) using
aerial photogrammetry for the reconstruction along the
horizontal plane, terrestrial photogrammetry and TLS
for the reconstruction of the vertical planes, and (iii)
integrating the DTMs.
At the beginning, all the targets for aerial, terrestrial
photogrammetry and TLS are located in the archaeological
site. The GPS station is placed in a point of the
archaeological site and its coordinates are measured. The
GPS mobile units are placed in the targets positions, used
for aerial photogrammetry, and in the total station location.
In this way, it is possible to determine the positions of
both targets and total station referred to the GPS station
coordinates. Then, by using the total station, the targets
for terrestrial photogrammetry and laser scanning are
localized. In this way, all the targets are geo-localized
respect to the GPS station coordinates.
Afterwards, the aerial survey, the laser scanner data
acquisition and the terrestrial survey are performed.
In order to provide for each methodology the DTM,
the acquired data are processed separately. All the
DTMs are referred to the GPS station location. A single
DTM was developed considering the aerial data for the
horizontal planes and the terrestrial data for vertical
planes. Furthermore, the data from TLS are used for
defining irregular areas. The shadowed areas generated by
TLS are supplemented by the photogrammetry data.
Finally, the generation of the hybrid 3D model resulting
from the integration of the independent 3D models is
performed with the following three basic operations: (i)
the identification and the marking of information loss
areas due to occlusions and/or shadows corresponding to
each model, (ii) the overlapping of the 3D models, and (iii)
the deleting of redundant and overlapping areas. From the
obtained 3D hybrid model, the orthophoto is generated.

  

473



Table 1. Comparison between archaeological survey techniques with UAV

Accuracy Sensing time Processing time Cost
Aerial Photogrammetry Low Low High Low

Hybrid technique High High High High
Aerial Laser Scanning High Low Low Medium

C. Aerial laser scanning with UAV
ALS is an optical measurement technique to obtain

high-precision information about the Earth surface [8].
An ALS system consists of: (i) Light Detection And
Ranging (LiDAR) system, (ii) an Inertial Measurement
Unit, (iii) an onboard GPS receiver, and (iv) a ground
GPS receiver. The LiDAR technology is based on the
time of flight measurement. A LiDAR system consists of
a laser transmitter to emit short pulses of laser light, and
an optical receiver to detect backscattered laser radiation.
By measuring the travel time of the light, it is possible
to measure the distance between the laser transmitter and
the target. In order to collect 3D data, the LiDAR system
requires the laser beam steering. For an airborne system,
the forward motion of the aircraft provides one direction of
scanning motion. The second dimension is implemented
using the mechanical motion of a scanning mirror.
In [9], the authors present a UAV-borne LiDAR system to
collect 3D data for forestry inventory applications. The
system consists of a UAV equipped with a GPS antenna,
an IMU, a data logger, a flight controller, a video camera,
and a laser scanner.
A LiDAR scanning system available on the market is
the AL3 platform by phoenix Aerial Systems [10] (see
Fig.2). This platform consists of a LiDAR Velodyne
VLP16, which allows measurement in the distance range
of [1, 120]m with a resolution of 2mm and a scan rate of
300 kshoots/s. Furthermore, the power consumption of
the entire system is of 40W . This high power consumption
reduces the UAV time of flight. Thus, the lack of LiDAR
systems is their high power consumption and their high
costs. For this reason, these systems are used with light
UAV only for archaeological site surveys of small areas.
For example the AL3 S1000 Copter, which embeds the
AL3 platform, can reach a time of flight up to 15 minutes
[10].

D. Comparison of techniques
In Tab.1, a comparison among the three archaeological

survey techniques described above is reported. In
particular, the comparison is based on: (i) the accuracy
provided by the 3D reconstruction of the archaeological
site, (ii) the sensing time required to survey the entire site,
(iii) the processing time required to provide the DTM, and
(iv) the cost of the used equipment. As it is possible to
see, the aerial photogrammetry is the cheapest technique
in terms of equipment cost and sensing time but it provides

low accuracy results.
In order to choose between the three techniques, it is
important to compare them in terms of measurement
uncertainty. It is important to determine which is
the lowest cost technique that can reach a required
measurement uncertainty target. At this aim, in the next
section, an uncertainty model for height measurements
based on aerial photogrammetry is proposed.

III. METROLOGICAL CHARACTERIZATION OF
UAV AERIAL PHOTOGRAMMETRY

The aerial photography is the procedure of taking
ground photographs from an elevated position [11]. As
described above, photogrammetry is the main UAV
technique used for archaeological survey because it is the
cheapest one and requires shortest time for survey of wide
archaeological sites.
The photogrammetry provides 3D maps using stereoscopic
view. In order to reach the desired results in terms of
accuracy and resolution of the obtained 3D model, flight
parameters, angles and distance measurements should be
taken into account [5]. The measurements can be evaluated
using the sensors embedded on UAV, for example GPS and
IMU or using image processing algorithms. Fig.3 reports
a simplified representation of an UAV photogrammetry
mission.

An important parameter to take into account for
photogrammetry is the Ground Sample Distance (GSD).

Fig. 2. The AL3 S1000 Copter [10].
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Fig. 3. Simplified representation of an UAV
photogrammetric mission: f is the focal length, µ is
the pixel size, h is the flight height, and GSD is the ground
sample distance

The GSD is the distance on the ground that is covered from
each pixel of the sensor camera embedded on UAV. The
GSD value can be evaluated with the following formula:

GSD =
h

f
× µ (1)

where h is the flight height, f is the focal length and µ is
the pixel size. From this formula, it is possible to see how
the GSD changes linearly with the flight height. Thus, in
order to reduce the GSD, it is important to reduce the flight
height. On the other hands, by reducing the flight height,
the ground coverage area decreases according to the angle
of view. Thus, the required time to cover the entire site
increases. By considering the camera Sony Alpha NEX-
7 with a focal length of 4.5 mm, a resolution of 24.3
Megapixels, a sensor area of 15.6×23.5mm, and the flight
height of 50m, the GSD value is 4 cm.
The stereoscopic technique consists of observing objects
from different positions. In aerial photogrammetry,
the stereoscopic view is implemented acquiring two
consecutive images during the flight mission. In order to
reach high-resolution 3D model, it is important to consider
the following parameters: endless and sidelap. The
minimum endless, which is the overlap of two consecutive
images taken at the direction of flight depends on the
reconstruction algorithm and on the image quality, for
example in [11] is 60 % . The sidelap, which is the overlap
of two images taken during the flight in parallel lines,
should be at least of 30 % [11]. In this way, it is possible
to choose the camera frame rate and the UAV path.
In Fig.4, a simplified representation of stereoscopic
measurements performed by UAV is reported. In this
figure, the two sensor arrays represent the UAV in two
different points of the longitudinal mission path (x = 0
and x = b).

The height of the object in the point M can be evaluated

Fig. 4. Simplified representation of stereoscopic
measurements performed by UAV: zM is the height of the
point M , b is the horizontal distance between the positions
related to image acquisitions, f is the focal length, cl and
cr are the pixel projections of point M on the camera
sensor array in the positions 0 and b, h is the flight height,
v is the mission speed, and d is the disparity, i.e. the
difference among cl and cr.

using the following formula [12]:

zM = h− E ·B
B · C −A ·Db (2)

where
A = cl · cos(θl) + f · sin(θl)
B = f · cos(θl)− cl · sin(θl)
C = cr · cos(θr) + f · sin(θr)
D = f · cos(θr)− cr · sin(θr)
E = cr · sin(θr)− f · cos(θr)

(3)

and f is the focal length, b is the distance between the two
arrays, cl and cr are the pixel projections of point M on the
camera sensor array in both left and right positions, θr and
θl are the UAV pitch angles in both positions, respectively.
If the camera embedded on UAV is placed on a 3-axis
Gimbal, it is possible to consider θr = θl = θ. In this
case, the simplified equation is:

zM = h−
(
cr·sin(θ)−f ·cos(θ)

f ·(cr−cl)

)
×

×(f · cos(θ)− cl · sin(θ)) · b
(4)

From this formula, it is possible to see how the height
measurement uncertainty depends on measurements of
flight height, distance between the position where the two
images are taken, and UAV pitch angle. The uncertainty
of zM can be evaluated by applying the law for the
propagation of uncertainty.
In order to simplify the model, it is possible to consider a
particular case when θ is negligible:

zM = h− b× f

d
(5)
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Fig. 5. Uncertainty value UzM [m] vs object height [m] in
point M and mission speed [m/s].

where d is the disparity, i.e. the difference between cl
and cr. The b value can be estimated with different
techniques using: (i) a GPS receiver embedded on UAV,
and (ii) a image processing algorithm. In both these cases,
by considering the eq. 5, it is possible to evaluate the
following uncertainty model:

U2
zM =

(
f
d

)2

× U2
b +

(
b·f
d2

)2

× U2
d + U2

h
(6)

From this formula, it is possible to see how the
measurement uncertainty increases with increasing of the
measurement uncertainty of b. Furthermore, it is possible
to evaluate b by measuring the mission speed, v, and the
camera trigger time, t with the following formula:

b = v × t. (7)

By substituting in 5, it is possible to obtain:

zM = h− v × t× f

d
(8)

From this formula, it is possible to see how the height
measurement depends on the mission speed, camera
trigger time and flight height. The uncertainty of zM
can be evaluated applying the law for the propagation of
uncertainty:

U2
zM =

(
t·f
d

)2

× U2
v +

(
v·f
d

)2

× U2
t +

+

(
v·t·f
d2

)2

× U2
d + U2

h

(9)

The height measurement uncertainty depends on the
uncertainty measurement of speed mission, camera trigger
time and disparity uncertainty, which is 1 pixel. If the
disparity value, d, increases, it is possible to reduce the
height measurement uncertainty value.

IV. RESULTS
In Fig.5, an uncertainty evaluation of UzM , referred to

eq. 9 is reported considering uv value of 1 %, ut value
of 1 %, uh value of 0.1 %, Ud value of 1 pixel, a flight
height of 25 m and a t value of 5s. From this figure, it
is possible to see how UzM value changes according to
mission speed variation in the range of [1, 10] m/s and to
the object height in the range of [5, 19]m. Furthermore, for
several values of mission speed and object height, the UzM
value is infinite because it is not possible to evaluate the
zM value from the two images. This is due to the fact that
the two acquired images do not cover the common ground
point M. As reported in Fig.6 too, it is possible to see that if
the object height increases, the UzM value decreases. This
is due to the fact that increasing the height, the disparity
increases according to it. Furthermore, if the flight height
increases, the uncertainty value UzM decreases. Fig.7
shows how increasing the mission speed, the uncertainty
value of UzM decreases. This is due to the increasing of
the disparity value. Furthermore, by increasing the trigger
time of the camera, it is possible to reduce the UzM value.
Fig. 8 reports the effects of measurement uncertainty of
UAV pitch angle on the measurement of object height for
a flight height of 50 m, a flight mission speed of 5 m/s,
five UAV pitch angles and by applying the law for the
propagation of uncertainty at eq. 4. It is possible to
see that increasing the angle uncertainty value, the height
measurement uncertainty increases.

V. CONCLUSIONS
In this paper, an uncertainty model for height

measurements based on aerial photogrammetry has been
proposed. Furthermore, the effects of flight height, camera
settings, focal length, angles and distance measurements

Fig. 6. Uncertainty value UzM [m] vs object height [m]
and flight height [m].
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Fig. 7. Uncertainty value UzM [m] vs mission speed [m/s]
and trigger time of camera[s].

Fig. 8. Uncertainty value UzM [m] vs uncertainty angle
measurement value [◦] and pitch angle value[◦].

on the height measurement have been reported. Future
works can be directed to: (i) extend the uncertainty model
taking into account techniques that use more than two
images for 3D model reconstruction, (ii) investigate the
uncertainty sources that can affect the measurements on x-
y plane, (iii) analyse the accuracy of the image processing
algorithms used to evaluate geometrical parameters, such
as b and θ, and (iv) validate the uncertainty model with
experimental tests.
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Abstract – This article present some results related to 
different case studies in which it is addressed the 
problem of digital restoration using digital 3D models 
exclusively produced by means of image-based 
technologies. The integrally IB approach is justify by 
different requirements: the first is linked to the 
possibility to obtain efficient 3D models complete with 
texture in easy way. The second is linked to the time of 
capture of these models and the third on the better 
management of the workflow due to the excellent 
performance with low-polygon models generated by 
IB technologies. Of course the same approach you can 
get on every type of 3D models, also obtained by laser 
scanning, but with more problems related to the 
textures and the management of large amounts of 
data. The full 3D approach to the problem of the 
restoration of archaeological finds extremely 
damaged, raises several points of interest, including 
sculpting and painting directly on surfaces, as well 
with the possibility of reintegration of the missing 
parts using other sculptural elements in similar 
subjects best preserved. Starting from these premises, 
we carried out a comparative test on different image-
datasets with different ISO and different resolution, to 
provide a metric comparison of results, as an 
operational base that allows to know, in advance, the 
criticality metric in IB surveys. 
 

 I. INTRODUCTION AND AIMS 

Facilitating the reading of a monument means making 
its transformations, identity, origins and raison d'être 
transparent and intelligible. But all these operations, 
designed to highlight the values contained in the item, 
can no longer be considered part of restoration: the 
irreversibility of any reconstruction in situ contrasts 
strongly with the inviolable principles of minimum 
intervention and respect for an item's historical and 
aesthetic character. The aim of restoration is, and 
remains, to conserve and guarantee the temporal 
continuity of a work of art, while it is the task of virtual 
archaeology to reconstruct ever more extensive views of 
our past by means of all types of visual aid. In this sense, 
the more recent term “virtual restoration” – referring to 
all operations not directly linked to the repair and 

recovery of artefacts – would seem to be a contradiction 
in terms. Forms of virtual restoration are fully admissible 
where they serve to simulate a hypothetical intervention 
or the digital restoration of copies of a work, but what 
should be our approach to the digital reconstruction of an 
item's original appearance?  

Every hypothetical reconstruction that can serve as a 
vehicle of information – not only on what can be viewed 
directly, but also and especially on those elements that are 
difficult to read or decipher – is consistent with the 
principles expressed in the restoration charters: 
highlighting the educational value of ruins and making 
them comprehensible are, as we have seen, objectives 
common to both restoration and virtual archaeology. 
Virtual archaeology proceeds by means of a systematic 
study which is as ‘transparent’ and intelligible as 
possible, its evolution being fully logged and therefore 
‘traceable’. It seeks to provide the public with 
interpretative information on monuments and works of art 
whose figurative integrity has been damaged or 
compromised. 

This article starts from these premises to present some 
results related to different case studies in which it is 
addressed the problem of digital restoration using digital 
3D models exclusively produced by means of image-
based technologies. The integrally IB approach is justify 
by different requirements: the first is linked to the 
possibility to obtain efficient 3D models complete with 
texture in easy way. The second is linked to the time of 
capture of these models and the third on the better 
management of the workflow due to the excellent 
performance with low-polygon models generated by IB 
technologies. Of course the same approach you can get 
on every type of 3D models, also obtained by laser 
scanning, but with more problems related to the textures 
and the management of large amounts of data. The full 
3D approach to the problem of the restoration of 
archaeological finds extremely damaged, raises several 
points of interest, including sculpting and painting 
directly on surfaces, as well with the possibility of 
reintegration of the missing parts using other sculptural 
elements in similar subjects best preserved. 

 II. DIGITAL RESTORATION ISSUES 

Digital restoration of sculptural elements get significant 
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benefits with the use of 3D models. It is well known the 
benefits derived from 3D models especially in the 
contextualization of collections located in different places 
or reintegration of missing parts. As is known, however, 
the operation of reintegration is possible only in the 
digital domain, for all those implications referring to the 
historical-aesthetic instance of the restoration rules. In the 
past, especially in the eighteenth and nineteenth century, 
it was often carried out several operations of physical 
reintegration, with results also striking of juxtaposition of 
different pieces or stylistic restorations. A clear example 
of this attitude is given by the Head of Antinous, 
exhibited in the Farnese Collection in the gallery of the 
Carracci, placed on a more ancient and extraneous bust. It 
is an integration of multiple pieces on a single subject. 
The head was found in Palazzo Farnese by the end of the 
'500 and was adapted by Giovan Battista de' Bianchi to a 
torso of uncertain origin. Carlo Albacini restored this 
artwork in the eighteenth century, which integrated the 
arms, the legs and the base with the shore (Fig. 01).   
 

 

Fig. 1. Farnese Collection, the restored Antinous. 

All this, as many other restorations of the same type, have 
for years argued debates about the authenticity and 
relevance of the various pieces, but what is most 
interesting to us is that the same operation, in the digital 
domain, can be carried out without ambiguity and 
especially with the use of authentic pieces. We know that 
many ancient sculptures were made using previous 
prototypes well known, often work of great artists, that 
somehow constituted a statuary type replicated and 
declined in various forms. The discovery of fragments of 
statues that relate to these well-known prototypes can 

provide a basis for interested applications in digital 
restoration. This can give satisfactory results both in 
terms of style - for the use of original pieces - both for the 
problems related to the reversibility and to the clear 
distinction of the intervention. 
In digital restoration, in fact, the operation of 
reintegration can be easily declared and distinct from the 
original. This can be used for communication purposes, 
where the re-evocation and description live together, to 
provide information on the real object - the 
archaeological find - and its probable original 
appearance. In this case the material of the work of art is 
preserved, with the benefit of being able to combine to it 
a digital reconstruction that reveals those historical and 
aesthetic values that are illegible today. An effective 
technique, to that end, is represented by animations where 
the original object is placed in the reconstructed context. 
A later dissolve transition shows the same object restored. 
The transition between the two different stages allows to 
associate, for example, an object displayed in the 
museum with the context of origin, or with other original 
objects exposed in another place. A similar approach was 
recently used by our laboratory (CNR IBAM ITLab) in 
different projects. In this way the scientific aspect, linked 
to interdisciplinary results, has joined the need to deliver 
to the general public simple and effective communication 
product. The comparative test just described below has 
allowed to establish the parameters for 3D image-based 
survey that have been replicated to all of the fragments 
used in this work in order to obtain a standard replicable 
operating procedure.  
 

 

 

Fig. 2. original object placed in the reconstructed context  
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 III. COMPARATIVE TEST 

Alongside the need to obtain low-cost 3D models on 
which you can apply the operations of digital restoration, 
it is necessary to proceed with the operations of survey 
that give good results in terms of precision and accuracy 
of measurements. Some experiences about the value of 
the metric measurements into IB 3D models have already 
been conducted by different groups and with different 
objectives. The measurement tests that we report in this 
article are aimed at defining an operational methodology 
that, from practices tested, can be useful to identifying 
those technical parameters necessary for optimal results 
in SfM/IB survey. What is most interesting in our work is 
the need to achieve a robust and replicable procedure that 
can provide parameters useful to obtain repeated 
measurements with equal error values and the best 
possible resolution in relation to the number of images 
captured. 

 

 

Fig. 3. Comparison of results using different ISO (6400 
ISO image below) . In evidence the noise in the dark 
areas. 

Therefore were compared 3D models obtained with 
photos with ISO values and different resolution of images 
in order to consider the real difference of accuracy 
reached in the various datasets. The photographic survey 
has concerned a fragment of a loricata statue of emperor, 
from the frons scenae of the roman theatre of Lecce, 
actually exposed at the City Historic Museum (MUST). 
In the same museum are viewable in stereo mode the 
results of restoration, included in the scene of roman 
theater in Lecce. The shooting, made with full-frame 
camera Canon 5D Mark II 21.1 Mpix, have produced two 
different datasets with ISO values of 200 and 6400, in 
order to create two extreme conditions in relation to the 
same light conditions, remained unchanged during the 
acquisition. For each single set of 18 photos, were held 

constant the focal distance (35mm), the exposure light, 
the iris opening (f 22) and the sampling step, so as to 
cover the entire surface of the fragment and ensure 
sufficient overlapping, an indispensable condition for the 
identification and the association of homologous points. 
A third set was prepared by the reduction to 1/4 of pixel 
resolution using the photo taken to 200 ISO, which 
satisfying the minimum required by the software, intends 
to measure the difference in resolution obtained from the 
model images got with a 21.1 Mpix. 
The frames of the three sets were processed with the 
software PhotoScan of Agisoft. In order to obtain a space 
of identical processing, the alignment was carried out 
using all the shots of the different datasets, proceeding 
subsequently to the creation of the point cloud, the mesh 
and the processing of the texture for each reference 
datasets. The software uses flexible algorithms such as to 
ensure the orientation of photos even in the absence of 
classic principles of photogrammetry. All operations are 
automated, leaving to the operator the ability to set the 
parameters as a function of the desired quality for the 
definition of polygons number and the texture size.  
Specifically, for the creation of dense cloud we were 
chosen parameters High for Quality and Moderate for 
Deph filtering; for the mesh Arbitrary in the Surface type, 
Dense for Source Data; high for polygon count, leaving 
the average value automatically recommended by the 
software. For the texturing, Generic for Mapping mode, 
Mosaic for the Blending mode, 10000x10000 px for 
Texture size. For the set to ISO 200 was further 
calculated the option with a value of dense cloud set to 6 
million polygons, forcing the average calculation 
automatically proposed. 
Below it’s shown the table for comparison of data: 
 

Data set Dense Point 
Cloud 

Model 
faces 

Model 
vertices 

ISO 200 (21 MPix) 4.285.370 859.062 439.288 
ISO 6400 (21 MPix) 3.263.964 654.797 341.316 
ISO 200 (5MPix ca) 1.943.435 388.668 199.489 

 
The resulting models were imported into a 3D modelling 
software; the perfect overlap of different models is 
guaranteed by the use of the same processing area in 
PhotoScan. For each 3D model has been isolated a 
significant element of 15 cm per side in order to compare 
the subdivision of the polygons and the distribution of 
points. The comparison between all data set shows that an 
increase of ISO value, equivalent to 3100% (from 200 to 
6400), produces some loss of information, with a less of 
dense cloud equal to 23.834%. High values of ISO 
increase global uncertainty in the measurement, that 
produces - as expected - remarkable 3D noise areas in 
correspondence of less lighting and less characterized 
surfaces. The reduction to ¼ of the 200 ISO dataset 
produce a reduction of approximately ½ of the dense 
cloud. This results are clearly in accordance with the 
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recommendations provided by different SFM/IB software 
houses, but show that the most critical aspect is linked to 
the amount of images noise, generally due to the high 
ISO. The lower resolution of the source images, 
compared to the original ones at full resolution, can give 
satisfactory results only with the proportional increase of 
the shooting distance, so as to ensure the capture of a 
larger number of photographic detail. 
Below is a table for comparison relating to the sample of 
15x15 cm: 
 

Data set Area 
campione 

Points Polygons 

ISO 200 (21 MPix) 15x15 cm 653 1049 
ISO 6400 (21 MPix) 15x15 cm 526 845 
ISO 200 (5 MPix ca) 15x15 cm 215 288 

 

 

Fig. 4. Comparison between different ISO values 

 

Fig. 5. Comparison between various resolution 

 IV. CASE STUDIES 

The comparative test just described has allowed to 
establish the acquiring parameters that have been 
replicated to all the fragments present in the survey work, 
in order to obtain a standard and replicable procedure. An 
uniform resolution and excellent quality of the models are 
the indispensable prerequisite for proceeding to a digital 
restoration operation which involves the use of different 
fragments. An example of this technique, as mentioned, 
has been tested for the three-dimensional reconstruction 
of the scene of roman theater in Lecce, where several 
sculptures were placed into niches. The eleven fragments 
found during the excavations carried out in the 

Marescalchi alley in Lecce, between 1929 and 1938, are 
very interesting both for the remarkable stylistic level of 
the individual pieces and for  the variety of types of 
statues and subjects represented. The group of the ideal 
statues includes seven opere nobilia, replies or reworking 
of masterpieces of Greek sculpture. They were very 
appreciated by the Romans. We shows here an example 
of digital restoration performed according to the methods 
that have been described. The fragment refers to a statue 
of a woman, dressed in a chiton with thick folds 
superimposed with cloak, preserved only in the lower 
body. Digital restoration follows the guidelines of the 
archaeologists, with additions made from contemporary 
and similar female statues. Different objects have been 
scaled and repositioned, giving the appearance that we 
shown in figure 6. The whole scene of the theatre was 
rebuilt incorporating 14 fragments, making possible a 
comprehensive approach that takes into account both the 
architectural values and sculptural elements, how he 
could appear in ancient. Any decorations and colours 
were excluded from this study. They certainly had 
strongly characterize the appearance, but we have no 
archaeological evidence at the current time. 
 

 
Fig. 6. Virtual restoration of dressed woman. 

 

 
Fig. 7. The complete scene of theatre with 14 
reconstructed statues. 
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Abstract – 3D models derived from digital survey 

techniques have increasingly developed and focused 

on many fields of application, from urban survey and 

landscapes to individual objects of cultural heritage. 

The high detailed content and accuracy of such 

models makes them attractive and useful for a wide 

range of purposes. The present paper focuses mainly 

on the combined use of 3D survey techniques of small 

and medium objects, using the conventional scanner 

Artec, with ScubaLibre, a 3D stereoscopic scanner 

system developed by the Suor Orsola Benincasa 

University team. This paper presents the results 

obtained during the underwater excavation of a ship 

that sank near Marzamemi, southeast Sicily, in the 

6th century AD. The data collected and processed 

offers the basis for new analysis of contexts and 

artifacts found and the development of new forms of 

musealization of cultural heritage through innovative 

technologies for augmented reality and immersive 

environments. 

Keywords – ScubaLibre, Survey, Tridimensional, 

Underwater Archeology, Musealization, Computer 

vision, Stereoscopy. 

I.     INTRODUCTION 

Experimentation in the employment of devices for three-

dimensional (3D) scanning is, at present, an integral 

feature in the work of technologists, computer scientists, 

and surveyors. This kind of tool – be it laser, structured 

light, or software for image interpolation – permits the 

acquisition of 3D data in the form of point clouds. 

However, this is generally true only for objects on dry 

land rather than in submerged sites since the normal 

surveying operations conducted in a static environment 

are not replicable in such a dynamic environment. 

Nevertheless, the importance of submerged  objects,  

their large number, and the difficulties connected to their 

detection have made it necessary to find a surveying  

technique capable of replicating underwater all 

procedures followed on land. From these considerations, 

the Soprintendenza del Mare of Sicily, Stanford 

University, and the University Suor Orsola Benincasa 

of Naples decided to experiment with innovative 

digitization techniques for underwater cultural heritage, 

including ScubaLibre – made in UNISOB within the 

Sinapsis project, PON01_01063, funded by the MIUR – 

to investigate the potential related to new forms of  

representation and musealization of submerged heritage  

in situ and in the emerging Museum of the Sea, located in 

Marzamemi’s 19
th

-century Palmento di Rudinì. 

II. OVERVIEW OF 3D IMAGING TECHNIQUES 

3D techniques are based on optical triangulation, on time 

delay, and on the use of monocular images. They are 

classified into passive and active methods. In passive 

methods, the reflectance of the object and the 

illumination of the scene are used to derive the shape 

information: no active device is necessary. In the active 

form, suitable light sources are used as the internal vector 

ISBN-15: 978-88-940453-3-8 
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of information. A survey of 3D imaging techniques is 

also given in [1] and [2]. Both single-point triangulators 

and laser stripes belong to this category. They are all 

based on the active triangulation principle [3]. One of the 

most significant advantages of laser triangulators is their 

accuracy, and their relative insensitivity to illumination 

conditions and surface texture effects. Structured light 

based sensors share the active triangulation approach. 

However, instead of scanning the surface, they project bi-

dimensional patterns of non-coherent light, and elaborate 

them to obtain the range information for each viewed 

point simultaneously [4-5]. The stereo vision method 

represents the passive version of structured light 

techniques. Here, two (or more) cameras concurrently 

capture the same scene. No further equipment and no 

special projections are required. The remarkable 

advantages of the stereo approach are its simplicity and 

low cost; the major problem is the well-known 

correspondence problem [6]. Photogrammetry obtains 

reliable 3D models by means of photographs. The 

elaboration pipeline consists of the following basic steps: 

camera calibration and positioning, image point 

measurements, 3D point cloud generation, surface 

generation, and texture mapping. Surface range 

measurement can be made directly using the radar time- 

of-flight principle. The emitter unit generates a laser 

pulse, which impinges onto the target surface. A receiver 

detects the reflected pulse, and suitable electronics 

measure the roundtrip travel time of the returning signal 

and its intensity. 

III. ADOPTED INSTRUMENTS FOR 3D SURVEY 

Artec™ Eva 3D Scanner 

Artec™ Eva 3D Scanner is similar to a video camera 

which captures in 3D. The scanner captures up to 16 

frames  per  second  and  each  frame  is  a  3D  image. 

These frames are aligned automatically in real time. This 

means that during scanning, one is able to see what 

has already been captured and which areas of the object 

need more attention. This real-time feedback makes 

scanning easy and fast. Capturing and simultaneously 

processing up to 288,000 points per second, Eva scans a 

dozen times faster than a laser scanner, while providing 

high resolution (up to 0.5mm) and high accuracy (up to 

0.1mm). Artec™ Eva 3D Scanner weighs 850 grams 

(1.9lbs), making it truly portable. Artec Studio, a 

powerful and constantly evolving software program, is 

included. Among other features, one can scan an object, 

fill holes, simplify the mesh, apply texture, smooth and 

measure the surface. One need only point the scanner at 

the object and press the button: the scanning process 

begins immediately. Should something go wrong, audible 

and visual aids guide the user through the process, and 

ensure correct scanning. The scanner must be moved 

around the object, where real-time surface alignment 

helps to indicate which areas have been scanned and 

which still need scanning. Inaccessible areas can be 

scanned later, individual sides can be scanned separately, 

and as many scans as needed can be aligned to capture 

the entire object. Artec’s optimization algorithm allows 

the combination of scans into one 3D model to produce a 

single textured triangulated mesh. The result can be 

exported into one of several 3D formats (VRML, Obj, 

STL, Ply, Ascii, AOP, E57, PTX, E57, PTX) that work 

across a variety of 3D applications available on the 

market. 

ScubaLibre Underwater 3D Scanner 

ScubaLibre is a stereoscopic scanning system which 

provides a dense stereo matcher in conjunction with an 

efficient and robust visual odometry algorithm. The 

hardware is comprised of a supporting steel structure with 

two GoPro Hero Black Edition cameras arranged to 

guarantee their parallel orientation, while software 

produces point clouds. The project development for the 

ScubaLibre device was arranged in various stages: study 

together with software designers to decide on the final 

aims, study with technicians involved in the progressive 

stages of testing, including hardware and software 

prototype systems. involvement of operators who had to 

physically create the device and with whom were shared 

reflections on limitations and qualities of the device. In 

between was required a material planning stage, which 

included the virtual design and modeling through the use 

of dedicated instrumentation and software. 

The project stages saw the integration of various 

technologies for the acquisition of the correct dimension 

of every component: the protective housing for the 

cameras and the anchor hardware, the steel bar with its 

eyelets, the handles, the pivots. Especially as far as the 

protective housing and the bar were concerned, 3D data 

were acquired through optical triangulation scanners, 

from which polygonal models and NURBS were 

obtained. Then, thanks to reverse engineering processes, 

on these bases the anchor hardware and the steel 

components of the device were designed with CAD 

modeling software. The construction methods of the 

ScubaLibre conform to the project plan and represent a 

form of advanced craftwork. In fact, they required 

numerical control products, assembly work, and manual 
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adjustments necessary for the optimization of the device 

in its various configurations. First of all, the individual 

retaining blocks of the protective cases (both steel and 

plastic ones) were assembled, every single constituent 

part was modeled and welded and then affixed. 

Afterwards, a CAD-based design of the surface (obtained 

by ‘unrolling’ the L-shaped support), was transferred to a 

numerical control unit which drilled it precisely in the 

required spots. 

In order to make ScubaLibre flexible, we have chosen to 

synchronize the cameras with an acoustic signal, 

calculating video delay by audio track cross-correlation 

and ensuring that there is no physical link between them. 

The ScubaLibre reconstruction pipeline consists of the 

following stages: video synchronization, egomotion 

estimation, dense stereo matching, 3D reconstruction, 

graph pose estimation with loop detection. We will 

assume a calibrated stereo setup and rectified input 

images, as this represents the standard case and simplifies 

computations. Videos are synchronized by audio track 

analysis. Our egomotion estimation mechanism expects 

features to be matched between the left and right images 

and two consecutive frames. For the case of 

corresponding 3D-to-3D features, the camera motion 𝑇𝑘 

can be computed by determining the aligning 

transformation of the two 3D feature sets. For obtaining 

dense disparity maps, we use the hierarchical stereo 

match described in [7]. The last step in the reconstruction 

pipeline creates consistent point-based models from the 

large amount of incoming data. The simplest method for 

point-based 3D reconstruction maps all valid pixels to 3D 

and then projects them into a common coordinate system 

according to the estimated camera motion. Instead, here 

we propose an ambitious approach which solves the 

association problem by re-projecting reconstructed 3D 

points of the previous frame into the image plane of the 

current frame. If a point falls within a valid range of 

disparity, we fuse both 3D points by computing their 3D 

mean. This does not only dramatically reduce the number 

of points which have to be stored, but also leads to 

improved accuracy by averaging out measurement noise 

over several frames.  

Employing incremental registration leads to quick error 

accumulation, creating unacceptably erroneous maps 

within only a few hundred frames. This immediately 

raises the possibility of doing additional registration 

between non-consecutive scans in order to correct for the 

precision of the absolute localization of each scan. These 

additional edges are meant to pull the track from drifting 

away, but the problem becomes overdetermined. Careful 

selection is necessary for the frames to be registered and 

the contents of the graph to be optimized. As a result, the 

concept of keyframes is introduced; an ordinary frame is 

considered a keyframe if it does not have sufficient 

correspondences with the other keyframes. This 

guarantees a uniform distribution of frames in the scene, 

such that most of the surfaces are covered, but the graph 

remains un-cluttered so as to ensure good optimization 

performance. This helps to determine more robustly when 

the current view of the scene exposes parts that have been 

seen before in the sequence, and allows for a re-

alignment between selected frames such that all errors 

that have been accumulated are diminished.  

The variables connected with the use of the scanner can 

be summarized as follows:  

1. A preliminary study of the trajectories to be followed, 

taking into consideration the topography and 

environmental conditions, the geometries and the 

dimensions of the objects, and the surfaces to be 

recorded. This is a teamwork stage and involves an 

inspection of the area either in the field or through 

analysis of imagery. In particularly complex cases the 

images are imported to a CAD program, where they 

are vectored and transformed into illustrative 3D 

models that allow representation of possible 

trajectories through polygons. Using animation 

software, virtual cameras using the same parameters 

used for the HERO can be associated with these 

models. This allows simulations of the expected 

trajectories to be made and their effectiveness to be 

preliminarily tested, thus optimizing the underwater 

operations. 

2. A verification of distances between the device and 

the surfaces to be recorded, taking into consideration 

the actual lighting conditions, the water transparency, 

and the geometrical complexity of the objects, 

especially in cases where these are composed of 

planes laying at different heights. 

3. A determination of the gradient of the device relative 

to the planes to be surveyed. This aspect is of great 

importance for the procedures of data processing and 

alignment of the point clouds associated with the 

different shooting positions. Trial runs to determine a 

correct range for the scanner have shown that this 

parameter must be checked for lighting conditions 

and the planes which dominate the framed scene, 

paying particular attention to the relationship between 

the objects to be scanned and the seabed.  
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From the trials it is clear that the best results are obtained 

with images captured when the axis of shooting was 

perpendicular to the plane of the scanned surface. In the 

case of a particularly complex object the angle shot and 

the point of views from which the scanning process takes 

place are crucial, since the scanner, just like a camera, 

only surveys what it can ‘see’. For this very reason it is 

necessary to shoot more than once, with images 

intersecting different points of view and making full use 

of every viewing angle. Lastly, it is useful to guarantee 

continuity in the shooting trajectories and to avoid sudden 

changes in the paths or interruption between the 

individual linear runs to ensure continuity and thus 

correlation between the points from adjoining images.  

 

Fig. 1. Three-dimensional underwater survey of the 

archeological site with the instrument ScubaLibre 

IV.     MARZAMEMI MARITIME HERITAGE 

PROJECT 

Recent excavation of a shipwreck off the coast of 

southeast Sicily provided an archaeological opportunity 

to test these technologies for documentation, analysis, 

and musealization. The 6th-century Marzamemi “church 

wreck” was explored first in the 1960s, and has been 

under investigation since 2013 by Stanford University 

and the Soprintendenza del Mare as part of the 

Marzamemi Maritime Heritage Project. The site is 

famous for its unusual architectural cargo: large marble 

columns, capitals, bases, carved panels and other 

religious decorative features [8]. These objects probably 

originated in quarries around the northern Aegean and 

Sea of Marmara. Together with a small load of amphoras, 

the shipment was destined to decorate a new or renovated 

church in the central Mediterranean when it sank. The 

“church wreck” rests at 7m deep on a sandy and rocky 

depression in the reef, which rises to just over 4m below 

the surface (Fig. 2). Marble and other artifacts are 

scattered over an area of more than 60m by 30m. Due to 

the shallow and dynamic nature of the site, sand shifts to 

cover and uncover objects, and some finds have been 

scattered or buried. Large rocks and parts of the fallen 

reef cover large columns, particularly near the north edge. 

This extent and complex topography make it challenging 

for mapping and interpretation. Investigations during the 

first campaign in 2013 focused on complete mapping of 

the surface remains. Excavation began in 2014 and 

continued in 2015 near the middle of the site. 

 

Fig. 2. Work progresses in the complex topography of 

sand, rock, and reef (photo: Laura McPhie) 

Among the many small finds were fine and coarse wares 

from the ship’s galley, nails and other fasteners from the 

ship itself, and a variety of Aegean and eastern 

Mediterranean transport amphoras. Most prominent, 

however, are the many tons of architectural elements that 

have been uncovered and, in most cases, raised for 

conservation and further study (Fig. 3). 

 

Fig. 3. Archaeologist inspects excavated marble artifacts 

in the temporary depot area before lifting (photo: Laura 

McPhie) 
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The preservation is very uneven: some columns, capitals 

and bases are worn while other marble elements appear 

only to have sustained minor pitting. Like the site, the 

cargo also presents challenges: the basic reconstruction of 

fragments into their quarry state for shipment, and the 

virtual construction of these components into their 

intended architectural forms. Adding to this complexity is 

the need to understand and integrate 1960s explorations 

and these early finds into the current wreck interpretation. 

The site holds great potential to reveal mechanisms 

behind such ambitious shipments, including the roles of 

high commerce, low-level exchange, local patronage, and 

imperial ideology in tying together the late antique 

Mediterranean. At the same time, it provides a chance to 

develop innovative maritime heritage management and 

outreach, especially through the new local ecomuseum in 

the historic 19th-century Palmento di Rudinì. Given these 

challenges and opportunities, the success of both 

archaeology and cultural heritage activities within the 

Marzamemi project depends heavily on the integration of 

new 3D methods and technology. 

V. RESULTS 

Preliminary work carried out during the 2015 Marzamemi 

field season from 13 until 19 July aimed to test: first, the 

validity of rapid 3D digitizing procedures, using Artec 

scanners, for the architectural remains recovered from the 

sea and under restoration at the Palmento di Rudinì, in 

order to produce, in the course of the next campaign, new 

procedures for 3D relief through 3D scanning aimed at 

verifying the coherences of the models derived from 

different technologies; second, the validity of 3D 

digitization procedures of the complex submerged 

archaeological site using the ScubaLibre system; third, 

the detailed recording of underwater relief, using 

ScubaLibre, including some architectural elements in the 

process of being recovered and transported to the  

museum for conservation and restoration; fourth, the 

expedient technologies for 3D relief and in particular 

image-based acquisition systems. Increasingly these 

technologies offer active instruments for testing new 

forms of representation that include, beyond the 

conventional technical drawings (plans, sections, 

orthophotos, etc.) and digital products such as numerical 

models, virtual reconstructions and other processes of 

data visualization that integrate geometrical knowledge 

with devices for mapping 3D projections. The latter, also 

known as spatial augmented reality, are the technological 

processes that transform digital objects of irregular shape 

into display surfaces for video projection. In order to 

check the development of semi-automatic procedures for 

decomposition of the animation frames in portions 

associated with the mesh polygons in such a way that 

normal vectors come to the surface, models were 

distinguished at different levels of approximation so as to 

define the minimum number of planes for texture. This 

procedure demonstrated the need to divide the virtual 

objects in levels of curvature of the forms and chromatic 

qualities of texture. In the first case, it identified two 

procedures of analysis of patterns: the first is based on the 

production of progressive sections by means of parallel 

planes of the mesh; the second involving the 

transformation of polygon objects in NURBS and then 

verification of the Gaussian curvature (i.e. measure of the 

surface curvature at a point defined in the foundations of 

differential geometry). In the first case, the determination 

will take place according to geometrical parameters 

referring to curves generated by planes of the sections 

defined by the operator. In the second case comes about 

through analytical procedures and differential calculus, 

supported by automatic expedient calculation processes, 

and referring to the generatrices of the structuring 

surfaces. The analysis of virtual objects using NURBS 

ensures a development of forms in a manner consistent 

with the geometric complexity of the models, driving the 

processes of mathematical representation. The analysis of 

the texture, however, was developed for consistent color 

areas according to variable parameters depending on the 

homogeneity of the color tone. The decomposition of 

color maps is set with OpenCV and connected directly to 

the first stages of processing of stereoscopic video and 

image analysis.  

 

Fig. 4. 3D model of an architectural object (MZ13 Lot 

0002) from the Marzamemi shipwreck site
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Fig. 5. 3D model of an architectural object (MZ13 Lot 

0002) in mesh and  progressive sections 

 

Fig. 6. 3D model of an architectural object (MZ13 Lot 

0002) in NURBS 

 

Fig. 7. 3D model generated by ScubaLibre for one part of 

the underwater shipwreck site at Marzamemi 

VI.     CONCLUSIONS 

The excavation, survey, and representation of the wreck 

at Marzamemi have tested, on the one hand, the 

effectiveness of procedures for the production and 

management of data from 3D scans of both recovered 

and submerged materials through commercial tools and 

the prototype ScubaLibre system. On the other hand, 

new forms of musealization of submerged cultural 

heritage in situ allow the use of original artifacts in 

water supplemented with copies, reproduced with the 

techniques of rapid prototyping from 3D models 

generated by scanners. At the same time, innovative 

technologies for augmented reality and immersive 

environment, using original objects, digital copies of 

sites, and virtual scenarios [9], will bring to life events 

reconstructed from the studies of archaeologists, the 

development of ancient civilizations, the splendor of 

architecture and other finds under the sea. The 

possibilities verge on the infinite [10-11]. 
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Abstract – Within the framework of an archaeological 
and historical survey of some Medieval and a few 
Roman buildings of the Medio Volturno River area (in 
the Italian regions of Molise and Campania) 
conducted by the Laboratorio di Archeologia 
Tardoantica e Medievale (LATEM) of the University 
Suor Orsola Benincasa of Naples, we analyzed and 
characterized the samples of ancient mortars of about 
25 historical sites of the area, dating from the 1st 
century B.C. to the the 14th century A.D., taken from 
several different kinds of buildings, with civil, 
religious, and military uses. The physico-chemical 
characterization of the mortars was carried out by 
XRPD with Rietveld refinement, for the quantitative 
determination of their mineralogical compositions, 
with subsequent validation by SEM/EDS. Moreover, 
TGA were  performed to determine the water content 
of the mortars, and microscopic thin sections analyses 
were made to obtain information about their 
morphological and basic physical properties. The 
results of the analyses were mapped by our GIS 
system, and compared with geological data of the area 
of interest to find the relation between the composition 
of the mortars and the typical minerals present in 
each area.  

 I. INTRODUCTION 

Several different methods are still in use to characterize 
ancient and historical mortars, from the chemical, 
mineralogical and physico-mechanical points of view. 
Some complete reviews of those methods can be found in 
the literature [1, 2]. In this work we are mainly concerned 
with the compositional analysis of the mortars of the 
investigated area, in order to relate the different "recipes" 
and compositions of the mortars to the geography and 
geology of the places they were taken from, and to the 
different historical periods of the buildings in which they 
were utilized. 

Together with a traditional qualitative approach, a more 
quantitative one was introduced in our analyses to obtain 
more accurate information about the mineralogical 
components of  our samples, by means of Rietveld 
refinement of XRPD data. This method is not so widely 

spread in the study of historic mortars [3], but allows 
more accurate mineralogical compositional analyses, 
which can bring to some significant considerations about 
the mortars' production techniques and the origin of the 
used raw materials, that is impossible to achieve by a 
simple qualitative analysis. 

 II. HISTORICAL OVERVIEW1 

The recent historical survey of post classical 
settlements in Volturno Valley, between the provinces of 
Isernia, Caserta and Benevento, brought us to identify 
over 100 architectural complexes (city walls, castles, 
towers, bridges, churches and residential buildings) 
dating from the 6th to the 15th century, with preexistent 
building phases since the 1st century B.C. 

The historical and archaeological study of these 
buildings (rarely addressed by stratigraphic investigations 
until now), including analyses of the masonries, allowed 
us to outline a quite complex framework of technology 
and economy for this geographical area.  

The evident diffusion of some types of masonries 
during the High Middle Age (such as opus incertum, the 
"big blocks" technique, and the so-called “a cantieri” 
technique [4]) suggests the existence of some 
relationships between distant geographic areas, and 
allows us to “follow” the qualified workers who served in 
this area and also identify the customers [5]. The study of 
masonries has been related to a collection of mortar 
samples (the physico-chemical analyses of which allowed 
us to complete the information obtained by the field 
surveys) that suggested the employ of different mortar 
"recipes", even in the same building, resulting from 
different construction phases. 

Moreover, the identified differences reflect the 
geolithologic context and confirm a local provision of 
raw materials. In most of the cases we noticed that the 
mortar was spread without borders or treated "a raso 
sasso" [6]. In the cases in which the "big blocks" 
technique was used (8th-11th centuries), the mortar is 

                                                 
1 This research is part of the PhD project in Archaeology and 
Post-Classical Antiquity by Alessia Frisetti, University of Roma 
La Sapienza, XXVIII cycle. 

ISBN-15: 978-88-940453-3-8 
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spread in irregular layers (Alife city walls, [7]), due to the 
need of adapting the mortars to the different sizes of the 
reused stone elements. However, we notice a greater 
precision in the Christian buildings characterized by the 
use of selected stone materials. We can also notice an 
obvious uniformity in the opus listatum and in the 
masonries with stones of regular sizes settled in 
horizontal layers.  

Concerning the process of mortar production, the few 
archaeological data available suggest that the mixing of 
binder and aggregate occurred in wood encased 
rectangular basins, excavated in the soil (such as the one 
found in the Church of San Pietro, in Massa di Faicchio, 
BN, Italy), or in circular mixers, also dug in the ground, 
and operated by a system of vertical wooden poles (see 
Gutscher reconstruction, [8]). This kind of mixers are 
known in several Italian settlements, such as the medieval 
abbey of San Vincenzo al Volturno [9, 10]. 

Finally, the presence of some nodules of lime in the 
masonries suggests a hurried phase during the 
transformation of lime into slaked lime. 

 III. MATERIALS AND METHODS 

A set of 39 samples of 25 sites were analyzed, from 
different type of buildings and different historical periods, 
from the Roman one to the Middle Age. 

All the samples are joint mortars from walls made of 
natural calcareous and/or volcanic stones, such as tuff, 
which is very abundant in the Medio Volturno River area 
(brick buildings were not common in this region, 
especially during the Middle Age). 

Most of the samples, in the form of pulverized bulk 
materials, were analyzed by a Rigaku Miniflex 
diffractometer (in Naples) with a CoK radiation (1.79 
Å), operating at 30 kV, 15 mA, in the 2 angular range 
between 6 and 70, with a step of 0.02° and a scanning 
time of 0.06 sec per step, for a total acquisition time per 
sample of 32 minutes. Three samples were analyzed in 
Pavia by a Bruker D5005 diffractometer, with CuK 
radiation (1.54 Å), operating at 40 kV, 40 mA, 2 
between 5 and 70, with a step of 0.02° and a scanning 
time of 6 sec per step, for a total acquisition time of more 
than 5 hours and half for each sample. It is worth noting 
the much shorter acquisition time with the CoK tube, 
which also results in a better peak separation, because of 
its higher wavelength. XRPD data were qualitatively 
analyzed using Match! software and the Rietveld 
refinement was accomplished by MAUD software, freely 
available by Luca Lutterotti [11], that was preferred to 
others  for its very user-friendly interface, and the 
possibility to easily interact with the author of the 
software, if needed. 

Some selected samples, metalized and not, were 
analyzed (in Pavia) by a scanning electron microscope 
(SEM) Zeiss EVO MA10-HR, with an energy-dispersive 
microprobe analyzer (EDS) Oxford INCA Energy 350X 

Max.  
TGA analyses were performed (in Pavia) by a TA 

Q5000 instrument. About 15 mg of sample were heated 
from room temperature to 1000 °C at 5 °C/min in a Pt 
pan under nitrogen flux  

Thin sections samples were examined (in Naples) by 
polarized light microscope Nikon Eclipse E 400 Pol, 
using crossed Nicols (N+). 

 IV. RESULTS AND DISCUSSION 

All the analyzed mortars contain calcite (mean value 
50.2%) and quartz (mean value 11.1%). Among the most 
abundant minerals there are K-feldspars (sanidine and 
anorthoclase) found in 21 samples over 39 (mean value 
41.8%). By means of the Rietveld refinement a total of 16 
crystalline phases were identified, with percentages 
ranging from 1 to over 90%. For simplicity of analysis 
some of them have been labeled with their common 
mineralogical group name. So, for instance, under the 
label plagioclase, we included albite and anorthite, under 
the label pyroxen, we included diopsdie and wollastonite, 
and so on. Table 1 lists the main mineral (or group of 
minerals) components of the analyzed samples. 

Table 1. Main mineral components (in wt %) 

  Mineral samples (#) mean (%) 

  calcite 39 50.2 

  quartz 39 11.1 

  K-feldspar 21 41.8 

  pyroxene 13 16.4 

  plagioclase 10 23.3 

  periclase 11   6.5 

  mica   4   3.1 

  dolomite   4 18.2 

 A. Classification of calcite mortars 

When analyzing large sets of XRD data it can be useful 
to group patterns with "common" characteristics. Various 
choices can be done to define which characteristics have 
to be considered for the grouping. Piovesan et al. [3] 
proposed a clustering approach and identified four 
petrographic groups, which differ for the main 
mineralogical component (volcanic scoria-rich, 
clinopyroxene-rich, cocciopesto, and marmorino 
mortars). That classification was tailored to the special 
type of mortars they analyzed, taken from the area of 
Pompei.   

Here we propose a different mortar classification. By a 
qualitative analysis of our XRD patterns it is possible to 
distinguish two main types of mortars: crystalline 
samples, "type I", with little or no amorphous phases, 
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generally with sharp and "clean" XRPD peaks (Fig. 1-a), 
and samples with some amorphous phases, "type II", 
generally very "noisy" in their XRPD signal (Fig. 1-d). 
Obviously, the composition of the amorphous part cannot 
be determined by XRPD pattern analysis because of the 
non-crystalline nature of its components. From the point 
of view of the Rietveld method the amorphous phases are 
considered a "background" that is usually subtracted and 
excluded from the refinement.  

It is known from the literature that pozzolans present an 
amorphous character, that can be found by XRPD pattern 
analysis [12, 13], but in our samples we did not find the 
typical products of the pozzolanic activity, such as CAH 

(calcium aluminum oxide hydrate) and CSH (calcium 
silicate hydrate) [13], even if the presence of calcite could 
partially "hide" the main peak of CSH [14].  

If we consider the percentage of calcite present in the 
mortar samples, we can make a further distinction 
between: 
 samples with more than 60% of calcite, type I-a 

(Fig. 1-a); 
 samples with calcite between 30% and 60%, type 

I-b (Fig. 1-b); 
 samples with less than 30% of calcite, type I-c 

(Fig. 1-c). 
We apply that further classification only to type I 

samples, because the noisy patterns and the presence of 
the amorphous phase(s) in type II samples makes the 
Rietveld refinement less accurate concerning the obtained 
percentages of the crystalline phases. Moreover the 
amount of calcite in type II samples seems to be quite 
constant, with a mean value around 36% (Fig. 2).  

If we compare the percentages of calcite and K-
feldspars in these four groups (Fig. 2) we notice that 
when the content of calcite decreases, the content of K-
feldspars increases, showing that the K-feldspars are used 
as aggregate in the mortars instead of calcite.  

The pattern of Fig. 1-a is of a typical type I-a mortar 
with (almost) only calcite and quartz. We cannot 
determine the binder/aggregate ratio from XRD data, 
because it is not possible to distinguish the calcite 
resulting from the carbonation process and the calcite of 
the aggregate.  

 
It is well know that the classical binder/aggregate ratio 

is one part of binder for two or three parts of "sand" 
(aggregate), in volume, at least from Vitruvius text, even 
if it can vary from place to place, and in the different 
historical periods. The calcite exceeding the typical 
binder quantity, between 25% and 33%, is supposed to be 
part of the aggregate. Recent studies [15, 16] suggest that 
a calcite aggregate improves the mechanical properties 
and the rate of carbonation of a mortar. In fact the 
samples from Roman mortars, such as the one of the 

 

 

 

Fig. 1. Type I-a,b,c: almost pure crystalline patterns 
(012-01 Caiazzo, 048-01 Piedimonte Matese, 045-01 
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Ponte Latrone bridge (101-01) and the city walls of 
Telesia (085-04) have a very high quantity of calcite, 
94.5% in the first case, and 99.7% in the second case, and 
showed to be much harder, to even sample them, than 
other mortars with lower calcite content, such as the very 
friable one of Borgo S. Felice (080-01), where we found 
only 23.7% of calcite. 

 B. Mortars' mineralogical  composition vs. 
geolithological setting  of the Medio Volturno River 
area 

The great quantity of K-feldspars and other minerals of 
volcanic origin, such as pyroxenes and plagioclases, 
present in the aggregate of our mortars is very predictable 
because of the geology of the area, close to the 
extinguished Roccamonfina Volcano, that was active 
between 630.000 and 50.000 years ago [17], and also 
close to the Phlegrean and Vesuvius volcanic districts 
[18]. In other areas quartz-silicate river sands aggregates, 
are more common, as in the Padan plain [19], showing 
that raw construction materials very often have a local 
origin, because of the difficulty in transporting them, in 
particular during the Middle Age. Our XRD data on a 
geolithologic map of the Medio Volturno River area (Fig. 
3) show that the differences between mortars' aggregates 
are related to the local availability of the minerals, as 
resulting from the analyses. 

 

 C. Mortars' mineralogical  composition vs. historical 
period 

There is also a clear relationship between the mortars' 
mineralogical composition and the period of construction 
of the considered buildings. From Fig. 4 we can see that 
different "recipes" for the mortars production were used 
in the different historical periods. 

A very interesting result for our area is that all the type II 
mortars (with amorphous phases) belong to the period 
between the 11th and the 15th century. No mortars 
displaying "type II" features have been found in buildings 
of previous centuries. In particular the two already 
mentioned mortars samples of the Roman period, dating 
between 1st BC and 1st AD century, (101-01 and 085-04, 
type I-a), are almost pure calcite mortars, with a 
percentage of this mineral over 95% (Fig. 4). 

We used an archeological-historical approach to date 
our mortars. An emerging method for dating historical 
buildings is the radiocarbon analysis of mortars, because 
of the 14CO2 absorbed from the atmosphere during the 
carbonation process of the slaked lime (Ca(OH)2), to 
form the calcite (CaCO3) of the binder [20]. The main 
difficulty, in using this dating method, is that the calcite 
of the binder has to be separated, chemically or/and 
mechanically, from the calcite contained in the aggregate, 
which did not absorb any CO2 during the carbonation 
process. Some other problems can arise for the 
radiocarbon dating of mortars, such as the re-carbonation 
of the lime binder or the contamination from external 
CO2 sources [21], which make this method very 
challenging, and very expensive to prepare and analyze 
the samples. 

 D. SEM/EDS 

We complemented XRD analysis with SEM/EDS to 
identify the atomic elements present in our samples. 
Some other interesting information can be obtained about 
the morphology and the distributions of the elements in 
the sample.  
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Fig. 5. SEM/EDS images:(a) electron image; (b) Al 
distribution map (white pixels represent Al atoms) 

 

Fig. 3. Geolithological setting (Italian Ministry of 
Environment website) of the Medio Volturno River 

area with main mortars' mineralogical phases  
distribution (QGIS software) (a)  (b) 
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Fig. 4. Mortars' calcite amount vs. historical period
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Fig. 5-b shows the SEM/EDS map of aluminum 
distribution in the sample of Borgo S. Felice (080-01, 
type II). From Fig. 5-b we can see that the rocks 
containing aluminum, probably K-feldspars in this case, 
were ground before mixing them with the binder. 

 E. TGA measurements 

In Fig. 6 the thermogravimetric curves related to a 
Borgo S. Felice sample (blue) and a Ponte Latrone 
sample (brown) are shown. 

Both the profiles show two mass loss steps. The first 
one, starting from almost room temperature and going up 
to around 550 °C,  is due the release of the 
adsorbed/absorbed water and it is up to 11.6 wt % for the  
Borgo S. Felice sample, and only of 2.7 wt% for the more 
roman sample. The second step starts at around 570 °C 
for the Borgo S. Felice sample, it is of only 8 wt % and 
can be ascribed to Ca(OH)2 dehydroxylation [22]. On the 
contrary, Ponte Latrone sample shows a higher mass loss, 
of about 38 wt %, at a little bit higher temperature, due to 
the total decomposition of the carbonate phases.     

 
 
The presence of a significant amount of Ca(OH)2 in the 

Borgo S. Felice sample - of the Middle Age, with a very 
low content of calcite in the aggregate - shows that the 
carbonation process was not complete, while the Ponte 
Latrone sample - of the Roman period, with more than 
90% of calcite - shows a much better carbonation of the 
slaked lime, confirming that a calcite aggregate increases 
the rate of carbonation [15, 16]. 

 F. Thin sections analysis 

The thin section analysis confirmed the XRPD data. 
We show here two mortar samples, one of type I-a 
(calcite content higher than 60%), and the other of type 
II. The first sample (Fig. 7-a) is of the Roman age (1st 
B.C.) and was taken from the walls of the city of Telesia 
(S Salvatore Telesino, BN). The second one (Fig. 7-b) is 
from a Medieval building of Borgo S. Felice 
(Pietravairano, BN). The main difference, as also found 
by XRPD analysis, is the mineralogical composition, 

with a prevalence of calcite in the first sample, and the 
prevalence of volcanic stones in the second one. The 
petrographic analysis also shows a great difference in the 
porosity of the two mortars, between 20 and 25% for the 
the Roman sample and about 5% for the Medieval one, 
due to the different nature of the stones of the two 
aggregates. For both samples we notice a generally low 
roundness, implying that in both cases the stones of the 
aggregate were ground. Concerning the granulometry, the 
Roman sample has an average grain size of about 0.25 
mm, which is a little higher than the Medieval sample's 
one, 0.20 mm. 

 

 V. CONCLUSIONS 

Our chemical and mineralogical analyses of the ancient 
mortars of the Medio Volturno River area confirm a 
calcite binder for all our samples. Concerning the 
aggregate, we found two main different types of 
composition: 

- With prevalent volcanic stones 
- With prevalent calcareous stones. 
In both cases the stones of the aggregate appear to be 

ground, and almost no river sand was found. 
The composition of the aggregate, in general, is related 

to the local availability of raw materials, and also to the 
different production techniques used in different 
historical periods. In particular more volcanic stones in 
the aggregate were found in the sites closer to the extinct 
Roccamonfina Volcano, while in places far from that 
area, and not easily reachable, such as Pietraroja - at 
about 800 m on the level of the sea -  no volcanic stones 
were present in the mortars. 

We also found different type of mortars in the same 
place, for walls constructed in different periods. An 
interesting result is that the mortars of the Roman period 
have a higher percentage of calcite in the aggregate, 
usually near or over 60%, if we assume a 30% of calcite 
in the binder, which results in a higher rate of carbonation 
and stronger mortars. 

Further investigations have to be carried on about the 
ratio binder/aggregate, that cannot be carefully obtained 
by the analysis methods presented here, and also about 
the characterization of the amorphous phases found in our 
type II mortars, as revealed by XRPD analysis. 

 

Fig. 7. OM images of thin sections of the Roman mortar
of the walls of Telesia (a), and of a Medieval building 

of Borgo S. Felice (b) 

Fig. 6. TGA measurements 
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Abstract – We present the preliminary results of the
Carbon  Isotope  Analyses  (δ13C)  performed  on
archaeobotanical  remains  from the  archaeological
site of Cerro del Castillo de Alange (southwest of the
Iberian  Peninsula).  Samples  that  were  recovered
from three chronological  phases  of the site  (2200-
1321 B.C.) as well as a set of seeds collected at the
present time (2014) were analysed. Our main aim is
to evaluate the conditions of agricultural production
and  land  management  strategies  during  the  2nd

millennium  B.C.  The  results  highlight  the
implementation of land exploitation strategies and
an increase of anthropic impact.

 I. INTRODUCTION

 The origin and development of agriculture in
the  Mediterranean  area  has  been  a  topic  of  great
interest  for  archaeologists  [1-5] .  There  are  two  main
reasons for this: first of all, it is important to study the
evolution of agricultural techniques throughout time in
order to improve current methods. Secondly, because
of  the  role  agriculture  and,  more  specifically,
agricultural practices have played in debates regarding
social evolution, the origin of social inequality and the
rise of complex societies [6-8]. 

These  debates  have  mainly  treated  the
problem  of  aridity  as  a  determining  factor  in  the
development  of  irrigation practices  and,  therefore,  in
the rise of  complex societies  [6,  9].  This approach has
been of interest not only for the Near East or Northern
Africa,  but  also  for  areas  with  arid  or  semi-arid
climates  in  the  Western  Mediterranean,  such  as  the
Iberian Peninsula.

 However, as has been pointed out by several authors,

this  problem  has  been  addressed  using  indirect
evidences of  a  qualitative or  semiquantitative nature.
Some examples of said indirect evidences would be the
existence or absence of hydraulic structures, biometric
indices  of  carpological  samples,  the  relationship
between  cultivated  cereals  and  weeds  or  the
characterisation of soils in relation with settlements [10-

14]. 

The  study  of  stable  isotopes,  when  applied  to
archaeological  and  archaeobotanical  material,  allows
us to directly quantify the relationship between human
societies and the environment. By studying the isotopic
composition of charcoal (δ13C) in combination with the
inferences  of  antracological,  carpological  or
palinological  analyses  we  can  further  assess  said
inferences, confirming them, nuancing, or contributing
new data  for  the  interpretation  of  the  archaeological
record [12-13, 15-16]. 

As  we  have  mentioned  earlier,  the  study  of  stable
isotopes has been mainly applied to areas with arid or
semi-arid climates [15-23]. In the northeast and southeast
of the Iberian Peninsula, the samples were taken and
the results have been published [11-13, 24-27]. However, for
the archaeological settlements in the southwest of the
Peninsula no data were known until recently. 

We have recovered a sequence of carpological samples
stretching  over  a  time  period  from  2200  B.C.  until
1321 cal. B.C. from the Cerro del Castillo de Alange in
the southwest of the Iberian Peninsula [28] (Fig. 1). With
the  help  of  archaeobotanical  analyses  it  has  been
possible  to  suggest  that  new  soils  were  used  for
agricultural  practices,  using  the  meadow  of  the
Guadiana  River,  consequently  reducing  the
edaphophile forest [29-30]. 

ISBN-15: 978-88-940453-3-8 

  

495



1st International Conference on
Metrology for Archaeology
Benevento, Italy, October 22-23, 2015

Fig.  1: Location of Cerro del Castillo de Alange

In  the  present  research  project  we aim to verify  the
hypothesis regarding the territorial management of the
Cerro del Castillo de Alange site (SW of the Iberian
Peninsula),  by  studying  the  isotopic  composition  of
carbon (δ13C) as this is linked to the plants’ water-use
efficiency [31-34].

 II. MATERIAL AND METHOD

The material used in this study (n=75) was recovered
from level VII of Trench 5 at la Solana (2200-2000 BC,
without  14C dates),  level II of Trench 3 at la Umbría
(1381-1321 cal. BC, Beta-68667 3080+/- 90 BP)  [35] ,
and  from  Trench  9,  where  a  structure  has  been
identified  as  a  granary  that  was  abandoned  around
1650 cal. BC (Beta-228897, 3.360 +/- 50 BP) [36]. Thus,

three different moments of the 2nd millennium BC, are
represented  by  different  assemblages  of  Triticum
aestivum/durum seeds.

Apart  from this,  we have also sampled  cultivated  of
Triticum sp. from three different parcels in the studied
area throughout the year of 2014. Two of the parcels
were rainfed and one was irrigated. 

The  samples  were  homogenised  individually.  The
modern samples were dried at a temperature of 65°C
for  48  hours.  Then  each  seed  was  milled  in
microcontainers  with  tungsten  balls.  In  order  to
eliminate  any  possible  remains  of  carbonates  in  the
archaeological  seeds  we  used  HC1  vapours  at  37%
during  a  period  of  12  hours.  After  this,  two
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measurements  were  taken  for  each  sample,weighing
0.5 mg each. 

Isotope measurements  were  carried  out  at  the Stable
Isotope Laboratory of the Instituto Andaluz de Ciencias
de la Tierra (CSIC-UGR, Granada). The samples were
analysed  for  the  isotopic  composition  of  carbon  by
means of a Carlo Elba NC1500 (Milan, Italy) element-
al analyser on line with a Delta Plus XL (ThermoQuest,
Bremen,  Germany)  mass  spectrometer  (EA-IRMS).
The stable composition is reported as δ values per mil: 

(1)

where R= 13C/12C for δ13C

The  calculated  precision,  after  the  correction  of  the
mass  spectrometer’s  daily  drift,  from  standards
systematically  interspersed  in  analytical  batches  was
better than ± 0.1‰  for δ13C. The standard for reporting
carbon measurements is V-PDB (Vienna-PDB).

With the results we obtained the values of the isotopic 
discrimination of charcoal (Δ13C) [31]:

(2)

 III. RESULTS 

The average of the  Triticum Aestivum/Durum  seeds
is of -22.22‰ (STD=1.03), ranging between -24.40‰
and -20.39‰. The samples from the 2200-2000 B.C.
chronology  present  an  average  of  -21.58‰  (STD=
0.43),  ranging  between  -23.02‰  and  -20.84‰;  for
1650  cal.  B.C.,  we  get  a  result  of  -22.95‰ (STD=
0,95),  ranging  between  -24.40‰  and  -20.53‰;  and
finally, for the 1381-1321 cal.  B.C. chronologies,  we
obtained an average of -22.15‰ (STD= 1.11), ranging
between -24.06‰ and -20.39‰. 

The  average  of  the  Triticum sp.  seeds  that  were
collected  in  2014  is  -24.13‰  (STD=0.79),  ranging
between  -25.90  and  -22.52.  For  the  seeds  that  were
cultivated on rainfed parcels the average was of -23.79
(STD=0.68),  ranging between -24.86 and -22.52; the
average  of  the  seeds  from  the  irrigated  parcel  was
-24.81  (STD=0.53),  ranging  between  -25.90  and
-24.04.

Triticum  Aestivum/Durum,  without  taking  the
chronological variable into account, holds an average

of 16.16‰ (STD= 1.06), ranging between 14.20‰ and
18.42‰. When divided chronologically we would have
15.67‰  (STD=0.44),  ranging  between  14.79‰  and
17.06‰  (2200-2000  B.C.);  16.88‰  (STD=0.99)
ranging between 14.40‰ and 18.42‰ (1650 cal. B.C.);
and 16.02 ‰ (STD= 1.15), ranging between 14.20‰
and 18.02‰ (1381-1321 cal. B.C.) (Fig. 2).

As  for  the  modern  wheat,  the  average  is  16.12‰
(STD=0.83), ranging between 14.44 y 17.96. For the
seeds  that  were  cultivated  on  rainfed  parcels  the
average is 15.76 (STD=0.70), ranging between 14.44
and 16.88; the average of the irrigated crops is 16.83
(STD=0.55), ranging between 16.02 y 17.96 (Fig. 2).

 IV. DISCUSSION

Considering the obtained data we can confirm that the
carpological  samples  from the  archaeological  site  of
Castillo del Alange indicate a certain tendency, going
from  a  smaller  discrimination  at  the  end  of  the  3rd
millennium B.C. towards more humid conditions in the
middle of the 2nd millennium BC. This is also true for
the seeds from the  structure  that  was identified as  a
granary [36]. However, the main question when dealing
with  these  data  is  to  what  extent  this  represents
climatic  determination  or  agricultural  practices.  In
order  to  know  this  it  is  important  to  take  the
archaeological  record  into  account  in  a  global  and
integrating  way,  connecting  data  from  different
disciplines. 

Results  could  be  caused  by  the  development  of
production strategies that are based on the cultivation
of  crops  in  more  humid  areas  and  the  possible
implementation  of  irrigation  strategies.  This  can  be
suggested thanks to the carpological and antracological
studies, confirming the hypothesis regarding a thinning
out  of  the  thermophile  forest  and  pression  on  the
streambeds  of  the  Guadiana  and  Matachel  Rivers,
clearly  reducing  the  riparian  forest.  Moreover,  this
could  also  explain  the  predominance  of  Triticum
Aestivum/Durum,  which  requires  more  specific
conditions than barley does [17-18, 29]. 

Finally, the values that were obtained for the modern
samples provide ranges that would correspond with the
use of different techniques of cultivation in the past,
especially from the second half of the 2nd millennium
onwards.  We  would  then  be  witnessing  the
development of very competent soil-use systems. Thus
improving the quality of  the crops simultaneously to
the possible development of irrigation practices linked
to the better use of the territory.
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Fig.  2: Graphic representing the dispersion of the values of isotopical discrimination of carbon (Δ13C) for the Triticum
Aestivum/Durum samples (orange squares), and the samples of modern irrigated (filled circles) and rainfed (empty

circles) wheat. 

V.  CONCLUSIONS

The obtained  isotopic  carbon values  (12/13)  and  the
derived calculations of Δ13C for each of the indicated
phases  would  suggest  that  throughout  the  2nd
millennium B.C. a change took place. This would be
compatible  with  more  humid  conditions  and  direct
evidence  of  the  development  of  strategies  of  soil
management  based  on  the  use  of  places  with  better
hydrical conditions.

The comparison of the archaeobotanical results and the
studies of the isotopic composition of carbon made it
possible  to  verify  this  hypothesis.  This  was  possible
thanks  to  the  combination  of  qualitative  and
semiquantative studies with the possibility to quantify
the  relationship  between  the  found  plants  and  the
archaeological record and the environmental conditions
in which they were shaped. 
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I. INTRODUCTION 

During archaeological excavations, a large amount of 

uncategorized materials may be recovered, mostly melted 

and transformed residues, without context. Usually, these 

materials resemble slags in their appearance and texture.  

Their origin may be technology related, e.g. melting or 

smoldering structures, or just accidentally burnt 

materials.  Another similar materials category is the burnt 

clay luting of buildings, also resembling slags if heated to 

> 600 °C. The responsible transformation reactions are 

those of clay mineral dehydration and solid state reaction 

with metal hydroxides, carbonates or at > 950 °C possible 

melting in the presence of albite. To delimit them as a 

concise group of slag type products originated from clay 

bearing materials, the term fused clay residue (FCR) is 

suitable. 

From the point of view of artefacts and building 

structures, technological findings, these fused clay 

residues represent a possibly insignificant group of 

findings. But, if we extract original materials 

composition, fired mineralogy, amorphous material 

content and relevant chemical properties, we may 

discover important data regarding technological and 

architectural habits of populations, history of settlements 

and major events disrupting continuity. In this study, we 

map the possible information to be extracted, and the 

suitable analytical and investigation routes. 

II. INSTRUMENTATION, MATERIALS 

Analytical investigations are aimed to find chemical 

and mineralogical compositions and textural-structural 

characterization of materials. Mineralogical information 

is obtained by X-ray powder diffraction (XRD), while 

chemical composition is determined with wavelength 

dispersive X-ray fluorescence spectrometry (WD-XRF). 

In our research we use Bruker D8 Advance diffractometer 

for XRD (Cu-Kα, 40 kV and 40 mA, parallel beam with 

Göbel mirror, Vantec-1 position sensitive detector – PSD) 

and Rigaku Supermini200 for WD-XRF (Pd source, 50 

kV and 4 mA). The XRD measurements are evaluated by 

the use of TOPAS4 profile fitting software for 

quantitative results and crystal structure refinements, with 

Rietveld-refinement. Besides the extraction of amorphous 

quantity, information on the nature (silicate, oxide or 

hydrated type) of amorphous materials can be obtained. 

The presence of H2O and OH- is checked with ATR-FTIR 

(Jasco 4200) and thermal reactions observed with 

simultaneous thermogravimetry (TG) and differential 

thermal analysis (TG-DTA) (MOM Derivatograph-C, 

linear 10 or 20 °C/min heating, air atmosphere). Micro 

chemical analysis (EDS) and texture observations (SEM) 

are performed on Jeol JXA 8600 Superprobe scanning 

electron microscope and electron microprobe (W-

filament, 20 kV and 20 nA, Si-drift EDS detector, carbon 

coating). SEM+EDS investigations are performed on 

both fracture and polished surfaces. 

Investigated materials include slag type samples from 

several localities, ranging from Bronze Age to Medieval 

Ages and clay, shale, soil and volcanic tuffs, tuffaceous 

rocks. Heating and fusing experiments on the various 

natural materials were used to observe the thermal 

transformations. FCR type slags usually present multiple 

colors ranging from black trough green to yellow or red, 

depending on the distribution of coloring cations. Their 

appearance strongly resembles silicate “sponge” type 

materials, with high porosity and low density. Density of 

samples can be determined by the picnometer method on 

fragments, chips and powder specimens, this way 

extracting information on porosity also. 

III. USE OF ANALYTICAL RESULTS 

The texture of FCR materials is best to observe on 

fracture surfaces. Even if details like chemical zonation 

and micrometers sized skeletal crystals are harder to 

observe, the overall picture may bear more importance. 

The porosity and associated phases may show a path of 

ISBN-15: 978-88-940453-3-8 

  

501



1st International Conference on 
Metrology for Archaeology 

Benevento, Italy, October 22-23, 2015 

 

material evolution, e.g. silicate and oxide crystals present 

only as developed inside the pores may suggest a fast 

cooling without elemental diffusion to promote 

crystallization. In Fig 1. we present an extreme example 

for possible FCR, for which a decision on origin can’t be 

easily taken.   

 

Fig 1. Porous, sponge like texture, associated to distinct 

chemical composition (BSE image, fracture surface). 

Table 1. Chemical compositions measured on points in 

Fig 1. (in m/m%, bulk from ICP-OES) 

 1 2 3 bulk 

Na2O 2.9 0.3 2.4 4.13 

MgO 0.3   3.27 

Al2O3 15.7 17 16.2 10.67 

SiO2 73.3 61.5 75.7 58.9 

K2O 4.1 9.2 3.9 4 

CaO 0.9 4.4 1 7.34 

TiO2 0.2    

Fe2O3 2.5 7.5 0.8 3.17 

FeO    4.11 

P2O5    0.41 

 

The 77% (m/m) amorphous glass and elevated K content 

(Table 1) points to glass melting product, while an 

archaeological context is missing.  

 

Fig 2. XRD pattern of sample shown in Fig 1. (gray curve 

– measured, black curve – Fourier-filtered, red line – 

background) 

Since ATR-FTIR and TG-DTA showed no H2O or OH 

presence, and no traces of clay minerals were observed, a 

heat effect of at least 900 °C may be assumed. Ca content 

related to carbonate phase is supported by the foam like 

structure of the Ca-rich parts. The rest of primary 

mineralogy could be deduced from ratio of chemical 

elements and fired mineralogy. But as in this case, fusing 

consumed most of index minerals, even if they were 

developed. 

From the quantitative mineralogical composition a set 

of information can be extracted to determine the original 

composition of material, the transformations it suffered 

and whether it presents the mixture of several natural 

materials or it is synthetic. In contrary to the case 

displayed in Fig 1, the texture may not always indicate 

melting and fusing. In Fig 2 we show an example of 

atypical slag type material. The high porosity, glassy 

aspect and cristobalite as main crystalline component 

distinctively indicates a synthetic nature. The absence of 

Ca, Mg and Fe silicates and abundance of alkaline 

feldspars points to acidic (silica rich) alkaline primary 

source. Since the texture shows evidences of melting and 

segregation (Fig 2, area a), thermal transformations are 

proved. High Na and K content also could indicate glass 

melting related product, but inn FCR category until 

context is clarified. 

 

Fig 3. Texture of porous, slag-like sample with a rhyolitic 

chemistry and uncommon mineralogy (BSE image, 

polished surface) 

In any of the cases, XRD is a highly suitable and 

preferred method, mainly by the reduced measurement 

times possible to obtain with PSD (as short as 1 minute). 

With the shortest possible measurement crystalline 

components identification and observations on 

amorphous material content are readily achieved. 
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Table 2. Chemical compositions measured on Fig 2.  

(in m/m%) 
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1 97.4 1.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2 95.6 3.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

3 65.1 22.8 7.8 1.8 0.0 2.6 0.0 0.0 0.0 0.0 

4 30.2 5.2 1.3 0.6 1.4 1.9 0.0 0.0 0.5 57.6 

5 66.4 20.3 4.6 6.6 0.0 1.3 0.7 0.0 0.0 0.0 

6 66.6 20.2 5.6 6.5 0.0 0.8 0.2 0.0 0.0 0.0 

7 51.8 19.9 1.7 4.3 10.5 1.4 7.9 0.6 0.0 0.0 

1,2: +0.4 SO3; 4,7: +1.3 P2O5; 4: 0.5 MnO; 7: 0.6 TiO2 

 

With a vast knowledge on clays and clay minerals 

composition and thermal transformation, we can easily 

recognize the type, possible clay mineral content and 

t(°C) it has been subjected to, for fused clay residues. 

Based on clay, shale and soil composition we can 

distinguish several major compositional groups (Table 3). 

In delimiting these groups loss on ignition, Al/K+Na (as 

alkaline index – Ia), Si/Ca+Mg (as carbonate index – Ic) 

and Fe (as ferrous hydrates index – Ifh) content are 

important factors (derived from mass % of elements). 

Even if these elements are also present in the composition 

of more minerals (e.g. Mg in chlorites, micas or Fe in 

clay minerals), their main sources can be linked to major 

minerals of clay rich loose materials.  

3. Table Main compositional types of clay bearing 

materials, expected as frequent FCR 

Raw composition Mineral(s) of 

interest 

~ t(°C) transf. 

LOI% type t.d. product* 

<4 
1.Ia<1.5, Ic>6 i group 850 sp, Kfp, cris 

2.Ia>1.5, Ic>6 kao + i 1000 mul, sp, Kfp 

5-10 
3.Ia<1.5, Ic<6 i+carb 800 geh, dio, an 

4.Ia>1.5, Ic<6 kao + i + carb <800 w, geh, dio 

10-15 
5.Ia>3, Ic<6 sm + i ± k 850 sp, g/a, dio 

6.Ia>3, Ic>6 sm + i + carb 800 sp, dio, cris 

i=illite, kao=kaolinite, carb=carbonates, sm=smectites, 

sp=spinels, Kfp=potassic feldspar, cris=cristobalite, mul-

mullite, geh=gehlenite, dio=diopside, an=anorthite, 

w=wollastonite, g/a=gehlenite-akermanite solution 

* the t(°C) of formation highly varies, not listed here, 

consult specific literature [1], [2] 

 

The distinctive material types, to which FCR 

compositions can be traced back, are: 1 – illite rich 

(>30%), 2 – kaolinitic-illitic (kaolinite < 10%), 3 – illitic-

carbonatic (calcite + dolomite 2-10%), 4 – carbonatic 

with illite and kaolinite, 5 – smectite rich (>3%) illitic, 6 

– smectite rich carbonatic with illite. Chlorites, serpentine 

minerals and other clay associated minerals might also be 

considered, but are of less importance. Amount for 

minerals of interest may be higher as indicated for 

material types in Table 3, which will be recognized from 

exaggerated abundance of chemical elements (e.g. Ca or 

Mg for carbonates) or heating product minerals (e.g. 

diopside > 20%). From the point of view or raw 

composition and thermal transformations, these are 

minerals of interest and their presence shows the type and 

evolution of FCR materials. The temperatures of crystal 

lattice destructions given in Table 3 are approximatively 

given and vary by minor minerals of raw materials, but 

apply for disappearance of major minerals and evolution 

of fired mineralogy. 

In any case we don’t find the fit, most possibly other 

than FCR was encountered. To determine t(°C) of 

transformations we have to search for index minerals, 

characteristic for different temperatures. The thermal 

transformation products listed in Table 3 are such phases. 

These are similar silicates and oxides or spinels to those 

known from ceramic compositions. Crystallization of 

index minerals may be found in many papers, based on 

experimental data, unfortunately with largely scattering 

t(°C) values and without comprehensive reviews. Some 

of our experiments on ball clay and soils have shown that 

calcite may disappear at already 600 °C [3], although 

CaCO3 calcination t(°C) is cca. 900 °C [4]. By using 

index minerals, we are able to determine maximum heat 

effect that a fused clay residue was subjected to, e.g. the 

temperature at which the building burnt when caught fire. 

A major setback of using index minerals is that their t(°C) 

of formation is > 600 °C, at which temperature some 

materials, e.g. rhyolite tuff or dolomitic shale may start 

fusing. In these cases, one has to rely on amorphous 

material interpretation and chemical analysis. Although 

before proceeding to complex evaluation and 

interpretation of XRD data, all the information must be 

extracted by Search/Match mineral identification (Fig. 4.) 

and background or baseline recorded on the pattern must 

be interpreted in comparison with calibration standards 

and reference materials. Only in those cases where solid-

solution type silicates and low crystalline fraction are 

present, one should directly proceed to Rietveld-

refinement and run it parallel to Search/Match procedure. 

These steps can be chosen by assessing the statistics of 

XRD patterns: peak to background ratio, noise and 

background fluctuation. 

In the absence of index minerals, the type and amount 

of amorphous materials must be used to extrapolate 

composition and heat effect. Although the calculation and 

interpretation of amorphous structures is a complex task, 

the data extracted from XRD patterns trough Rietveld-

refinement is suitable to distinguish between several 

types of amorphous materials [5]. 
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Fig 4. Work flow for FCR investigation 

As our results show, high SiO2, silica+high alkaline 

content, hydrated silicate, iron oxide or hydroxide type 

amorphous components may be identified if they are 

dominant. Also, the presence of mixtures with several 

types of the above amorphous materials can be 

recognized. For a detailed quantification and 

interpretation of amounts, compositional and structural 

types, chemical composition must be applied to calculate 

crystalline vs. amorphous chemical balance. 

There are several chemical elements and compounds, 

which by their presence and amount may show the path 

for materials identification. Phosphorus in > 1% (m/m) of 

pentoxide suggests a glass making related residue or 

metal melting with bone as fusing agent. The amount of 

Na2O and K2O vs. metal contents should resolve the 

question. In a similar manner, SiO2+Al2O3 vs. alkaline 

and alkaline earth oxides will indicate, if the residue was 

formed from a regular soil, clay, shale or other already 

technologically modified material. 

IV. FCR TYPES AND ORIGIN 

As a general observation, we can say that cristobalite 

together with porous texture are the main indicators of 

FCR materials. The absence of trydimite suggests that 

cristobalite is formed by thermal reactions from 

decomposing primary minerals, under the influence of 

alkaline and alkaline earth cations [6]. These materials 

mays also form as byproducts of metal, glass or ceramic 

technologies and accidental raw material fusing. If an 

archaeological context does not link them to a 

technology, it becomes problematic to differentiate them 

from FCR of burnt down buildings or accidental fires.  

FCR materials may originate by: 

1. accidental fusing of clay, e.g. near or on a fire place – 

the transition from low to high t(°C) is recognized in 

the field, and also the mineralogy can be correlated 

2. burnt down buldings/structures – the fragments are 

separated from the soil, no transition in observed and 

the mineralogy may not be derived from the adjacent 

soil 

3. remnants of a kiln or other melting technology 

related structure – fragments of products may be 

present and the mineralogy should indicate t(°C) of 

transformations, linked to the technology 

The physical properties, together with mineralogy, 

chemical composition and texture will show if the 

material can be interpreted as one of the above categories, 

or it has to be regarded as an out of context sporadic 

finding. K and Na contents are to be treated carefully 

when relating to glass making residues, since enrichment 

of these elements may be produced by heating from a 

high LOI material (organic rich illitic albite bearing 

shale) 
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Abstract – Colorimetry and accelerated aging tests 
were performed on ceramics prepared using two clays 
from the Bay of Naples (Ischia and Sorrento 
Peninsula). Visible-near infrared spectroscopy was 
applied in order to acquire further information on 
color and composition of ceramics. Different mix 
designs and firing dynamics were adopted in order to 
provide information on the control of aesthetic 
features of ancient building ceramics. 
Color depends on firing temperature and physical-
chemical composition of the raw materials. Low-CaO 
concentration provided a more intense reddish hue at 
high temperatures (over 950 °C). Black core 
developed in high-CaO ceramic samples fired at low 
temperatures, except for those containing high temper 
amounts. 
Salt crystallization test showed that high-CaO 
ceramics are more durable starting from relatively 
low firing temperatures (over 850 °C).  

 I. INTRODUCTION 
Ceramics have been used since ancient times as 

building material for their low cost of production and 
good technological quality. In the Bay of Naples, where 
volcanic stones are mostly used as building materials 
[1,2], bricks and other ceramic products were widespread 
in Roman times and, more recently, also in the historic 
city centers. Productions of bricks and ceramic water 
pipes thrived in the island of Ischia until the early 
twentieth century, while a traditional manufacture of 
refractory bricks is still active today in the Sorrento 
Peninsula [3,4]. 

The aesthetic appeal and warm colors of ceramics are 
important for a pleasant “urban coloring”. A variety of 
chromatic effects can be obtained depending on raw 
materials and firing processes and the typical 

imperfections of ancient and traditional ceramics, such as 
shading and black core, mark the difference with the 
modern and standardized industrial products. 

Another important aspect to be considered is the 
weathering, which can modify both aspect and durability 
of ceramics. Strong degradation is determined by the 
crystallization of soluble salts in the pore system, in 
particular, in marine environments such as the Bay of 
Naples.     

In this study color changes and salt crystallization 
effects will be investigated on ceramics replicas made 
with two raw materials collected in two sites of the Bay 
of Naples: the island of Ischia and the Sorrento Peninsula. 
A traditional production process was simulated in order 
to reproduce the aesthetic and technological features of 
ancient ceramics and to obtain valuable information in 
the case of restoration of historic/archaeological 
buildings. 

 II. MATERIALS AND METHODS 
Ceramic replicas of this study were already 

characterized from mineralogical and petrophysical 
points of view [3]. Test pieces with brick shape (Fig. 1) 
were prepared in the laboratory with a high-CaO marine 
clay from Ischia (hereafter IS) and a low-CaO weathered 
pyroclastics from the Sorrento Peninsula (hereafter SO). 
IS clay was also mixed with increasing amounts (10, 20 
and 30%) of volcanic temper coming from the Campi 
Flegrei area. Firing of samples was performed in 
oxidizing atmosphere in an electric furnace (Nabertherm 
HTCT 08/16) equipped with an electronic controller 
(Nabertherm P330), at the following temperatures (T): 
700, 800, 850, 900, 950, 1000 and 1100 °C. Firing 
duration depended on the time to reach maximum T, 
ranging from about 5 h 40 min (700 °C) to 7 h 40 min 
(1100 °C), in relation to a fixed firing curve: a slow initial 
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heating rate (1.5 °C min−1), followed by a higher heating 
rate (3 °C min−1) starting at 200 °C to the maximum T, 
followed by a soaking time of 90 min and then by a 
cooling. 

Color measurements were carried out with a portable 
Minolta CM700d spectrophotometer. Chromatic 
coordinates (CIE L*a*b*, illuminant C) were determined 
in the wavelength 400-700 nm range with an illuminated 
spot size of 3 mm in diameter (8° view angle, 10° 
observer). Colorimetry stands out among the techniques 
used to determine the physical properties of ceramics, 
because of its non-destructive nature. This technique is 
suitable to quickly acquire colorimetric quantitative data 
on ancient ceramic artifacts [5,6,7,8], avoiding errors 
resulting from subjective evaluation made by using 
comparative chart (Munsell Soil Colour Chart). 

Diffuse visible-near infrared (vis-NIR) reflectance 
spectroscopy, successfully used for the characterization 
of soil compounds (organic carbon, clay minerals, iron 
oxides), was here applied to the study of unfired and fired 
ceramics trying to acquire useful data for the 
characterization of building and archaeological ceramics. 
In archaeometry this technique has commonly been used 
for painting analyses [9,10,11], but on pottery was only 
applied to decoration and glaze [12].  
Vis-NIR reflectance spectroscopy is based on the 
investigation of interactions of light with materials in the 
350-2500 nm spectral range involving vibrational and 
electronic transition in the investigated material [13].  

Vis-NIR was measured in the laboratory using an 
ASD FieldSpec Pro 350-2500 nm spectroradiometer 
(Analytical Spectral Device. Boulder, Colorado, USA) a 
contact probe and a standard white reference plate 
(spectralon). Reflectance spectra (R) were filtered using 
the Savitzky-Golay algorithm, in order to reduce the high 
frequency instrumental noise, then transformed into their 
absorbance spectra (A = log 1/R), from which second 
derivative curves were calculated. The amplitude of the 
main absorption bands identified on the second derivative 

curves was then computed [13]. 
This technique also provides non-destructive quantitative 
measurements of color. From the visible domain (380-
770 nm) of the original reflectance curves X, Y and Z 
tristimulus values were computed according to the 
Commission International de l’Eclairage (CIE, 1931) and 
then converted to Munsell color notations (Hue, Value 
and Chroma). Colorimetric data were also compared with 
those from portable colorimetry in order to evaluate 
similarity or differences between the two techniques. 

Principal component analysis (PCA) was alternatively 
applied to Munsell color notations and absorption bands 
to evaluate relationships among ceramic samples. 

Accelerated aging tests were performed in order to 
measure the damage induced by salt crystallization 
following the UNI EN 12370 method [14]. The damage 
was assessed by means of a visual inspection and by 
measuring mass changes due to crystallization of sodium 
sulphate. This salt accelerates and amplifies the 
deleterious effects of salt crystallization, increasing up to 
about 240 times in volume when hydrated and exerting a 
pressure of 15 MPa (20 °C and 4.43 mol/kg 
concentration) [15]. 

The average weight variation (ΔM/M) of 3 cubic test 
pieces (3 cm side) was measured daily during 15 cycles 
of 24 h, consisting in 4 h immersion in a salt solution 
(14% of Na2SO4 · 10H2O), 16 h of drying (110 °C), and 4 
h cooling. 

 

 III. RESULTS AND DISCUSSION 
 

 A. Analysis of color and reflectance spectroscopy 
The two methods for measuring color coordinates, 

portable colorimetry and vis-NIR reflectance (visible 
domain), provided similar results, the only difference is 
marked by the higher values of a* and b* for portable 
colorimetry (Fig. 2). 

The unfired clay bodies are characterized by dark 
brownish colors, in part due to the presence of organic 
matter that reaches 5.95 wt.% (IS) and 7.59 wt.% (SO) 
[3]. A reddish color (increase of a* and b*) was produced 
by firing in all samples, due to the formation of hematite 
[3]. In SO bricks hematite strongly developed with T 
accounting for a simultaneous increase of the intensity of 
the red hue. On the contrary, a decrease of color 
saturation (a*, b*) was noticed in IS samples starting 
from about 950 °C (Fig. 2). This is due to the fact that in 
high-CaO ceramics hematite formation is hindered by the 
development of newly forming Ca-silicates [5]. As T 
increased, the inverse trend continued (Fig. 2) and, at the 
maximum T, both IS and SO ceramics show darker colors 
(Fig. 1). At this temperature in IS ceramics the amount of 
structural iron in minerals diminishes and hematite can 
further develop [3,16]. Much higher hematite amounts 

Figure 1. Ceramic replicas used in this study. Unfired 
(dry) and fired samples at different temperatures (°C). 
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developed in low-CaO ceramics (SO) due to the absence 
of newly forming Ca-silicates [3] and a strong dark 
reddish hue was produced. 

Darkening is probably related to the developing of the 
glassy phase. This phenomenon can be enhanced by the 
dispersion of submicrometic oxides (e.g., hematite) 
formed at high-T [3,16,17]. 

 
Black core formed in the IS ceramics at the lowest 

temperatures (Fig. 3), gradually fading away as T 
increased (Fig. 4). Probably because firing duration at 
low temperatures did not allow the complete oxidation 
within the ceramic body. 
Actually, a fading of black core was also observed with 
temper increase, being totally absent with the maximum 
temper amount (Fig. 4). In this case, discontinuities at the 

grain/matrix boundary could have allowed oxygen to 
reach the interior of ceramics, also permitting the leakage 
of the reducing gases (CO, CO2) released by the 
combustion of the organic matter and decarbonation. The 
higher porosity of SO ceramics prevented the black core 
formation 

 

 

 
IS IS-A IS-B IS-C 

700 °C         
800 °C         
850 °C         
900 °C         

Figure 4. Colour changes in the core of IS samples from 
700 to 900 °C obtained by portable colorimetry. 

 B. Principal component analysis 
PCA was applied to vis-NIR reflectance data. 

Considering Munsell color notation three groups of 
samples were defined: two groups enclosing all IS 
unfired bricks (C1) and black cores (C2), and a third 
group (C3) enclosing all the other samples (Fig. 5a). The 
ceramic group C1 is separated from the other groups 
along the second axis. A relatively large contribution to 
this axis derives from Value. Group C2 and C3 are 
separated from each other along the first axis, which is 
positively related to Chroma and negatively to Hue. 

A worse grouping of samples was observed with PCA 
applied to the depth absorption bands (Fig. 5b). 
Generally, we distinguished samples fired at T < 800 °C 

Figure 2. Plots of color coordinates of unfired (Dry) and 
fired samples of IS (cores and margins) and SO ceramics. 
Color curves of both Colorimetry and VIS-NIR 
techniques were reported.  

Figure 3. Black core in IS sample with 10% of temper 
fired at 700 °C. 
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(LT) from those at T > 1000 °C (HT) and from the other 
samples (Fig. 5b). Separation of LT samples mainly 
occurs at negative values on F1 and F2 axes, and is likely 
due to the absorption bands related to residual clay phases 
(1400-1900 nm) [18,19]. 

 

 C. Salt crystallization test 
As expected the weakest samples are those fired at 

low temperatures, due to their poorly sintered structure 
[3]. Mass increased in the earlier cycles of the test due to 
the accumulation of salt in the pores. Loss of materials 
begins at the edges (weakest points) starting from the 
3rd/4th cycle affecting only IS samples fired at the lowest 
T (Fig. 6a). At higher temperatures IS samples recorded 
only slight mass variation. On the contrary all SO 
samples registered a gradual mass loss, proportional to 
the firing T up to 950 ºC (Fig. 6b), suffering serious  

 
damage (Fig. 7a, b). At T > 950 °C weight variations and 
damages were negligible also in SO ceramics (Figs. 6b 
and 7c). The different behavior of the two series of  

 
ceramics (IS and SO) is due to the different sintering 
degree reached by these bricks in relation to the 
composition of the raw material [3,20,21]. 
High-CaO ceramics (IS) showed a better response to the 
aging test in a wider temperature range (T > 800 °C) with 
respect to SO samples. 

 IV. CONCLUSIONS 
Analyses of ceramic replicas from the Bay of Naples 

showed that color changes depend on the raw material 
composition, texture, and firing dynamics. Oxidizing 
firing produced red hues, which are particularly intense in 
SO bricks fired at high T, due to the better attitude to 

Figure 6. Mass loss of IS (a) and SO (b) fired ceramics 
during the decay test cycles. 

Figure 7. Test pieces of SO ceramics fired at 700 (a), 
900 (b), and 1100 °C (c) at the end of the salt 
crystallization test. 

Scatter of samples plotted on the plane defined by the 
first two principal components resulting from the 
application of PCA to vis-NIR reflectance data of 
Munsell color notations (a) and absorption bands (b). 
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form hematite of the low-CaO, iron-bearing clays. Black 
core formed in low-fired IS bricks, due to the incomplete 
oxidation within the ceramic body. Increase of temper 
amounts prevented the black core formation, due to 
discontinuities at grain/matrix boundary, which provided 
gas drainage paths during firing [22]. 

Salt crystallization test showed that firing at low 
temperatures caused severe damage to ceramic samples. 
However, the high-CaO composition provided a more 
sintered and resistant body, already starting from 
relatively low T (> 800 °C), while low-CaO bricks 
showed a fair resistance only starting from 950 °C. 
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I. ABSTRACT 

This paper demonstrates that the corner stone for 

chert sourcing in any geographic region is the 

construction of a regional database of geochemical and 

mineralogical signatures of the outcrop chert varieties. 

The database should include most discriminative 

geological, mineralogical, and geochemical signatures  

of all chert varieties sampled in the region that provide 

a  reference for correlation of prehistoric chert 

artifacts in the region with their local geologic sources. 

In Northwestern Alaska, the correlation of  total 252 

analyzed artifacts from 30 prehistoric sites with 

database of 12 chert varieties from nine outcrops 

allowed to assign 51chert  artifacts to four chert 

outcrops (“quarries”) at 97 % confidence.   This 

paper provides examples of tables and graphs of 

mineralogical and geochemical signatures that 

compose the database. One of the maps of distribution 

of cherts from identified Western Brooks prehistoric 

quarry through Northwestern Alaskan prehistoric sites 

is demonstrated. 

 
II.    INTRODUCTION 

Correlation of chert artifacts with their geological 

sources is based on the assumption that a chert artifact and 

its geological source share the same geological history 

(provenance, depositional environment, diagenesis, 

metamorphism) and, thus, have identical geochemical and 

mineralogical signatures some of which can be used as the 

correlation markers to assign an artifact to its geological 

source.   

Two main problems make the correlation of  cherts very 

difficult. On the one hand,  extremely monotonous 

chemical and mineralogical composition (chert is 

composedfup to 99%  SiO2) as well as  monotonous 

crypto- and microcrystalline structure of chert make it 

almost imopossible to discriminate cherts with optical 

mineralogy and petrography except for a very rare 

situation when cherts contain distinctive or exotic mineral 

inclusion markers.   

On the other hand, chert is characterized by highly  

heterogeneous distribution of mineral and fossil 

 

      
 

Fig. 1. Artifacts are pieces of outcrops sharing the    same 

geochemical and minerlogical signature 

 

microinclusions which requires sampling of different parts 

of the same chert layer in the outcrop in order to detect 

mineralogical and geological characteristics of a layer.    

Geochemical characteristics (concentrations of major, 

minor, trace and rare earth elements) within the same chert 

layer, lens, and even within nodules vary so much that it is 

impossible to discriminate chert sources from each other 

and correlate artifacts with outcrops by a direct 

comparison of their bulk trace element compositions.  In 

order to obtain geochemical characteristics for each chert 

outcrop variety, set of at least 15 samples from each 

variety is required to statistically calculate the ranges of 

variability (1, 2) of each geochemical signature within 

each chert outcrop variety.  Then these ranges can be used 

for comparison and discrimination of chert outcrops, as 

well as for the correlation them with chert artifacts. 

Petrological, mineralogic and geochemical signatures 

comprise the regional database for geological chert  

sources.  The success of chert sourcing in a particular 

region depends on whether or not the geochemical, 

mineralogical, and petrographic signatures separate 

outcrop chert varieties from each other. Selection of 

proper geochemical and geological signatures is crucial. 
The regional database of prehistoric chert artifacts  

represents geochemical, mineralogical and petrpgraphic 

signatures of single pieces of cherts separated from their 

geological sources. To be correlated with its geological 

source, each chert artifact  has to be compared signature 
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by signature with each geological chert variety from the 

regional database. Comparison of a chert artifact with the 

regional database of geological chert sources can either 

assign the artifact to a certain geological sorce or exclude 

its origin from outcrops represented in the database.   

Correlation of artifacts from regional archaeological 

sites with their geological sources allows to construct 

maps of the distribution cherts from specific geological 

sources (prehistoric quarries) among the prehistoric sites 

of a region. It also allows to deliniate possible connections 

between prehistoric groups within different archaeological 

cultures that used the same  geological sources of cherts.  

Construction of regional databases (both geological 

sources and chert artifacts) for adjacent regions provides a 

great opportunity for deciphiring the prehistoric human 

network on the large territory. 

 

III. CONSTRUCTION OF GEOLOGICAL-

GEOCHEMIOCAL DATABASE IN NW ALASKA 

 
The western Brooks Range was selected as a possible  

prehistoric mining area in Northwestern Alaska. This area 

is underlain with chert-rich deposits of Mississippian- 

Pennsylvanian (Lisburne Group of Formations) to Jurassic 

(Etivluk Group of Formations) age. Numerous prehistoric 

chert chipping  sites are  available  in the area. Some of 

them are located at chert outcrops or in close proximity 

suggesting that the region was a possible prehistoric 

mining area (1, 2).   

 

 
Fig. 2. Study area. 257 chert artifacts of different color 

from 57 prehistoric sites (yellow circles) were compared 

with 12 chert varieties from nine chert outcrops. 

 

Association of chert chipping stations with geological 

sources provided a unique opportunity for testing the  

method of geological-geochemical correlation. 

The regional database of chert outcrop varieties was 

constructed in the process of chert sourcing in 

Northwestern Alaska. Obtaining geochemical and 

mineralogical signatures for the database of regional chert 

sources required a geological survay of tool-quality chert 

outcrops, their thorough  field study,  appropriate field and 

laboratory sampling of each variety of chert from each 

outcrop, and highly sensitive and accurate analytical 

techniques and statistical analysis.  

A regional study of chert deposits in the western Brooks 

Range utilized geological reports and maps to select areas 

where chert outcrops of different geological age and 

colors were abundant.  

The field study included a detailed study of outcrops 

with “tool quality” cherts, possible prehistoric “quarries”,  

and their proper sampling: at least 15 samples  from 

different parts of layers of each chert variety were 

collected for determining the statistical range of variation 

of each geochemical signature within the variety.  

Laboratory study included hand specimen study, optical 

microscopy, instrumental neutron activation analysis 

(INAA), electron microprobe analysis (EPMA), 

inductively-coupled plasma mass-spectrometry and X-ray 

diffraction analysis.  

The processing of the data utilized math and graphic 

computer programs to obtain ranges of variation of each 

geochemical signature in each chert source at three (1, 

2, and 3 standard deviations from the mean. 

 

Regional geological-geochemical database for 

prehistoric chert sourcing in Northwestern Alaska consists 

of (1, 2) : 

1. Geographic coordinates, geologic age of  chert 

outcrops that contain layers, lenses and nodules of 

tool-quolity chert (meaning that they were possible 

sources for prehistoric tools) and their geological 

description (thickness of layers, size of lenses and 

nodules, color/s and texture of chert).    

2. Petrographic data of each variety in outcrops (color, 

texture and fossil inclusions). 

3.  Table of mineralogical micro-inclusions (Table 1). 

4. Tables of INAA raw data of Major, Minor,Trace 

Elements and Rare Earth (REE) elements for each 

sample in chert variety sampled (total 12 varieties in 

9 outcrops (Table 2) in ppm.  

5.  Tables of REE concentrations and REE ratios. 

6. Tables of ranges of variability of each chemical 

element in each outcrop at one standard deviation 

from the mean (Table 3). 

7. Tables of elemental ratios identified as most 

discriminative geochemical signatures.      

8.   A series of error bar-diagrams that provide graphs 

showing variability of each geochemical signature at 

one standard deviation within each chert source 

(Fig.3, 6, 8). 

9. A series of bivariate diagrams based on the 

combination of the most discriminative signatures 

that separate chert varieties. The bivariate diagrams 

provide geochemical fields at one, two and three 

deviations (Fig. 4, 5, 7, 9). 

 

IV.   SELECTION OF GEOCHEMICAL 

SIGNATURES 

Three main groups of geochemical signatures were 

determined as most useful for discrimination of chert  
sources from each other and their correlation with chert 

artifacts in the western Brooks Range, Alaska: 
1) Rare earth elements which, thanks to their immobility, 
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do not change their concentrations after the chert 

formation and provide the most reliable geochemical 

signatures (Cen/Cen*, Lan/Cen, Eun/Smn, Eun/Eu*n) that 

reflect the REE geochemistry at the moment of formation 

of chert layer/ nodules. Cen/Ce*n and Lan/Cen in chert 

layer reflect the chemistry of the depositional basin at the 

moment of chert deposition, wheares Eun/Smn and 

Eun/Eu*n are indicators of provenance of deposits in the 

basin of chert deposition. These signatures in cherts  reflet 

the chert chemistry at the moment of its deposition and 

allow to distinguish cherts from different depositional 

environments.  The REEs provide geochemical signatures 

that are most reliable for separating cherts originated from 

different depositional basins and thus belonged to 

different stratigraphic formations, or group of formations. 

It makes the REE signatures most reliable for correlation 

between artifacts and outcrops. Identical REE signatures 

indicate their identical depositional conditions specific for 

  

Table 1. Mineralogical composition and diagenetic 

patterns of 12 chert varieties from Lisburne and Etivluk 

Groups of geological Formations, western Brooks Range, 

Alaska. The size of the symbols is proportional to the 

abundance of minerals. 

 
 

 

Table 2. INAA data for REE concentrations (ppm) in two 

of 12 chert varieties (15 samples each) in geochemical 

part of the regional database for the western Brooks 

Range, Alaska (1, 2). 

 

a particular geologic unit.   

 Cen/Cen* values in cherts provide a powerful tool for 

chert sourcing as Cen/Cen* < 0.8 (the so-called negative 

Ce-anomalies) indicate the open ocean depositional 

environment  whereas Cen/Cen* > 0.8 (positive Ce-

anomalies) - continental margin (3). The significant 

difference in Cen/Cen* values between artifact and outcrop 

overrides all other geochemical and mineralogical 

similarities as it strongly infers that anartifact chert and 

outcrop chert were deposited in different environments 

and cannot be correlated.environments and cannot be 

correlated.  

 In the western Brooks Range, negative Ce-anomalies in 

black chert artifacts permite to reliably assign them to the 

black cherts outcrops of the Lisburne Group of 

Mississippian-Pensilvanian geological periods that  are 

characterized with negative Ce-anomalies that indicate 

their open ocean deposition. 

 

Table 3. The ranges (intervals) of varieability of major 

elements in 12 chert varieties of western Brooks Range, 

Alaska (1, 2).  

 

     

Fig.3. A series of error bar-diagrams that provide a 

graphical variability of each geochemical signature at 

one standard deviation within each chert source (1, 2).  
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Fig 4. Bivariate diagrams separating Lisburne Group 

chert outcrops at 3 from the mean (1, 2). 

 

Black artifacts with positive  Ce- anomalies  are not of 

the open ocean origin and cannot be assigned to the 

Lisburne outcrops (3) 

The difference in Eun/Smn and   Eun/Eu*n values 

between artifact and outcrop indicates different 

provenance (volcanoclastic) and thus different geological 

sites. 

2) Geochemical signatures based on major, minor and 

trace elemental concentrations and/or their ratios such as 

Th, Cs, Sr, Ba/La, La/Yt, Th/Sc, Rb/Sr, reflect local 

geochemistry specific for lithofacies since they are mobile 

during the post-depositional processes in chert such as 

diagenesis and metamorphism.  The mobile elements are 

useful for the distinguishing of cherts that belong to the 

same geological Formation but went through different 

post-depositional processes. These element signatures can 

vary within the same lithofacies of geological formation 

from region to region depending on local post-

depositional processes. The set of them can be specific for 

each variety.  

3) Ranges of variability of Ba/Fe and Ba/Al 

geochemical signatures can be used to geochemically 

separate cherts with oxydizing conditions from those with 

reducing conditions during the late stage of diagenesis.  

Correlation of Ba/Al and Ba/Fe values with mineralogical 

signatures (Fig.5) revealed that varieties with Ba/Al > 

0.20 and Ba/Al > 0.73 are characteristic for barite-, 

hematite- and magnetite-bearing cherts which indicates 

the oxydizing conditions during their diagenesis, while 

Ba/Al < 0.10 and Ba/Fe < 0.20 are correlated with pyrite-

bearing chert varieties which indicates the reducing  

conditions during the late stage of their diagenesis. 

However, in cases when artifact values of Ba/Al fall 

between 0.1 and 0.20 and Ba/Fe fall between 0.20 and 

.073, only mineralogy (determined by EMPA) can assign 

to pyrite-bearing or birite-bearing chert source (1, 2). 

 
Fig. 5.  Mean concentrations of Cen/Cen* and Ba/Fe in 

Lisburne and Etivluk cherts in the western Brooks Range 

plotted on bivariate diagram illustrate separation of chert 

sources by Ba/Fe signatures intothose with oxydizing (red 

circles) conditions during the deigenesis and reducing 

(black squares and and blue romb) ones. Cen/Cen*values 

distinguish two groupsof cherts: of open ocean and 

continental margin origine (1,2).        

V. SELECTION OF A STATISTICAL TECHNIQUE 

FOR CONSTRUCTION OF DATABASE TABLES OF 

INTERVALS OF VARIABILITY AND FOR ARTIFACT-

OUTCROP CORRELATION 

Chert artifacts found in archaeological sites present a 

mixture of cherts that might have been mined in 

geochemically different chert sources and thus are not 

expected to form a multivariate normal distribution. The 

combining of both outcrop samples and artifacts into one 

statistical population for multivariate discriminant and 

principal component analysis is not justified by the 

geological nature of statistical population of outcrop 

samples and might lead to misinterpretations.   

 The simple descriptive statistics method was selected as 

it seems to be the most appropriate to chert sourcing.  

 

 

FIG. 6. Intervals of variability of Lan/Cen in KE-12 chert 

outcrop, western Brooks Range, at three, two and one 

standard deviations from the mean.  

The set of at least 15 samples from each geological 

chert source reflects the variability within the chert source 

with normal (Gaussian) distribution and can be shown 

graphically by confidence intervals (4, 5) or interval of 
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variability  (1, 2) obtained by three, two and one standard 

deviation from the mean for each geochemical signature 

(Fig. 6).   

 
Fig. 7. Bivariate diagram Cs/mn combines two intervals 

of geochemical signature variabilities that turn into 

geochemical fields at one, two and three standard 

deviations from the mean 

 

  
 

Fug. 8.  Correlation of black chert artifacts (solid 

circles) with Wrench Creek Quarry interval of variability 

(shaded).  

 

 
Fig.9. Comparison of black artifacts in the western 

Brooks Range with geochemical fields of four black chert 

sources in the western Brooks Range. 

 

 On bivariate diagrams which combine two geochemical 

signatures, intervals of variabilities of geochemical 

signature turn into geochemical fields (Fig. 7). 

 The graphical diagrams, both error bars and bivariate 

graphs showing the intervals of variability of geochemical 

signature in the chert sources, are the most important part 

of a regional geological - geochemical database for 

artifact-outcrops correlation. They provide reference 

intervals for comparison of each artifact signature by 

signature with each outcrop using graphic computer 

programs. Plotting artifacts geochemical signature values 

on  outcrop diagrams shows which of artifacts consistently 

falls in all signature geochemical interval (Figs. 8) or 

geochemical fields (Fig. 9) constructed for a particular 

outcrop at three (1, 2, and 3 standard deviations from 

the mean. 

VI. RESULTS OF CHERT SOURCING IN 

NORTHWESTERN ALASKA 

 Construction and use of Regional database of 12 

geological chert sources and 252 prehistoric chert artifacts 

from 30 prehistoric sites allowed to reliably identify four 

prehistoric chert quarries and correlate 51 of 252 

prehistoric artifacts from the database (20%)  with  their 

local sources.  

 

       
 

Fig. 10. Four chert outcrops in the western Brooks Range 

that were identified as prehistoric quarries. 

  

 A series of maps of distribution of cherts from each 

western Brooks Range quarry through Northwestern 

Alaska were constructed.  

 

 
 

Fig 11. Distribution of cherts from Wrench Creek quarry 

among the prehistoric sites in Northwestern Alaska.  
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 VII. CONCLUSIONS AND DISCUSSION 

 

1. The regional geological - geochemical database is the 

corner stone in prehistoric chert artifact sourcing.  Such 

database consists of two parts: a) database of geological, 

mineralogical and geochemical signatures of chert 

outcrops and b) database of identical signatures of chert 

artifacts.  

 

2. Selection of discriminative and reliable signatures is a 

challenge.  Mineralogy and geochemistry of a depositional 

environment (its open ocean or continental margin 

setting), as well as mineralogical and geochemical 

markers of redox conditions during chert diagenesis have 

to be recognized for the proper selection of signatures.   

 

3. Mineralogical and geochemical discrimination of 

outcrops from each other is a crucial point in the chert 

provenance. Chert sourcing in the western Brooks Range 

demonstrated that in spite of the skepticism of most 

geologists regarding the possibility of reliable chert 

outcrop separation, the proper sampling, using of proper 

analytical techniques and statistics, as well as the accurate 

selection of geochemical and mineralogical signatures 

allow to separate cherts from different stratigraphic 

groups, formations and units within the same formations. 

In some cases, it is possible to distinguish cherts from 

different layers within individual outcrops. 

 

4. Most reliable geochemical signatures for chert sourcing 

are the ranges of variability of Light REE ratios - 

Cen/Ce*n, Eun/Eu*n, and Lan/Cen. Their values are 

associated with specific environmental conditions during 

chert deposition and provide the opportunity to avoid 

misinterpretations in chert correlation. For example, 99% 

similarity between artifact and outcrop obtained by 

statistics applied to bulk chemistry of chert samples has to 

be ignored if the Cen/Ce*n values in those cherts indicate 

the difference in their depositional environments.  

 Light REE signatures should be included into any 

regional geochemical database.  
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Abstract – In this contribution, we propose some 

preliminary results regarding the reconfiguration of 

the integration time of the harmonic tones of a 

stepped frequency GPR system in a programmable 

way. This is aimed to reject narrow band interferences 

on the received signal in an efficient way. Preliminary 

experimental results will be shown, proving that the 

set algorithm is able to identify and somehow quantify 

the level of the present interferences, if any. 

 

Key words – Stepped Frequency Ground Penetrating 

Radar, Reconfigurable System. 

 

 I. INTRODUCTION 

Ground Penetrating Radar (GPR) is a tool of interest 

for many applicative fields, continuously increasing. In 

particular, it is increasingly exploited in urban 

environments for subservice monitoring [1], urban 
archaeology and monument monitoring [2-3], leaky pipes 

identification [4] and so on. In particular, it can happen 

(especially in urban environments, but not only) that 

some electromagnetic communication device (as e.g. FM 

radio transmissions, mobile phone stations, radio amateur 

bands, transceiver devices and so on) transmits on a band 

that overlaps to that of the GPR system at hand, thus 

resulting in an interference signal perceivable in the GPR 

signal [5]. 

In order to mitigate the effects of these interferences, 

the strategy most often adopted is to perform a suitable 
filtering of the data, established by the human operator 

after visualizing the spectrum of the data during the post 

processing phase. This is also, as a matter of fact, the 

unique strategy that can pursued if we make use of a 

pulsed system. However, if we have at disposal a stepped 

frequency GPR system [6-7], it is sometime possible to 

prolong the integration time of all the harmonic tones in 

order to make the signal to interference ratio higher, 

radiating more signal energy (but not more signal power) 

at all the frequencies. On the other hand, this means to 

prolong, possibly meaningfully or even critically, the 

overall needed time for the measure in each observation 
point.  

In the framework of the AITECH project 

(http://www.aitechnet.com/ibam.html), a reconfigurable 

stepped frequency system has been implemented [8-9], 

that allows to prolong selectively the integration time of 
the tones, frequency by frequency. This opened the 

possibility to avoid the excessive redundancy of a “blind” 

equal extension of all the tones but, on the other hand, it 

also poses the problem of identifying, in the field, the 

most disturbed frequencies and set an algorithm that 

decides the prolongation of the integration times needed 

(if needed) tone by tone. We have found an algorithm that 

have given us satisfying results in this sense. In this paper 

we explain the algorithm for the reconfiguration of the 

integration times (that has been implemented through a 

MATLAB code), and show a preliminary result achieved 
indoor at the Institute for Archaeological and 

Monumental Heritage IBAM-CNR. 

The results presented here are not meaningful from an 

applicative point of view, but are aimed to show that the 

system and the algorithm are able to identify and 

characterize the entity of the disturbances, if any, vs. the 

frequency, and the system is able to counteract them. 

The paper is organized as follows: in section II, the 

system is shown, in section III the algorithm for the 

reconfiguration of the integration times is delivered. In 

section IV some experimental results are shown with 

regard to the reconfiguration. Conclusions follow. 

 II. THE RECONFIGURABLE SYSTEM 

The reconfigurable system is shown in Fig. 1. It has 
been implemented by the Institute for Archaeological and 

Monumental Heritage together with the University of 

Florence and the IDS corporation.  
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Fig. 1. The prototypal reconfigurable stepped frequency 

system. 

 

The system is equipped with three couples of 

equivalent antennas, constitutes geometrically of a unique 

couple of physical antennas that however can be made 

longer or shorter in an electronic way by switching on 

and of some PIN diodes inserted on the arms. In 

particular, as depicted in Fig. 2, there are two series of 
switches along the arms which can made the arm “long” 

(if both the internal and the external switches are on), 

“medium” (if the internal switches are on the external 

ones are off) and “short” is all the switches are off. Of 

course, the switches of the transmitting and of the 

receiving antenna are synchronized with each other, so 

that they are kept of equal length over the measurement 

time.  

 

“short”

“medium”

“long antenna”

“internal switches”  

“external switches”  
 

Fig. 2. Diagram of a reconfigurable antenna. 

 

For any going through, the system is able to gather data 

with all the equivalent antennas, or optionally with two 

out of three or only one. The band that can we swept 

ranges from 50 to 1000 MHz, and the central frequency 
of the “long”, “medium” and “short” antennas are of the 

order of 130, 250 and 500 MHz, with some minor 

variation in dependence of the external conditions. The 

frequency step is optionally equal to 2.5 or 5 MHz. The 

availability of three equivalent antennas is a unique 

feature of this system. Commercial systems works on two 

bands at most, and in this case are based on two 

physically different antennas. In our case, the antennas 

are coincident, which makes the size of the equipment 

more compact at a parity of band. Moreover, the gap of 

the antennas are in the same positions, which makes more 

similar the length of the optical path with respect to the 

case of separated couples of antennas. The usefulness of 

having more bands at disposal resides in the fact that, in 

many cases, it is not obvious a-priori what is the “best” 

band for the case at hand, because we might not known 

the depth of the expected targets, or their size, or the 
electromagnetic properties of the soil at hand (in 

particular its conductive losses). 

 

 III. THE ALGORITHM FOR THE 
RECONFIGURATION OF THE INTEGRATION 

TIMES 

 

The proposed algorithm is based on the estimation of 

the variance of the samples of the in-phase and in-

quadrature components at each frequency within a trace, 

considering all the traces of a preliminary calibration 

Bscan. In particular, considering the generic kth frequency 

within the generic hth trace of a Bscan, we have that any 
stepped frequency system customarily gathers N in-phase 

and N in-quadrature component of the received harmonic. 

Each sample is achieved from an heterodyne 

demodulation. Then, the “comprehensive” in-phase and 

in-quadrature component, for the current frequency 

within the current trace, is provided by the algebraic 

average value of the in-phase and in-quadrature samples, 

respectively. Beyond the average value, in this paper we 

also take into consideration the variance of these N 

samples, defined as: 
2
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Where E stands for the algebraic average value, which 
is an estimator of the statistical average of the random 

quantity given by the received signal at each frequency. 

In particular, at each frequency, in an ideal world we 

should record N times the same value of in-phase and in-

quadrature components, but things run in a different way 

when an interference is active at the current frequency. In 

fact, in this case the GPR receives a quite variable 

amplitude and phase for sample to sample within any the 

tone at hand, which makes the sample assume a more 

spread range of values about the average value, which 

amounts in an increased variance. Said that, it seems 

quite natural to evaluate the comprehensive variance at 
each tone and at each trace as a combination of the 

variance of the I and Q components. So, “loosely” we 

assume 

2

2

,;

2

,;2

,
hkhk

hk

tfQtfI

tf







   (2) 

  

518



At this point, conservatively, we retain the maximum of 

the quantity in eq. 2 all over the traces as an index of 

disturbance vs. the frequency all over the calibration 

Bscan, i.s. we assume: 
2 2

,
max ( )

f h f tk k h
      (3) 

At this point, a visualization of 2

fk
 vs. 

k
f  allows to 

decide whether a reconfiguration of the integration time 

of each tone is needed or not in the case at hand. If we 

estimate that a reconfiguration is needed or well advised, 

then we can set an integer number M>1, that quantifies 

the maximum “degree” of reconfiguration needed in the 
case at hand. At this point, the reconfiguration code 

calculates a factor of enlargement for each integration 

time according to the low: 
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fk

k

k fk

W Ceil M




 
 
 
 

   (4) 

In eq. 4, 
kW indicates the factor of enlargement for the 

kth tone, which indicates how many times the 

reconfigured integration time for the kth harmonic tone is 

longer than the default integration time. The function Ceil 

indicates the minimum integer not smaller than the 

argument: it guarantees that the factor of enlargement is 

an integer number (which is needed for technical reasons) 

and is never smaller than 1, i.e. the reconfigured 

integration time cannot be smaller than the default 

integration time. In particular, the default integration time 

is extended times a factor equal to Ceil(M) for the most 
disturbed tone, as far as this quantity is not greater than 

10, and the other tones are about proportionally less 

enlarged unless they become smaller than 1. In the end, 

according to eq. 4, the kth harmonic tones will be 

prolonged an entire number of times, with this entire 

quantity ranging from 1 to 10 at most in dependence of 

the chosen M. This algorithm is linked to the fact that the 

hardware of the system does not allow to implement an 

enlargement factor 10
k

W  . 

 IV. EXPERIMENTAL DATA 

A test has been performed in the Institute for 

Archaeological and Monumental Heritage in Lecce 
(Italy). The calculation of the variance is shown in Fig. 3. 

Fig. 3 contains three graphs, one for the long antenna, 

corresponding to the low frequency (LB), one for the 

medium frequency (MB), and one for the short antenna at 

high frequency (HB). The variance reaches a maximum 

level of the order of 108. On the basis of some previous 

experiences, we know that such a results indicates a 

scarce level on interferences. In particular, we have seen 

some perceivable effect on the Bscan only when the level 

of the graphed variance is of the order of 1010 or more. 

However, we record this maximum interference in a band 
about 100 MHz,. In our experience, this happens in most 

cases, both because there are the FM radio broadcast 

transmission modulated in that band and because the 

shielding of the antennas become less efficient at low 

frequency. In order to show the effectiveness of the code, 

lacking other instruments at the moment, we have put two 

mobile phones (one of which calling the other) side by 

side close to the path to be gone through by the GPR, and 

then we have repeated the measure, achieving the result 

shown in Fig. 4. As can be seen in Fig. 4, a peak around 
850 MHz, small but well visible, is identified too. This 

means that the instrument is able to perceive the presence 

of this new source of interference. 
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Fig. 3. Variances of the tones vs. the frequency. 

 

 

0 200 400 600 800 1000
0

2

4

6

8

10

12

14
x 10

7

Frequency [MHz]

M
e
a
n
 o

f 
A

m
p
lit

u
d
e
 V

a
ri
a
n
c
e
 [

a
u
]

LB-MB-HB Antenna - Samples Variance per Tone

 

 

LB Antenna

MB Antenna

HB Antenna

780 800 820 840 860 880 900

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

x 10
7

Frequency [MHz]

M
e

a
n

 o
f 
A

m
p

lit
u

d
e

 V
a

ri
a

n
c
e

 [
a

u
]

LB-MB-HB Antenna - Samples Variance per Tone

 

 

LB Antenna

MB Antenna

HB Antenna

a

b

 
Fig. 4. Variances of the tones vs. the frequency with the 

effect of two mobile phones calling each other (a); zoom 

of the effects of the mobile phone interferences (b). 

 

In order to present more completely the algorithm, we 

have then chosen M=5 for LB antennas, M=2 for the MB 

antennas and M=3 for the HB antennas. This produced 
the factor of enlargement vs. the frequency represented in 

Fig. 5 (which is another automatic output of the code). As 

can be seen, the most disturbed tone is prolonged times a 

factor M chosen for each sub-band antennas, whereas the 

integration times of the other tones are left to their 

original default value. In particular, as can be seen the 

integration time relative to the frequency disturbed by the 

mobile phones, has been prolonged of two times its the 
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default value. 
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Fig. 5.  Enlargement factors for each tone. 

 V. CONCLUSIONS 

In this contribution, an algorithm for the identification 

of the interferences on GPR signal in the field has been 

shown. In combination with a stepped frequency 

reconfigurable system, this allows an efficient way to 

reject narrow band interferences. Indeed, the algorithm 

based on the variances of the tones come after some 

attempt of reconfigure the integration times on the basis 

of the spectra of the traces. However, the spectra of the 

traces can lead to tricky results, because the disturbed 
frequencies do not correspond to the maximum values of 

the spectrum. The derivative of the amplitude spectrum of 

the trace is already a better index in order to identify the 

disturbed frequencies, but the entity of the disturbance 

might be misevaluated in this way, because a narrower 

ban interference might make this derivative increase just 

because its narrowness rather than because of its 

intensity. The variance of the I and Q samples is 

somehow a parameter coming “before” the represented 

trace, and does the trick much better. At any rate, the 

work is in progress and further results will be shown at 
the conference.  
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Abstract - Ongoing and extensive urbanization may threaten 

important archaeological structures that are still buried in the 
urban areas. Ground Penetrating Radar method is the most 
promising alternative for resolving buried archaeological 
structures in urban territories. In this paper a case study that 
involves a geophysical survey employing the surface three-
dimensional (3D) GPR techniques, in order to archaeologically 
characterize the investigated areas. The last ones are located in 
the south-western sector of the historical centre of Lecce (Apulia, 
Italy), where the modern city overlaps the main public 
monuments of the Roman municipium of Lupiae, only partially 
preserved or excavated: the amphitheatre, the theatre, the baths 
and maybe also the Forum. GPR measurements, integrated with 
the results of archaeological excavations and the topographical 
surveys of the preserved remains, were carried out in several 
areas regarding sectors of the ancient roman city. The GPR data 
were collected along a dense network of parallel profiles. The 
GPR sections were processed applying specific filters to the data 
in order to enhance their information content. The GPR images 
significantly contributed in reconstructing the complex subsurface 
properties in these modern urban areas. Strong GPR reflections 
anomalies were correlated with possible ancient structures and 
they were integrated in the digital archaeological map of the city. 

Keywords - urban archaeology, GPR, archaeological maps, webGIS, 

Roman monuments 

I.  INTRODUCTION 

The site of the historical centre of Lecce was inhabited at least 

from the Iron age (9th-8th century BC). During the Messapian 

age it was an important settlement that in the 4th century BC 

was defended by a massive circuit of walls [1,2]. In the 3rd 

century BC Lecce was conquered by Romans and after the 

Social war the city, named Lupiae, became a municipium 

ascribed to the Camilia tribe [3,4]. During the Late Republic 

age and the Early Imperial times the settlement was 

reorganized and the easternmost sector, previously occupied 

by a Messapian necropolis, was monumentalized by the 

construction of the main public building, such as the 

amphitheatre, the theatre, the baths, located a short distance 

from each other [5,6,7].  

Only sectors of the first two monuments are nowadays visible 

(Figure 1), partly brought to light by the demolition of some 

buildings in the first decades of 20th century, a period of 

important urban transformations of the modern city.  

The Amphitheatre, located in the southern sector of St. Oronzo 

Square, was discovered in 1900, after the demolition of the so-

called Isola del Governatore (the block including the Palace of 

Governor) and is now visible in the western sector. It was built 

in Augustan age and restored in the 2nd century AD [8]. 

Originally it measured about 102 x 85 m, and was in part 

obtained by digging the bedrock and partly rests on sturdy 

arches in opus reticulatum. The cavea was divided in three 

floors and could accommodate up to 14,000 spectators. The 

elliptical shape arena (about 53 x 35 m) is nowadays about 8 

m deep from the current level of St. Oronzo Square. 

 

Figure 1. The unearthed sectors of the amphitheatre (A-B) and the theatre (C-
D) of the Roman Lupiae (Lecce). 

The Theatre, built in Augustan age, was brought to light 

starting from 1929 [9]. Archaeological investigations have 

identified orchestra (diameter of about 13 m), pulpitum (m 6 x 

31) and ima cavea (partly dug into the bedrock), which was 

divided by five radial staircases into six wedge-shapes (cunei) 

and also architectural and decorative elements of the stage 

building including two marble statues of Ares and Artemis. 

Only a few parts carved out of the bedrock are visible today: 

the lower part of cavea reserved for spectators, the 
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semicircular orchestra and the stage (pulpitum). The cavea 

had seating for 6000 spectators. 

The Roman baths are attested by archaeological remains 

(foundations of calidarium and tepidarium and marble plates 

which covered the walls) investigated between 2007 and 2008 

in St. Chiara Square by the University of Salento. Nowadays 

they are not visible because completely earth re-covered after 

excavations. These public baths, dating back to the Augustan 

age, were situated near the amphitheatre, south-east of St. 

Oronzo Square, and should also extend to the west, where 

there is now the seventh-century St. Chiara Church, and in the 

north, where there is the early twentieth-century Banca d’Italia 

Palace. The baths probably occupied a total a large area 

estimated around 350 square meters. In Late Roman age (4th-

6th century AD) the baths were demolished. 

Recently other interesting Roman remains have been 

identified by the University of Salento just south of the 

theatre, in the area today occupied by the fifteenth-century 

Vernazza Palace and Castromediano Palace. In fact, in this 

area the remains of a sanctuary dedicated to the oriental 

goddess Isis, dated to the Augustan age, were discovered [10]. 

Moreover, more to the north, in Epulione Square, the remains 

of a road and a metallurgical workshop for the manufacture of 

iron, dating back to the middle Imperial age (2nd-3rd century 

AD), were brought to light [11]. 

Lastly, according to tradition and topographic observations, 

the forum of Lupiae may have been in the area of Duomo 

square, where archaeological remains of the Messapian age 

and Roman times were discovered in 1992 [12-13]. 

 

Figure 2. The investigated areas: 1, amphitheatre; 2, baths; 3, theatre; 4, 
sanctuary of Isis; 5, forum (?). 

This work paper explains the results and interpretation of GPR 
prospecting carried out in 2013 and 2014 over spaces 
surrounding these main public roman monuments, with 
considerable archaeological potential, but obliterate by 
modern roads, squares and buildings. The investigations were 
aimed at the acquisitions of new data regarding their layouts 
and surroundings, engaging the problems of a research 
conducted in areas with a long continuity of life that arrive 
until today. The GPR measurements were integrated to the 

research performed in the last two years aimed at the 
production of the archaeological map of Lecce. 

II. GPR DATA ACQUISITION AND ANALYSIS 

The GPR survey was performed, with IDS Hi Mod georadar 

system, along parallel profiles at 0.5 m spacing using a dual 

band 200-600 MHz centre frequency antennae. A map of GPR 

profiles is shown in Figure 2 as yellow areas. The following 

acquisition parameters were selected: samples per scan, 512; 

recording time window, 80 ns for 600MHz antenna and 160 ns 

for 200MHz antenna; gain function, manual. The quality of 

the raw data did not require advanced processing techniques. 

However, an easier interpretation using the GPR-Slice 

software (www.gpr-survey.com/). The following data 

processing has been performed: (i) amplitude normalization, 

consisting of the declipping of saturated (and thus clipped) 

traces by means of a polynomial interpolation procedure; (ii) 

background removal, whereby the filter is a simple arithmetic 

process that sums all the amplitudes of reflections that were 

recorded at the same time along a profile and divides by the 

number of traces summed the resulting composite digital 

wave, which is an average of all background noise, is then 

subtracted from the data set; (iii) Kirchhoff two-dimensional 

velocity migration [14],which is a time migration of a two-

dimensional profile on the basis of a two-dimensional velocity 

distribution is performed. The goal of the migration is to trace 

back the reflection and diffraction energy to their ‘source’. A 

close examination of the data showed the presence of the 

numerous reflection hyperbolae from a point source. This 

allows us to estimate the EM wave velocity propagation [14, 

15] ranging from 0.07 m/ns to 0.09 m/ns in the surveyed areas. 

The arrangement of the profiles in a grid has allowed us to 

correlate, spatially, the important reflections within two-

dimensional reflection profiles (standard radar sections). A 

way to obtain visually useful maps for understanding the plan 

distribution of reflection amplitudes within specific time 

intervals is the creation of horizontal time slices. Time slices 

examine only reflection amplitude changes (or energy changes 

if the square value is used instead of the absolute value) within 

specific time intervals, and thus within consecutive soil layers 

of nearly constant thickness. Each time slice is, therefore, 

roughly comparable to a standard archaeological excavation 

level [14, 16]. Areas of low reflection amplitude (or energy) 

indicate uniform matrix materials or quite homogeneous soils, 

whereas those of high amplitude denote zones of high die-

electrical subsurface properties contrast, such as buried 

archaeological features, voids or important stratigraphical 

changes. In the present work the time slice technique has been 

used to display the energy variations within the 5 ns time 

window. The time slices acquired by 200 and 600 MHz 

antennas were georeferenced in the digital archaeological map 

of Lecce and managed in a GIS platform.  

 

  

522



1st International Conference on 

Metrology for Archaeology 
Benevento, Italy, October 22-23, 2015 

 

III. ARCHAEOLOGICAL INTERPRETATION OF GPR DATA 

The GPR investigations regarded three main areas included in 

the south-eastern sector of the ancient city, where the main 

monumental complexes of the Roman Lupiae lied: a) the area 

where in recent years the thermal baths were unearthed, 

immediately to the south of the amphitheatre; b) the area of 

the theatre, immediately to the north and to the south of the 

building; c) the area where traditionally the forum is located, 

the current Duomo Square. In all the areas (in particular the 

first two), the investigations were much disturbed by modern 

underground services (gas pipes, water mains, sewers, ect.), 

which produce many high-amplitude anomalies that in 

numerous cases conceal or make less visible other anomalies 

probably related to the presence of ancient structures.  

 

Figure 3. Area of St. Chiara Square: GPR time slices (60-80 cm depth; 
600MHz antenna) georeferenced in the archaeological map of Lecce. 

 

Figure 4. Area of St. Chiara Square: on the left, a cadastral map drawn before 
1900 where the demolished or transformed buildings are highlighted in red; 

on the right, the same buildings and the amphitheatre (in pink) are overlapped 
on the present aerophotogrammetric map (in grey). 

The first area includes St. Chiara Square, where recent 

archaeological excavations have discovered the remains of the 

thermal baths built in the 1st century BC, and the nearby G. 

Verdi Road and Acaya Road, both directed towards the 

amphitheatre. The aim of the investigations was the 

acquisition of data regarding the size and the plan of the 

Roman baths; moreover, a secondary task was the 

documentation of possible buried structures of the southern 

side of the amphitheatre. In all the area, the GPR 

measurements highlighted many anomalies related to modern 

manholes and pipelines (Figure 3). 

 

Figure 5. Area of St. Chiara Square: GPR time slices (140-190 cm depth; 
200MHz antenna) georeferenced in the archaeological map of Lecce. 

 

Figure 6. Area of St. Chiara Square: GPR time slices (440-480 cm depth; 
200MHz antenna) georeferenced in the archaeological map of Lecce. 

No anomalies can be surely linked to the buried structures of 
the baths, oriented according to a north-west/south-east axis. 
Several anomalies visible until 1 m of depth can also be 
related to the buildings that occupied the area until the end of 
the 19th century, when they were demolished (Figure 4). Some 
of these buildings, which lied in the area of the current St. 
Chiara Square, had plans characterized by the same orientation 
of the previous structures of the Roman baths. Some 
anomalies near the northern end of Acaya Road at a depth of 
1.5-2 m can be related to the buried structures of the 
amphitheatre (Figure 5, A). Other interesting anomalies are 
visible at a depth under 3 m, in particular along the northern 
limit of the square, immediately to the south of Banca d’Italia 
Palace (Figure 6, B). During the excavation works for the 
foundations of this building, in 1900, some Roman structure 
and Messapian tombs were discovered; moreover, even during 
recent excavations in the northern side of the square another 
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Messapian tomb was found. According to these discoveries, it 
is possible that a few anomalies could be related to graves or 
chamber tombs. 
The second area includes two sub-areas: i) one is immediately 
to the north of the remains of the Theatre and the GPR 
measurements were carried out along Ammirati Road with the 
aim to acquire new data about the area behind the monument, 
such as the presence of a porticus post scaenam; ii) another 
one is immediately to the south of the preserved ima cavea of 
the building and GPR measurements where performed along 
Theutra Road with the aim to identify the southern end of the 
summa cavea. Moreover, other GPR investigations regarded 
Epulione Square, aimed at the acquisition of more data 
regarding the archaeological remains unearthed some years 
ago, and Pellegrino Square, which lies immediately to the 
north-west of the remains of the Isis Temple recently 
discovered under Vernazza Palace and Castromediano Palace.  

 

Figure 7. Roman Theatre area: GPR time slices (27-45 cm depth; 600MHz 
antenna) georeferenced in the archaeological map of Lecce. 

Most of the anomalies highlighted in the investigated sub-
areas until at least 1.5 m of depth regarding modern 
underground services (Figure 7). No anomalies can be related 
to a porticus post scaenam and the southern end of the summa 
cavea. Along Ammirati Road, some anomalies visible at a 
depth of 1.5-3.5 m could be related to graves and silos (Figure 
8), such as those unearthed in the same area in the past. In 
Epulione Square, at a depth between 3 and 5 m, some 
anomalies could be related to ancient structures (Figure 9), 
such as those of the Roman and Medieval age excavated in 

this site in the last years. Lastly, in Pellegrino Square, most of 
the anomalies can be related to modern pipelines a to the 
buried structures of the building that occupied most of the 
square until the end of the 19th century (Figure 10). No 
anomalies could be securely related to ancient structures 
linked to the nearby Sanctuary of Isis. 

 

Figure 8. Roman Theatre area: GPR time slices (230-248 cm depth; 600MHz 
antenna) georeferenced in the archaeological map of Lecce.  

 

Figure 9. Roman Theatre area: GPR time slices (461-497 cm depth; 200MHz 

antenna) georeferenced in the archaeological map of Lecce. 
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Figure 10. Roman Theatre area: GPR time slices (68-86 cm depth; 600MHz 

antenna) georeferenced in the archaeological map of Lecce. 

In the third investigated area, GPR measurements were 

performed over all Duomo Square. The investigations 

documents very well the anomalies related to the fountain 

built about in the middle of the square in 1925 and removed in 

1957 (Figures 11; 12, A; 13). Moreover, some interesting 

anomalies are visible in the eastern side of the square (Figures 

11 and 12, B), in particular until 1,5 m of depth, and in the 

southern side, near the St. Oronzo Church (Figures 11 and 12, 

C), in particular until 2 m of depth. Only archaeological 

excavations could verify the chronology of these anomalies 

and their interpretation. 

 

Figure 11. Duomo Square: GPR time slices (64-81 cm depth; 600MHz 

antenna) georeferenced in the archaeological map of Lecce. 

For the anomalies in the southern side of the square it is 

possible also suppose a pertinence to a earlier than the current 

church, renewed in the second half of the 17th century; in fact, 

it is known the presence of the cathedral in this site since at 

least from the mid 12th century. At a more depth, no 

significant anomalies are visible (Figure 14); in particular, no 

elements securely referable to the forum of the Roman Lupiae 

or to an ancient pavement of the square were documented. 

Lastly, the bedrock was documented in all the investigated 

area starting from a depth of 2.3-2.4 m (Figure 15). 

 

Figure 12. Duomo Square: GPR time slices (115-138 cm depth; 600MHz 
antenna) georeferenced in the archaeological map of Lecce. 

 

Figure 13. The Fountain of Winged Horses in the Duomo Square, documented 

by an old photo. 

 

Figure 14. Duomo Square: GPR time slices (192-210 cm depth; 600MHz 
antenna) georeferenced in the archaeological map of Lecce. 
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Figure 15. Duomo Square: GPR time slices (218-235 cm depth; 600MHz 
antenna) georeferenced in the archaeological map of Lecce. 

IV. CONCLUSIONS 

The case studies highlight the difficulties and the problems 

encountered in undertaking GPR measurements in areas of the 

current historical centre of Lecce, characterized by a 

continuity of life of about 3,000 years, from the Iron age until 

today. In particular, the main difficulties derived from: i) the 

circumstance that the investigations were limited at a few 

modern roads and squares; ii) the concentrations of many 

modern underground pipelines and ducts in the investigated 

areas, which produce many anomalies that complicate the data 

interpretation. Despite these difficulties, some interesting data 

were acquired in the areas of the amphitheatre, Roman baths 

and theatre, as well as in the site where traditionally the forum 

of Lupiae is located. In fact, time-slices georeferenced in the 

archaeological map and used mainly to enhance the horizontal 

relationships between amplitude anomalies found in the 

standard two dimensional radar sections, point to several 

anomalies that can be interpreted as buried structures of 

probable anthropogenic origin. For the interpretation of GPR it 

was very important the georeferencing of time slices in the 

archaeological map, aimed at understanding of the relation 

with already know data, and the systematic study of historical 

cartography of the second half of the 19th century; in fact, for 

the correct interpretation of GPR anomalies, it was 

fundamental the knowledge of the demolished buildings that 

occupied roads and squares in the historical centre of Lecce.  
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Abstract - Extensive urbanization cover important 

archaeological structures that are still buried in the urban areas. 
Ground Penetrating Radar method is the most promising 
alternative for resolving buried archaeological structures in urban 
territories. In this paper a case study that involves a geophysical 
survey employing the surface three-dimensional (3D) GPR 
techniques, in order to archaeologically characterize the 
investigated areas. GPR measurements, integrated with 
archaeological and topographical research aimed at the 
production of a digital archaeological map integrated in a webGIS 
platform, were carried out in some areas in the historical centre of 
Lecce (Apulia, Italy). The investigate areas are related to some 
sectors of the Messapian necropolises (dated mainly in 4th-3rd 
century BC), characterized by different types of graves (pits dug 
in the bedrock or built with slabs, sarcophagi and hypogea) that 
lied also inside the settlement surrounded by city walls. 
Geophysical survey was carried out using the IDS Hi Mod 
georadar system, incorporating the dual band 200-600 MHz 
centre frequency antennae. The GPR time slices were constructed 
from closely spaced parallel profiles. The time slices, computed 
from averaging radar reflections over vertical time windows 
several nanoseconds thick, are used to map subsoil features 
associated with the structures, probably of anthropogenic origin. 
The time slices were georeferenced in the archaeological map of 
Lecce in order to acquire new data on the distribution and the 
ancient topography of the funerary areas inside the settlements. 
Moreover, to facilitate the interpretation of the results, a three-
dimensional image was constructed using closely spaced parallel 
profiles, which are interpolated. 

 

Keywords - GPR, archaeological map, webGIS, Messapian tombs 

I.  INTRODUCTION 

Ground-penetrating radar (GPR) techniques are relevant to 

landscape reconstruction in an archaeological context. The 

GPR is a fast and cost-effective electromagnetic (EM) method, 

which in favorable conditions, i.e. mainly resistive non-

magnetic environments, can provide valuable information on 

the shallow subsurface. As it is based on the propagation and 

reflection of EM waves, it is sensitive to variations of the EM 

parameters in the subsoil, especially the dielectric constant and 

the electric conductivity [1]. The archaeological community 

has also recently seen the need for near-surface mapping using 

GPR in order to identify buried cultural remains for protection 

and future preservation and as a planning tool for selective 

excavation, that is a very important prerequisite when, as in 

this case, the context of the study is an urban center inhabited 

without interruption from antiquity. 

In this work paper, the results of a GPR surveys carried out in 

2013-2014 over three areas, located in the city centre of Lecce 

(Figure 1), are reported. The historical centre of Lecce is a 

multi-layered context with a continuity of life from Iron age 

until now, accross the Messapian, Roman, Medieval, 

Renaissance, Baroque and Modern times. The oldest 

archaeological remains in this area date back to the Iron age 

(9th-8th cent. BC) and constitute of small groups of huts 

discovered in various sites of the current city [2,3,4]. 

 

 

Figure 1. The areas investigated using GPR (A-C) are highlighted in green in 
the archaeological map of Lecce. 

 

In the Messapian age (7th-3th cent. BC), Lecce is characterized 

by a scattered settlement, with inhabited areas alternating with 

open spaces, public areas, necropoleis and places of worship. 

During the 4th century BC, Lecce is transformed into an urban-

type settlement, even with the construction of city walls at the 

end of the same century which enclosed a surface of about 60 

hectares. After the Roman conquest in the second quarter of 

3rd cent. BC, the urban plan of Lecce was reorganized. From 

the Late Republic period all tombs were outside the city walls.  
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Precisely because of the long continuity of life that 

characterizes the city, it was necessary a multidisciplinary 

research approach which ensure the integration of the 

fragmentary information acquired in the last 115 years in 

many sites of the historical centre and in the surrounding 

areas. For this reason, the CNR-IBAM and the Department of 

Cultural Heritage of the Salento University are performing a 

project of integrated research based on the production of a 

digital archaeological map where the ancient remains (both 

preserved or re-buried after excavations) are positioned 

together with the new data acquired thanks to geophysical 

prospecting carried out in numerous areas of the city. The map 

is integrated in a GIScloud platform, which is also an 

important tool for sharing data between the Institutions 

involved in the research activities. 

The most important documentation of the Messapian period 

consists of the funerary discoveries [5]. The GPR surveys 

presented in this paper are aimed at improving the knowledge 

about the development and extension of necropoleis during the 

Messapian time. For this reason, the chosen areas are located 

close to spaces affected by the presence of Messapian tombs, 

already investigated by archaeological excavations and in 

most cases today no more visible.  

In particular, the investigated areas are: i) Palmieri Road, 

Falconieri square and Palmieri-Guarini Palace (its courtyard 

and garden); ii) the area close to the Basilica of Holy Cross 

and the Cloister of Celestini; iii) St. Oronzo Square and 

Rubichi Road. 

The importance of the first area is due to the presence of the 

Hypogeum Palmieri, located below the garden of Palmieri-

Guarini Palace. It is a magnificent Messapian chamber tomb, 

partially rock-cut, and it is characterized by refined decoration 

and a cross-shaped plan with three rooms opened on a 

vestibule reachable from a stairway [6]. The rooms have 

paintings walls (today scarcely preserved) and ceilings made 

of big calcareous slabs. Between the 16th and the 18th cent., the 

hypogeum was incorporated in the Palmieri Palace and was 

used as cellar. Other tombs were also discovered at the 

beginning of 20th cent. in Falconieri Square and along Palmieri 

Road. 

The area close to the Basilica of Holy Cross and Celestini 

Palace (Umberto I Road, G. Riccardi Square and Matteo da 

Lecce Road) is one of the most important in Lecce during the 

Baroque period. The church was built from 1549 to 1646, 

while the construction of the palace began in the same 1549, 

but most work was carried out during the 17th century. The 

nearby Castromediano Square, located immediately to the 

south-west, in the Messapian Age was occupied by a 

necropolis [7] and other isolated tombs were discovered in the 

surroundings in the past. 

Lastly, St. Oronzo Square, made in the 1930s thanks to the 

demolition of the city blocks existing in the area, is 

immediately to the north of a wide Messapian necropolis, 

consisting of 39 pit graves, which was discovered during the 

foundation work of INA Palace (Figure 2), built in the same 

1930s. All tombs contained burial remains and part of the 

grave goods consisting of local ceramic vessels, small divinity 

statues, jewels and coins. Moreover, in the last two decades a 

number of Messapian tombs was also discovered at the eastern 

sector of St. Oronzo Square and along the nearby Rubichi 

Road [8]. 

 
Figure 2. Messapian tombs discovered below INA Palace in 1930s (Carluccio 

Archive, Lecce). 

II. GPR DATA ACQUISITION AND ANALYSIS 

The GPR survey was performed, with IDS Hi Mod georadar 

system, along parallel profiles at 0.5 m spacing using a dual 

band 200-600 MHz centre frequency antennae. The following 

acquisition parameters were selected: samples per scan, 512; 

recording time window, 80 ns for 600MHz antenna and 160 ns 

for 200MHz antenna; gain function, manual. The quality of 

the raw data did not require advanced processing techniques. 

However, an easier interpretation using the GPR-Slice 

software (www.gpr-survey.com/). The following data 

processing has been performed: (i) amplitude normalization, 

consisting of the declipping of saturated (and thus clipped) 

traces by means of a polynomial interpolation procedure; (ii) 

background removal, whereby the filter is a simple arithmetic 

process that sums all the amplitudes of reflections that were 

recorded at the same time along a profile and divides by the 

number of traces summed the resulting composite digital 

wave, which is an average of all background noise, is then 

subtracted from the data set; (iii) Kirchhoff two-dimensional 

velocity migration [1, 10],which is a time migration of a two-

dimensional profile on the basis of a two-dimensional velocity 

distribution is performed. The goal of the migration is to trace 

back the reflection and diffraction energy to their ‘source’. A 

close examination of the data showed the presence of the 

numerous reflection hyperbolae from a point source [10]. This 

allows us to estimate the EM wave velocity propagation [9, 

11] ranging from 0.07 m/ns to 0.09 m/ns in the surveyed areas. 

The arrangement of the profiles in a grid has allowed us to 

correlate, spatially, the important reflections within two-

dimensional reflection profiles (standard radar sections). A 

way to obtain visually useful maps for understanding the plan 
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distribution of reflection amplitudes within specific time 

intervals is the creation of horizontal time slices. Time slices 

examine only reflection amplitude changes (or energy changes 

if the square value is used instead of the absolute value) within 

specific time intervals, and thus within consecutive soil layers 

of nearly constant thickness. Each time slice is, therefore, 

roughly comparable to a standard archaeological excavation 

level [14, 16]. Areas of low reflection amplitude (or energy) 

indicate uniform matrix materials or quite homogeneous soils, 

whereas those of high amplitude denote zones of high die-

electrical subsurface properties contrast, such as buried 

archaeological features, voids or important stratigraphical 

changes. In the present work the time slice technique has been 

used to display the energy variations within the 5 ns time 

window. The time slices acquired by 200 and 600 MHz 

antennas were georeferenced in the digital archaeological map 

of Lecce and managed in a GIS platform. 

III. ARCHAEOLOGICAL INTERPRETATION OF GPR DATA 

The GPR investigations regarded three main areas included in 

the central-western and central-eastern sectors of the current 

historical centre, that mostly corresponds to the Messapian 

city, which, as we as said, was characterized by the presence 

of tombs inside the settlement area. The investigated area are: 

i) Palmieri Road, Falconieri Square, and the courtyard and 

garden of Palmieri-Guarini Palace; ii) the area in front of the 

Basilica of Holy Cross and Celestini Palace with its courtyard; 

iii) St. Oronzo Square and Rubichi Road. In all these areas, the 

investigations were much disturbed by modern underground 

services (gas pipes, water mains, sewers, ect.), which produce 

many high-amplitude anomalies that in some cases make less 

visible other anomalies probably related to the presence of 

ancient structures.  

 

Figure 3. Area of Palmieri-Guarini Palace: GPR time slices (47-64 cm depth; 
600MHz antenna) georeferenced in the archaeological map of Lecce. 

In the first area, GPR measurements were performed with the 
aim to acquire data about the context in which the Hypogeum 
Palmieri was; in fact, the fragmentary data available 
documented the presence of other Messapian tombs, 
suggesting the existence of a necropolis. In all the investigated 
sub-areas (Palmieri Road, Falconieri Square and courtyard of 
Palmieri-Guarini Palace), the GPR measurements highlighted 
many anomalies not very deep that are related to modern 
manholes and pipelines (Figure 3). 

 

Figure 4. Area of Palmieri-Guarini Palace: GPR time slices (66-83 cm depth; 
600MHz antenna) georeferenced in the archaeological map of Lecce. 

In the garden of Palmieri-Giarini Palace, the orientation of 
GPR profiles was influenced by the presence of numerous 
trees and the investigations were conducted with the aim of 
document the state of preservations of the covering Hypogeum 
Palmieri and the existence of other tombs. At a depth between 
0.7 and 1.9 m an anomaly was highlighted immediately to the 
south-east of the hypogeum (Figure 4, A), which could be 
related to a possible tomb. Other interesting anomalies of 
uncertain interpretation, perhaps other tombs, are visible in the 
courtyard of the same building at a depth between 0.7 and 1.6 
m (Figure 4, B). Moreover, two other large anomalies are 
visible in Falconieri Square (Figure 4, C) and Palmieri Road 
(Figure 4, D) at a depth between 0.6 and 1 m, but it is 
uncertain if it could be related to other tombs or, perhaps more 
likely, to underground services. No significant anomalies are 
documented in greater depth, with the exception of two ones 
that are close together in the covered sector of the courtyard of 
Palmieri-Guarini Palace, between a depth of 1.2 and 5 m 
(Figures 5-6); it is possible to suppose that these anomalies are 
related to shafts or silos. 
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Figure 5. Courtyard of Palmieri-Guarini Palace: GPR time slice (120-160 cm 
depth; 200MHz antenna) georeferenced in the archaeological map of Lecce. 

 

Figure 6. Courtyard of Palmieri-Guarini Palace: GPR time slice (410-440 cm 
depth; 200MHz antenna) georeferenced in the archaeological map of Lecce. 

The second area includes the courtyard of Celestini Palace, the 
stretch of Umberto I Road in front of the same building and 
the Basilica of Holy Cross, G. Riccardi Square and Matteo da 
Lecce Road. The GPR measurements were carried out with 
the aim to acquire new data about buried structure and the 
possible presence of tombs, such as those unhearted in the 
nearby Castromediano Square. In all the investigated sub-
areas, many anomalies related to modern underground 
pipelines and sewers are visible until at least 1.5 m of depth 
(Figure 7). Some interesting anomalies of uncertain 
interpretation, perhaps related to buried structures, are visible 
in the courtyard of Celestini Palace.  

 

Figure 7. Basilica of Holy Cross area: GPR time slices (64-82 cm depth; 
600MHz antenna) georeferenced in the archaeological map of Lecce. 

The presence of the modern underground services make very 
difficult also the interpretation of the deeper documented 
anomalies. Among them, are very interesting those visible 
between 3.8 and 4.8 m deep in front of the façade of the 
Basilica of Holy Cross (Figures 8-9, A), perhaps related to a 
large buried structure. Other anomalies probably linked to 
buried ancient features are visible in front of Celestini Palace 
(Figures 8-9, B), but their interpretation is uncertain. In the 
same way, it is difficult to interpret several anomalies that are 
visible in G. Riccardi Square and Matteo da Lecce Road 
between 3 and 5 m deep (Figures 8-9, C-D), but it is possible 
that some of them could be related to ancient features, such as 
tombs. Moreover, about the interpretation of GPR 
investigations at the southern stretch of Matteo da Lecce 
Road, in Castromediano Square, it is important to consider 
that until the end of the 19th century this sector of the square 
was occupied by a building (Figure 10, B). 

 

Figure 8. Basilica of Holy Cross area: GPR time slices (402-436 cm depth; 
200MHz antenna) georeferenced in the archaeological map of Lecce.  
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Figure 9. Basilica of Holy Cross area: GPR time slices (477-501 cm depth; 

200MHz antenna) georeferenced in the archaeological map of Lecce. 

 

Figure 10. The historical plan of Lecce drawn in 1882 by Michele Astuti: the 
amphitheatre (at that time not yet excavated) is highlighted in red, while the 

demolished blocks in St. Oronzo Square (A) and Castromediano Square (B) 

are highlighted in green. 

In St. Oronzo Square, at least until a depth of 60-80 cm the 

documented anomalies are securely related to the buildings 

that occupied the area still in the 1930s (Figures 10-11, A). In 

fact, the current appearance of Sant’Oronzo square was 

obtained thanks to the demolition of the so-called Isola delle 

Capande, the block located immediately to the north of the 

amphitheatre. In this regard, GPR measurements show very 

well anomalies linked to the buried structures of the southern 

façade of the Isola (Figure 12, A-B-C). A very interesting 

structure of uncertain chronology is documented at the south-

eastern limit of the investigated area between 40 and 145 cm, 

where a L-shped wall is visible (Figure 13, D). A very large 

structure, north-south oriented, is visible at the western limit 

of the investigated area, between 50 and 190 cm (Figures 13, 

14, and 15, F); also its chronology and interpretation (wall, 

sewer, etc.) are uncertain. Moreover, other structures are also 

documented in the centre of the square at least until 2 m deep 

(Figures 13, 14, and 15, E). Unfortunately, no data were 

acquired at a depth more than 2 m.  

 

Figure 11. Area of St. Oronzo Square: on the left, a cadastral map drawn 

before 1900 where the demolished or transformed buildings are highlighted in 
red; on the right, the same buildings and the amphitheatre (in pink) are 

overlapped on the present aerophotogrammetric map (in grey). 

Lasly, in Rubichi Road, at shallow depths some anomalies 

related to modern underground services are visible (Figures 

12-13). Starting from depth of 1.2 m some anomalies related 

to a Roman paved road excavated some years ago are 

documented (Figure 14, G), while at a depth between 1.5 and 

2.8 m some anomalies that could be related to tombs are 

visible in various points of the investigated stretch of the road 

(Figure 15). These tombs could be of the same types (stone 

chests and sarcophagi) of those intercepted some years ago 

during works along the road. 
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Figure 12. Area of St. Oronzo Square: GPR time slices (42-61 cm depth; 

600MHz antenna) georeferenced in the archaeological map of Lecce. 

 

Figure 13. Area of St. Oronzo Square: GPR time slices (84-103 cm depth; 

600MHz antenna) georeferenced in the archaeological map of Lecce. 

 

 

Figure 14. Area of St. Oronzo Square: GPR time slices (155-176 cm depth; 

600MHz antenna) georeferenced in the archaeological map of Lecce. 

 

Figure 15. Area of St. Oronzo Square: GPR time slices (183-204 cm depth; 

600MHz antenna) georeferenced in the archaeological map of Lecce. 

IV. CONCLUSIONS 

The investigations presented in this paper highlight the 

difficulties and the problems encountered in undertaking GPR 
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measurements in areas of the current historical centre of 

Lecce, characterized by a continuity of life of about 3,000 

years, from the Iron age until today. In particular, the main 

difficulties derived from: i) the circumstance that the 

investigations were limited at a few modern roads and squares; 

ii) the concentrations of many modern underground pipelines 

and ducts in the investigated areas, which produce many 

anomalies that complicate the data interpretation. Despite 

these difficulties, some interesting data were acquired in the 

areas of Palmieri-Guarini Palace, Basilica of Holy Cross and 

St. Oronzo Square. In fact, time-slices georeferenced in the 

archaeological map and used mainly to enhance the horizontal 

relationships between amplitude anomalies found in the 

standard two dimensional radar sections, point to several 

anomalies that can be interpreted as buried structures of 

probable anthropogenic origin (mainly walls and tombs). For 

the interpretation of GPR measurements it was very important 

the georeferencing of time slices in the archaeological map, 

aimed at the understanding of the relation with already know 

data. Moreover, in the cases of S. Oronzo Square and 

Castromediano Square, it is also very important the study of 

the historical cartography of the second half of the 19th 

century; in fact, for the correct interpretation of GPR 

anomalies, it was fundamental the knowledge of the 

demolished buildings that occupied the two squares.  
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Abstract – This contribution concerns, in particular, 
the study of the two most important monuments of 
ancient Roman Lupiae: the amphitheater and the 
theater, whose remains, now incorporated in the 
modern urban fabric, can still be seen and visited only 
partially. Despite the evidence of the monumental 
ruins still visible, there is the impossibility for the 
visitor to perceive their actual size, both in plan and 
elevation. At the moment there are no information 
boards and didactic aids to understand the complete 
aspect of the two monuments how they could appear 
in ancient. The realization of accurate reconstructive 
proposals starting from the laser surveys, as well as 
the application of technologies that utilize Image-
Based algorithms SfM (Structure from Motion), have 

been aimed at the realization of different outputs to 
facilitate the visit in situ of the two monuments, with 
different ways of reading. 
Applications of semi-AR in addition with stereoscopic 
narratives allow to understand the characteristics of 
architectural-construction not clearly understood, but 
rather to make readable reconstructions both within 
their original context, both superimposed over 
modern city. An approach useful to provide a sense of 
the scale of buildings. In this process of study, the 
contribution of 3D modeling software it is not 
confined to the pure generation and manipulation of 
polygons in the space, but it is crucial to facilitate the 
processes of interpretation. 
 

Fig. 1. The reconstruction of ancient Lupiae.  
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 I. AIMS OF THE RESEARCH 

One of the main singularity within sites with continuity 
of life, is the architectural stratification, which developed 
over the centuries, in line with the needs and styles 
typical of individual historical phases, slowly but surely 
distorts the urban skyline. Despite this, the presence, the 
excavation and the rediscovery of the ancient structures 
in the subsoil, pose the question of how cities should 
arise and characterize in a specific historical moment 
with the main architectural and urban features visible in 
their entirety. In this article we present the results 
achieved by ITLab IBAM CNR within the DiCet project, 
which purses the objective of creating a platform 
enabling the processes of sustainable development for a 
smart city, based on the spread of knowledge and on an 
innovative model for the correct use and enhancement of 
the cultural heritage. DiCet is based on a social 
innovation approach, where the services are co-created 
involving all actors of an ecosystem oriented towards 
smart culture and tourism (companies, research, public 
authorities, end users). 

 

 
Fig. 2. The amphitheatre in their ancient context. 

This contribution concerns, in particular, the study of the 
two most important monuments of ancient Roman 
Lupiae: the amphitheater and the theater, whose remains, 
now incorporated in the modern urban fabric, can still be 
seen and visited only partially. Despite the evidence of 
the monumental ruins still visible, there is the 
impossibility for the visitor to perceive their actual size, 
both in plan and elevation. At the moment there are no 
information boards and didactic aids to understand the 
complete aspect of the two monuments how they could 
appear in ancient. 

The realization of accurate reconstructive proposals 
starting from the laser surveys, as well as the application 
of technologies that utilize Image-Based algorithms SfM 
(Structure from Motion), have been aimed at the 
realization of different outputs to facilitate the visit in situ 
of the two monuments, with different ways of reading. 

Applications of semi-AR in addition with stereoscopic 
narratives allow to understand the characteristics of 
architectural-construction not clearly understood, but 
rather to make readable reconstructions both within their 

original context, both superimposed over modern city. An 
approach useful to provide a sense of the scale of 
buildings.  

 II. THE AMPHITHEATRE 

In this process of study, the contribution of 3D 
modelling software it is not confined to the pure 
generation and manipulation of polygons in the space, but 
it is crucial to facilitate the processes of interpretation. 
Many arguments about balance of proportions, the 
juxtaposition of volumes, the application of the laws of 
statics, would certainly not be possible in the short times 
imposed by many projects, nor would it be easy to 
address these issues on a large scale, with traditional 
drawing methods. So it is important to recognize the 
significant contribution given by 3D modeling software 
to the study of ancient monuments. Knowledge of the 
three-dimensional architectural structures provided by the 
3D modelling allows to deepen and monitor efficiently 
the different phases of reconstruction, with significant 
increases on accuracy, on productivity and on the ability 
to answer to the specific problems imposed by the 
observation and study of the monuments directly in 3D 
space. 

 
Fig. 3. The amphitheater superimposed over actual city. 

The case of the amphitheater of Lecce is a clear 
example related to this issue. 

Many archaeologists have supported the idea of an 
architectural complex with only two orders, not so much 
for objective conclusions depending from a study based 
on a metric survey, but for generic convictions related to 
the importance of the city among the roman colonies in 
imperial age. In fact some constructive elements observed 
in situ provide a different solution already from at first 
sight. But we proceed with order. 

From 1938 to 1940, the Soprintendenza ai Monumenti 
e alle Antichità della Puglia (Superintendency of the 
Monuments and Antiquities of Apulia) undertook the 
excavation and restoration work that brought the 
monument to its current appearance. The dating of the 
monument has for a long time been a matter of debate, 
although a series of indications and documents now point 
to the Augustan period, with probable restructuring and 
improvements constituted by the porticus in summa 
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cavea, most likely placed in the Hadrianic period. This 
second phase of construction would be confirmed by the 
capitals in Pentelic marble, of Pergamenic type and 
produced by Greek workers, and perhaps by the reliefs on 
the parapet around the arena, featuring lively but crude 
scenes of venationes. These consist of a series of bas-
relief work featuring scenes of fighting between wild 
beasts and of men attacking animals. As well as those 
native to the Italian peninsula, there are exotic creatures 
such as panthers and lions that would have appeared in 
Rome after the Punic Wars and the conquest of the 
African territories. Today, only a third of the ancient 
edifice is visible. 

 
Fig. 4. The remains of an arch in the second order. 

 

Fig. 5. The actual cavea with the remains of vomitoria, is 
clear the impossibility of praecintio. 

Nonetheless, we are able to comprehend from this the 
monumentality and the importance that it must have had 
in the Roman city of 2,000 years ago.  
Planimetrically, the amphitheatre has been designed and 
built in four distinct sections, punctuated by four 
entrances, organised symmetrically along the axes. The 
tall construction is based on modular repetitions of three 
grouped arches, regularly appearing along the elliptical 
perimeter of the arena, which provided, respectively, 
access via stairway to the upper ambulatory, the lower 
ambulatory, and to an enclosed space with level paving, 

presumably reserved for utilities: dressing rooms, stores, 
cupboards. The modular design reappears in the 
distribution of the stairways connecting the lower 
ambulatory and ima càvea, upper ambulatory and media 
càvea, perimetric portico and summa càvea, arranged in 
such a way as to encourage movement of spectators in a 
double series of oblique paths. For service purposes only, 
however, were the six passages, laid out in axes and 
likewise with access to the outside, that led between the 
lower ambulatory and the arena. These allowed access to 
the surrounding narrow cuniculus, which was certainly 
created to meet the drainage needs of the entire building. 
The conglomerate structures feature reticulated facades in 
blocks of Lecce stone, while the core is made from a 
mixture of fat lime mortar, sand and imported pozzolana, 
and includes flakes of Lecce stone. In the vaults, all of 
which are constructed in barrel form, pumice and 
volcanic slag – certainly imported – have been used. The 
building measured 102 by 83 metres externally, with an 
arena of 53 by 54 metres, and could hold between 12,000 
and 14,000 people. 

 III. CASE STUDIES 

In order to perform an accurate reconstruction of the 
monument they were carried out surveys integrated with 
two different techniques: laser scanning and image-based 
survey. The use of the two techniques is motivated by the 
need to get an accurate model thanks to the precision of 
the active sensor. The limited number of shots, in laser 
scanner capture, reduces the residual error affected by the 
registration process. The comparison between the two 
techniques (laser-IB) allows to consider measurement 
errors produced by photogrammetric technique, which as 
you know is more sensitive problem caused by the 
photographic coverage, the picture resolution, the high 
ISO values, etc. The Image Based technique, on the other 
hand, generate model complete with texture and this is 
extremely important to understand the construction 
techniques and to identify the modern parts made with the 
architectural restoration. The study of the morphology of 
this monument has highlighted some interesting aspects, 
in particular some fundamental elements were taken into 
consideration: 
 

1. The slope and the morphology of the cavea; 
2. The presence of an arc still visible in the second 

order, placed in correspondence of the inner wall 
of the external ambulacrum; 

3. The morphology of the arches of the first order; 
4. The location and the morphology of the 

vomitoria. 
The slope of the cavea suggests the extension of the stairs 
and their ideal intersection with the outer perimeter of the 
building. The study allowed us to compare the ideal 
slope, obtained by extending that observable today, with 
the height of the vaulted roof of the external ambulatory 
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in the second order. This vaulted roof is perfectly 
compatible with the slope proposed in our proposal 
reconstruction. It simultaneously excludes an height 
greater than the arches, which are incompatible with the 
morphology of the stairs. The last large step today 
observed in the surveys, don't shows traces of a 
praecintio, that would be compatible with an elevation 
gain of the cavea, such as to justify an increase of more 
than one meter of the arches in the second order.  
The reconstructive proposal presented here consider the 
singularity found in the survey. The arches in the second 
order are lower than those present in the first order. 
 

 

Fig. 7. Structure and distribution of the amphitheatre. 

The discovery of some capitals (type Pergameno in 
Pentelic marble) suggests to allocate them in the porticus 
in summa cavea, in accordance with a diffused Roman 
tipology for this kind of monument. 

The 3D study conducted on the metric basis has allowed 
to do numerous checks also on constructive 
characteristics, in order to evaluate the wall thickness, the 
thicknesses of the conglomerate vaults, the floor levels 
and each other constructive element placed in direct or 
indirect relation with these. In practice, with the 3D 
approach it was made a digital copy of the main structural 
elements, that simulating the entire construction and 
evaluate in virtual form the technical and functional 
coherence of the building in relation to the construction 
principles in the Roman age and to the laws of statics. 
We often find ourselves dealing with sites that provide 
only fragmentary and patchy information that, although 
extremely important and precious on the scientific level, 
is often not enough to formulate realistic reconstruction 
hypotheses. To be sure, reconstruction must always 
grapple on various levels with missing data, because the 
rarest circumstance is precisely the one in which the 
available data are abundant and sufficient for defining 
with certainty a scientifically unassailable and 
unambiguous proposal. That said, there is no denying the 
charm of attempting to “imagine” possible solutions of 
use for nourishing a constructive debate on what 
buildings looked like in the past. The reconstructive study 
thus proceeds without sacrifices, pooling many data that 
although apparently negligible, are indispensable when 
there are so few in number. The analysis continuously 
weighs them on the technological and functional level, 
making an effort to find a plausible reason for their 
existence. The most important aspect of this approach is 

Fig. 6. Section shows the structure and distribution of the amphitheatre 
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to proceed with reliable elements and interpretations that, 
by chain reaction, might yield consequent effects and 
therefore deductions linked to a “logical and analogical” 
process. It is logical because it refers in fact to universal 
rules and principles of good construction; it is analogical 
because it proceeds through comparison and analogy. 

 

Fig. 9. The actual cavea within the PhotoScan sw. 
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Fig. 10. Final reconstructive proposal 
 

Fig. 8. 3D model of the perimeter structures. 
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Abstract – Magnetic survey and magnetic core hole
logging were carried out on the tell from Taraschina
(Danube delta, Romania) in order to approach the 3D
structure of this partially flooded Chalcolithique tell.
Both Survey and log measurements are geolocated by
laser tracking with a total station which allows to
merge all data in the same coordinate system with
centimetric precision. Magnetic core hole logging is
realized with a three axis fluxgate magnetometer with
sampling rate of few hundred Hz, which allows to
cover the coring hole profil on few seconds. The
compaction effect of coring will be corrected by the
correlation established between magnetic
susceptibility measurements done on the cores and the
magnetic logs.

Keywords: magnetic survey, magnetic logging, Laser
tracking, Tell partially flooded.

I. INTRODUCTION
The tell from Taraschina corresponds to a stratified

sequence of habitats with some burnt buildings. Located
in the middle of the flood plain of the Danube delta, this
site is partially flooded [1]. For this reason, the French-
Romanian scientific team studying this tell had developed
a new approach based on multiple coring in order to
study the stratigraphy of the tell [2]. The corollary of such
an approach is that you need numerous cores with good
spatial repartition to obtain a good spatial information.
Thus, the time and the analytical cost necessary for the
core’s studies increase proportionally with the spatial core

density and the sampling resolution inside a core.
Another limit concerns the depth precision. The Cobra
coring system used generates compaction which depends
of the sediment water content.

The lœss sediment used for building wall construction
presents a very high magnetic enhancement after being
exposed to thermal elevation. Thus the magnetic
approaches are well adapted for investigation on this site.
So, we have carried out magnetic survey to obtain 2D
horizontal information. On the basis of this prospection,
we have set up new coring positions. After coring, we
have introduced a magnetometer in each coring hole in
order to obtain 1D vertical information to complete the
3D magnetic survey.

Magnetic susceptibility measurements were performed
on cores with different sensors. A first linking of
magnetic susceptibility curves and logs of magnetic field
intensity is proposed.

II. MATERIALAND METHODES
Magnetic survey was realized with a GSMP-35G GEM

Systems Inc carried by the operator using a homemade
carrying system. This homemade structure allows to
deport the console and the power supply at the opposite
side of the sensors. An “operator” effect of about 0.1 and
0.4 nT is still observed respectively on top and bottom
sensors and corrected. Both sensors are superposed
vertically with 1 m distance.

ISBN-15: 978-88-940453-3-8 
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Fig. 1. Magnetic anomalies map of the tell.
(Stereographic 1970 Map Projection).

Top view: all measures; Bottom view: gridded data
with 0.2 m square cell; the green triangles correspond to

the metallic landmark location.

The bottom sensor is placed about 0.2 m above the
surface. Profiles are acquired in continue at 0.5 m interval
on clear brush area. A 360° prism is fixed on the top
sensor. S8 Trimble total station determines the prism
spatial coordinate up to 20 Hz. The profiles are realized
close to the East-West direction, as much as vegetation
allows, in order to minimize the “operator” effect. The
intensity field measurements are acquired also at 20 Hz.
Data fusion is done on common time variable.
Synchronization is obtained in favor of an initial artifact.
The diurnal variation of the Earth magnetic field is
extracted from the top sensor signal assuming a cubic
spline fit on temporal variation observed. This variation is
corrected on the bottom sensor signal (Fig. 1). The
imperfect verticality between the top and the bottom
sensors generates a shift of � 0.17 m on the determination
of the bottom sensor spatial coordinate. This artifact is
corrected by introducing a 0.17 m offset in the progress
direction.

Magnetic logging is realized with a three axis fluxgate
Mag-03MSSL70 Bartington connected on a Conversion
Unit DLM24Mag-Cx STL Systemtechnik Ludwig GmbH
and laptop-controlled. A scalar calibration of the sensor is

done at the beginning of each logging series as described
in [3]. The sensor is fixed at the end of a rigid aluminum
structure covering the cable. At the opposite, the 360°
prism is fixed in order to determine the vertical
coordinate thanks to the total station. Measurements are
done to an arbitrary cadence of 357 Hz. The structure is
inserted and removed manually in the coring hole. The
logging is repeated 2 or 3 times in order to check some
problems, for instance induced by a possible imperfect
centering of the device in the hole. It takes less than 10 s
for a backward and forward. Data fusion between spatial
coordinate acquired with the total station and magnetic
field intensity obtained with fluxgate device is done with
the same process as for magnetic survey.

Magnetic susceptibility has been measured on core
sediment with multiple methods. For the first study [4],
sediment has been sampled with cubic plastic box and
measured with the KLY4 AGICO. This protocol is
certainly the one that gives the more precise information
but, taking into account the time consuming, it could not
be generalized to all the collected cores. A second method
is characterized by using a contact sensor, for instance the
MS2E Bartington, but the weak depth penetration of a
such sensor, coupled with sediment heterogeneity (which
generates irregular surface on half-opened core),
constitutes the sources of an important discrepancy
between the values measured and the true magnetic
susceptibility sediment. An alternative solution is to use
of specific core logging sensor, such as the MS2C
Bartington. A disadvantage could be the increase of the
sensor spatial convolution. But compared to the decrease
of the magnetic anomalies signal with distance in core
hole, it will not be a limiting factor.

III. RESULTS AND DISCUSSIONS
The magnetic anomalies map shows 3 main anomalies

of about 150 nT amplitude (fig. 1). The major one is
nearly-rectangular (7 x 16 m). All of them clearly
correspond to burned buildings. The major part of the
map presents some lowly anomalies which are mostly
oriented in the same direction as the major one.This
NNE-SSW direction is approximately-parallel to the
artificial canal at the East side of the tell. Such anomalies
could reveal the presence of unburned buildings or
burned deeper structures.
For instance, previous archaeological excavations have

revealed, in the north-east zone of the settlement, the
presence of large pits or silos, filled by architectural
elements earthen partially reddish. On the base of this
map, two transects of coring points are implanted
(Fig. 2).
The figure 3 presents all magnetic logs along both

transects. Each log corresponds to the curve of two or
three downward and upward acquisitions. The Log 31
misses due to a default of spatial coordinate record. As
the data fusion is done in post-treatment, this default was
found after the field work. The same default exists for the
Log 36 but it then concerns the position coinciding with

  

540



1st International Conference on
Metrology for Archaeology
Benevento, Italy, October 22-23, 2015

the pic of the anomaly observed. This systematic error,
observed in all acquisitions of the Log 36, certainly
corresponds to the change of prism on the 360° reflector,
which is composed of seven prisms.

The curves recovery is quite good for logging with a
low gradient. Some differences are noticeable for the
wells which present high magnetic material (which is also
a hard material in the present case). A first effect
corresponds to the difference of constraint applied on the
aluminum structure in the downward and upward. The
mechanical assemblage of the elements allows a
movement about 1 mm at each junction. On the total
length of the structure a difference of about few
centimeters can exist between the stretched and the
shortening case. As the device is braked, or stopped by
the level made of hard material, this effect is increasing
when some burned materials are present. The
imperfection of the sensor centering in the hole
constitutes the second effect, which is accentuated by the
presence of magnetic material. The friction generates the
rotation of some particles on the walls of the hole. If
these particles carry a high thermoremanent
magnetization, their rotation can generate a significant
evolution of the magnetic field in the hole between each
run.

The magnetic logs of coring done on main magnetic
anomalies (Log 33, 36, 42, 43) present major negative
anomalies (i.e. positive sources) above 1000 nT of
amplitude. The depth of the main part is between 0.8 and
1.6 m of altitude, which is below the water level we
observe during the field work, last spring. The Logs 32,
34, 41 and 44 are located on the border of the main
anomaly. The 34 and 44 present a weak signal. The 32,
close to the 44, was repeated the next day, but it was
impossible to go to the bottom of the hole. It presents a
lower anomaly than the one observed in Logs 42 and 43.
The Log 41, which is located at the limit between the
positive and negative anomaly, presents a more complex
signal. A negative anomaly is observed at the same depth
as the Logs 42 and 43 (and 32) but smaller in amplitude
and wider in altitude. Above, the signal presents a
positive and negative anomaly. This complex signal
probably reveals the proximity of intersected high
magnetic sources in Logs 42 and 43, but not extended up
to this position. A thin magnetic layer may explain the
upper pic.
The Log 27 is located on the small positive anomaly

noticeable at the south-east. The magnetic logging reveals
a medium anomaly at 2 m depth. In this case the depth of
the magnetic sources should reduce the influence on the
mapped anomalies. Thus, the weak positive anomaly
should be the result of the weak variation observed in the
upper meter of the Log.

Fig. 2. Map of the tell topography and coring location.
(Stereographic 1970 Map Projection).

Fig. 3. Magnetic field core logging of the two coring
transect. The 49000 nT value is presented in grey for

each Log. The magnetic field intensity axis is reversed to
compensate for the well effect which produce a negative

anomaly crossing a magnetic layer.

The Logs 28, 30, 37 and 40 are located on a quiet zone
of the magnetic map. The weak variations observed in the
upper part of these Logs are consistent with the map
survey.

Magnetic susceptibility measurements on the cores are
in progress, thus the confrontation with the log profile is
not totally completed. The aim is to connect the magnetic
field logging to the sedimentary record studied with the
cores. Three protocols are currently or will be soon
implemented.
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Fig. 4. Magnetic field core logging and whole-core
magnetic susceptibility logging of the Log 30.

The whole-core logging is performed on un-opened
cores with a MS2C loop with diameter 60 mm (compared
to 55 mm for tubed cores). This sensor generates a spatial
convolution which smoothes the magnetic susceptibility
variations on a window of few decimeters (2 x loop
diameter + 8 mm according to [5], 128 mm with the
60 mm loop used) by a decreasing influence with the
distance. By this fact, the extremities of the core are
characterized by an artificial decrease (due to the absence
of material). The deconvolution procedure, which permits
to correct this artifact and highlight the magnetic layers,
is not yet implemented.
The split-core logging is realized after splitting the core

into two equal halves, using the MS2E probe, which is a
contact sensor characterized by an integration volume of
about 0.25 cm3. As 50% of the signal comes from the first
millimeter in contact with the sensor, the roughness
generates a high error. On soft sediment, the contact is
easy to obtain, but with hardness material such as burned
lœss, the error is high. Moreover, if the sediment is
heterogeneous at a centimetric scale, the value observed
can highly vary.
The magnetic susceptibility profile will be obtained by

measures of discrete samples with the KLY4. For that,
the core will be sampled with cubic plastic box of 2 cm
edge (6.8 cm3 internal volume). This procedure is
certainly the most accurate and it has been used in a
precedent study [4] but not yet realized with the cores of
this field campaign.

The whole-core logging is certainly the most efficient
to obtain a prompt information. In the future, these
measurements will be done on the field immediately after

core extraction. Thus, the confrontation with the magnetic
field logging will almost be done on the field. If an
efficient deconvolution can be obtained, this protocol
could be adequate in the future. The split-core logging
aims to provide a more accurate information. The MS2E
probe, with the limitation due to the sensibility to the
roughness and its small volume explored, does not
provide the expected information with a centimetric
measurement interval. For this reason, the MS2K probe,
which integrates a volume of few centimeters and has a
higher depth of investigation, will be shortly tested as an
alternative. The measurement of discrete samples could
not systematically be done. It will be reserved to the cores
chosen for exhaustive study. For some instrument
disorders, we do not yet have whole-core and split-core
logging for the same core.

The confrontation of the magnetic field borehole
logging and the magnetic susceptibility core logging
should allow us to evaluate and correct the coring
compaction effect induced by percussion. The magnetic
anomalies are produced by the induced and remanent
magnetization. In the studied case, the burned material
presents a ferrimagnetic enhancement produced by the
thermal transformation. If this material is still in situ, a
high thermoremanent magnetization carried by the
ferrimagnetic phase exists. The induced magnetization is
proportional to the magnetic susceptibility measured (if
the grain size effect of the ferrimagnetic particles is
neglected, i.e. the frequency dependence of the magnetic
susceptibility). So, the remanent magnetization
constitutes the source of anomalies signal which are not
directly correlated with the magnetic susceptibility signal.

If we consider a Log with a weak signal, the part of
remanent magnetization on the magnetic field signal is
reduced. The figure 4 displays such case with the Log 30.
The correlation is easy on the trend of the bottom part up
to an altitude of 1 m. The correlation of the upper part is
not evident. In detail, the correlation cannot be done with
satisfactory quality. At the opposite, if we consider a Log
with a high thermoremanent signal, the correlation should
be more difficult. In fact, for a simple case (Fig. 5), the
trend is not so different.

In case of a magnetic field signal influenced by a close
magnetic source the magnetic susceptibility signal
becomes complementary. This is probably the case of the
Log 41 (Fig. 6). The presence of some big positive peaks
reveals a dipolar effect similar to what could be observed
on a magnetic field map, such as the one presented on the
figure 1. The figure 7 shows the Log 42, located in the
major anomaly of the figure 1, and remote about 1.7 m of
Log 41. The twin peaks present on the Log 42 occurred
on the Log 41, but largely attenuated and overcome by
the dipolar anomaly. The positive part (i.e. the lower
intensity values) can be explained by the magnetic layer
observed by magnetic susceptibility measurements but
the negative one reflects the close presence of the high
magnetic level observed in the Log 42.
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Fig. 5. Magnetic field core logging and whole-core
magnetic susceptibility logging of the Log 43.
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Fig. 6. Magnetic field core logging and whole-core
magnetic susceptibility logging of the Log 41.
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Fig. 7. Magnetic field core logging and whole-core
magnetic susceptibility logging of the Log 42.
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Fig. 8. Magnetic field core logging and split-core
magnetic susceptibility logging of the Log 27.

The information obtained with the MS2E appears
noisier (Fig. 8). Both smoothing of the sediment
heterogeneity by the spatial convolution of the MS2C and
error induced by imperfect contact with the MS2E can
explain this difference

IV. TO GO DEEPER IN THEANALYSIS
The magnetic field logging constitutes the prolongation

of the magnetic survey. The high measuring rate of the
fluxgate device allows to obtain a spatial resolution of
few millimeters. The total station used for the
determination of spatial coordinate does not have an
internal clock. For this reason, the total station is
controlled by a computer with a software running on
Windows. Time is recorded with a precision of 0.01
second. Without disturbance, 20 measures are done by
second. A pseudo-periodic internal control of the total
station generates time distortion for 4 or 5 consecutive
measurements. A correction can be applied, but the more
efficient protocol is to reject the data acquired during this
time perturbation.

Another source of error observed on time, i.e. on
computed depth, comes from the apparent instability of
the clock of the two computers used. The software
controlling the fluxgate device runs on Linux with an old
interface and so with an old computer. Some
investigations are done to explore the origin of the
differences of clock rate between the two computers. The
Windows operating system and the use of deficient
internal battery of the old computer constitutes the
suspected origins of this artifact. A correction of about
0.002 to 0.005 s between two successive loggings had
been applied to conserve the synchronization. The
possible error on this correction generates an error on
depth estimation of about 2 mm. The old computer will
be soon replaced by a new one expecting that it will solve
the problem.
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Fig. 9. Magnetic field logging apparatus.

Another source of error on altitude determination is
coming from the aluminum structure and the sensor
protection (Fig. 9). The aluminum structure must be
improved, especially to reduce the clearance in the
junction of the different elements. The diameter of the
sensor protection must be reduced in order to avoid being
stopped in the well while retaining an efficient centering
mechanism.

The correction of cores compaction problem would be
easily resolved if we were able to realise magnetic
susceptibility logging. Getting a high spatial resolution
can only be done with a contact sensor. This cannot be
realized on the walls of the well. The design of a probe,
operating without contact, needs a great length which is
not consistent with the well dimension. Moreover, it does
not allow a high spatial resolution.

The magnetic field bore-hole logging appears as the
best alternative, but an inversion of the data must be
realised to reach an information of high spatial resolution
on the magnetization of each layer. This will be one of
the next steps of this work. According to the same line,
the deconvolution of the MS2C curves must be realized.

Finally, one core must be studied with together a
MS2C, a MS2E and a MS2K sensor and then split into
discrete samples for magnetic susceptibility

determination (with a KLY4 susceptibilimeter) and
natural magnetization (with a laboratory magnetometer
such as JR6 Spinner magnetometer, AGICO).

V. CONCLUSION
As far as we know, it is the first time that magnetic

field logging is implemented for archeological purpose.
Magnetic susceptibility logging will be certainly simpler
for the data interpretation, but the spatial resolution
expected (centimeter) is not compatible with the design
of a specific apparatus.

The three-axis fluxgate magnetometer used brings an
information fully in keeping with the goals. The data
processing chain, both for magnetic field and whole core
magnetic susceptibility, must be developed.

The MS2E probe appears to be not adapted for split-
core magnetic susceptibility logging with hardness
material.

The approach developed to study archaeological
settlements in wet land seems to be appropriate. Some
developments of apparatus and processing chain will be
required to be fully operational.
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Abstract – During geophysical investigations (2010-

2011) at the archaeological site of the ‘Villa degli 

Antonini’ in Genzano di Roma (RM, Italy), detection 

and location of underground buried structures using 

different instruments and techniques were carried 

out. In this paper we describe the results of an 

investigation obtained with integrated geophysical 

survey techniques: electromagnetic induction (EMI), 

magnetometry (MAG) and ground penetrating radar 

(GPR). 

Magnetometry and electromagnetic induction 

measurements revealed an elliptical depression with a 

N/NE–S/SW orientation (major axis ca. 50 m, minor 

axis ca. 25 m). On the basis of these results, GPR 

measurements were taken to enhance the 

characterization of smaller and more deeply buried 

features in order to obtain a more detailed picture of 

the underground structures. 

Excavation in targeted areas showed that the elliptical 

structure is an amphitheatre, possibly the one where, 

according to the ancient sources, the Roman emperor 

Commodus (ruled 180-192) earned the nickname 

“Roman Hercules”.   

 I. INTRODUCTION 

Among the major elite residences in the area of the 

Alban Hills, the “Villa degli Antonini,” located at the 

eighteenth mile of the Via Appia, in the ancient Ager 

Lanuvinus, is so far the least explored (Fig. 1). While the 

attribution of this villa to the imperial family of the 

Antonines has been put forward since the 18
th

century and 

while some structures belonging to the bath complex 

have always remained visible (Fig. 2), the overall layout 

of the villa complex is largely unknown. Some portions 

have been completely destroyed, especially as a 

consequence of modern uncontrolled urbanization, or 

otherwise compromised. 

 

 
Fig. 1. I.G.M. map with the location of the site.  

       

The only truly scholarly investigations at the villa, 

which focused on the impressive baths still standing 

today [1], occurred in the late ‘80s-early ‘90s. In 1996 a 

brief clearing of the area immediately west of the baths 
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brought to light part of a large curvilinear structure that 

was not further explored at that time (Fig. 3).  

 

    
Fig. 2. View of the ruins of the bath complex 

 

In 2010 Montclair State University undertook an 

ongoing systematic study of the site through different 

means of investigation, including archaeometric analysis 

and geophysical survey, in order to understand the villa 

complex as a whole [2] [3]. 

The geophysical investigations, conducted by Prof. De 

Filippo and his team, concurrently with the 

archaeological excavation have played a particularly 

important role in the attempt to direct resources for the 

excavation to targeted areas that enhance the results in a 

timely and cost effective manner. One of the major goals, 

on which this paper focuses, was to understand the nature 

and chronological development of the curvilinear 

structure uncovered in 1996 of which only a modest part 

had been exposed, and which had been understood as a 

series of pools connected with the adjacent baths. In order 

to determine its exact shape and therefore the best 

excavation strategy for this building, a series of different 

geophysical investigations were carried out over the 

years, allowing for the most effective possible 

verification of the quality and reliability of the acquired 

data and its elaboration. 

 

 
Fig. 3. The ‘curvilinear structure’ as it appeared in 2010. 

 

The geophysical surveys combined the use of magnetic 

(MAG) and electromagnetic induction techniques (EMI), 

and ground penetrating radar (GPR). This multi-

methodological approach allowed a more accurate 

detection and mapping of buried archaeological structures 

[4]. The electromagnetic induction method can detect 

lateral and vertical variations of electrical conductivity. 

This survey technique works in the frequency domain and 

can be configured to measure up to 16 user-defined 

frequencies between 6000 Hz and 16,000 Hz. In this way, 

using different frequencies, it is possible to map the 

subsurface at different depths. As is known, vertical 

magnetic gradient data are especially useful for detecting 

objects buried at shallow depth, while GPR provides 

better high lateral and vertical resolution of the 

investigated area in a very short time [5]. 

A good correlation between MAG and EM anomalies 

emerges from the results presented. Moreover, the 

electromagnetic anomalies are centered above the target, 

giving an easier interpretation of its position. The 

combined use of these techniques with GPR 

measurements determines both size and location of the 

detected underground walls and floors.  

 II. SURVEY PLANNING AND DATA 

PRESENTATION  

Several factors were taken into consideration in order 

to appropriately tailor the geophysical explorations at the 

‘Villa degli Antonini’.  Given the fact that the site has 

been neglected for a long time and in recent times used as 

an illegal dumping area, we thoroughly evaluated for this 

investigation the advantages and limitations of each 

specific technique, and the general conditions and history 

of the site. We took into account the extension of the area 

to be investigated, the considerable depth at which the 

buried targeted features were more or less expected to be, 

and the need for rapid data acquisition and processing. 

Furthermore, the survey required instrumentation with 

sensitivity to small background contrasts and as little as 

possible affected by background noise sources.  

Firstly, as the area to be investigated was very broad, 

electromagnetic induction (EMI) was used to characterize 

the spatial variability of soil properties. 

  The Profiler EMP-400 is GSSI’s powerful 

electromagnetic induction tool. This EM product was 

built from the ground up using a proprietary source 

cancellation and calibration system to create superior 

signal stability. The Profiler was configured to 

simultaneously measure up to three frequencies between 

6000 Hz and 16,000 Hz. The system was deployed in 

horizontal dipole mode. 

The frequency-domain EM method creates a primary 

electromagnetic field which induces eddy currents in the 

subsurface material. These in turn induce a secondary 

electromagnetic field, which modifies the total field. The 

difference between these two fields is a function of the 

subsurface conductivity [6], [7]. The EM records the 

magnetic intensity of the secondary field that is given by 

the equation [8]: 
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H(t)= H0 cos (ωt - φ) 

 

where H0 is the primary magnetic field, ω is the angular 

frequency and the angle φ determines the phase delay. 

The electrical conductivity is determined by the ratio 

between the secondary and primary fields. It produces two 

components of the secondary field: Q (Quadrature), the 

component with a phase of 90 degrees compared with the 

primary field; and I (In-Phase), the component with a 

phase parallel (0 or 180 degrees) to the phase of the 

primary field [9]. 
The apparent conductivity is therefore related to the 

measured quadrature phase values [10], [11]:  

 

Cond = 360 * PPM (Q)/Freq 

 

where Cond is the conductivity in units of mS/m, 

PPM(Q) is the quadrature phase reading, and Freq is the 

frequency in Hz.  

The data for both phases are converted into a PPM unit as 

follows [12]: 

 

PPM= 10
-6

*Hs/Hp 

 

where Hs is the secondary magnetic field at the receiver 

coil and Hp is the primary field at the receiver coil. 

The multifrequency induction system was used in-phase 

and quadrature phases were measured at six different 

frequencies simultaneously. Both modes are applicable to 

all user-defined grids. 

On the basis of the acquired data sets showing relative 

EM values in parts per million (ppm and mS/m), it was 

possible to generate maps with six different frequencies 

for the entire surveyed area. Fig. 4 reproduces the map 

that best showed the presence of detected buried 

structures, where the contour plot of conductivity and in-

phase components of the measured data used a frequency 

of 16,000 Hz. The one meter spacing of EM traverses 

was chosen to delineate relatively small subsurface 

features. 

It is noticeable in the conductivity map that the sizes of 

the two anomalies (A and C, Fig.4)  that represent the 

relatively low conductivity features are getting slightly 

wider at higher frequencies, in other words, at greater 

depth, and three features showing relatively high 

conductivity (B, Fig.4) are at a lesser depth. 
In order to ascertain the existence and location of 

underground buried walls, a magnetic survey (MAG) was 

planned. Magnetic data were collected using a 

Geometrics G856 in gradiometer configuration (two 

sensors mounted on a vertical staff at a distance of 1m 

apart). 50 profiles spaced at 1 m intervals, with a 

sampling step of 0.5 m along each line, were executed. 

The map of the magnetic anomalies is not computed to 

reduction at the pole (RTP), but with a magnetic gradient 

operator (MGO). 

The differential and integral calculus of the magnetic 

gradient operator (MGO) generates a grid of steepest 

slopes (i.e. the magnitude of the gradient) at any point on 

 

 
 

Fig. 4. In-phase and conductivity results at frequency 

16,000 Hz. 

 

the surface. The MGO is reported as a number (rise over 

run) rather than degrees, and the direction is opposite to 

that of the slope. The MGO is zero for a horizontal 

surface, and approaches infinity as the slope approaches 

the vertical. 

The definition of the gradient yields the following 

equation [13], [14]: 

 
 

The gradient data are especially useful for detecting 

objects buried at shallow depth. This map reveals some 

details of the anomalies of the geomagnetic field (Fig.5). 
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Fig. 5. Map of the magnetic anomalies with magnetic 

gradient operator (MGO). 

 

Magnetic anomalies due to walls are more evident than 

in the total intensity map, whereas anomalies due to 

concentrations of debris are very weak. 

Finally, a GPR survey was also carried out. Ground 

penetrating radar (GPR) data were used to refine the EMI 

interpretation and identify the sources of EM anomalies. 

There was generally good correlation between GPR, EM 

and MAG targets, although the GPR method was better 

able to detect shallow stone walls and foundations.  
Geophysical data were acquired along the grid 

established by timelines using a GSSI Sir10B ground 

penetrating radar system using an antenna with a center 

frequency of 400 MHz, which has a maximum 

penetration depth range of approximately 3.5 meters. 

The one meter spacing of GPR traverses was chosen so as 

to delineate relatively small subsurface features. 

Traverses were made in the SSW and NNE direction. 

Fig.6 is a GPR interpretive map showing the locations of 

targets highlighted. Notable features within Fig.6 include 

walls and foundations related to the main elliptical 

building, but it appears to have been filled with debris. 

 

 
Fig. 6. Results and interpretive map of GPR survey. 

 

 III. CONCLUSIONS 

The geophysical surveys at the archaeological site of 

the ‘Villa degli Antonini’ demonstrate the usefulness of 

multiple geophysical techniques, in this case, EMI, MAG 

and GPR.  

The results obtained with the EMI instrument allowed 

to identify areas with a major concentration of 

underground prominent structures (A, B, and C Fig. 4). 

Especially in area A, the elaboration of the combined data 

strongly suggested that the so called ‘curvilinear 

structure’ contained possible underground passageways 

and that it continued toward the west so as to form an 

elliptical building [2] [3]. The MAG technique was 

employed mostly to identify medium size buried features 

especially within area A since the walls of the 

‘curvilinear structure’ are made up of volcanic rocks, 

such as lava and tuffs of local provenience, that induce a 

very high degree of magnetization. Finally, GPR data 

were used to refine the EMI interpretation and identify 

the sources of EM anomalies at a smaller scale and at 

different depths. 

 

 
Fig. 7. The archeological structures of the ‘curvilinear 

structure’ and Saggio A now understood as part of an 

amphitheatre building. 

 

Since the main goal of the investigation was to 

understand the nature of the so called ‘curvilinear 

structure’ with cost-effective methods, we have so far 

excavated only in a targeted sector of the area of the 

anomaly labeled A in Fig. 4 (Saggio A) in order to test 

the validity of the geophysical surveys. We have planned 

an investigation of the areas of the anomalies labeled B 

and C in Fig. 4 for future archaeological seasons. 

 

  
Fig. 8. Walls inside Saggio A that confirmed the results of 

the geophysical surveys. 

 

Saggio A (Fig. 7 and 8) has confirmed that the 

curvilinear structure is indeed an amphitheatre (ca. 50x25 

m), plausibly the one –never before found –where the 

emperor Commodus, according to the ancient sources, 

performed the animal hunt spectacles for which he earned 

the nickname “Roman Hercules”. The underground 
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structures of medium and small dimensions, as attested 

also in the results of the investigation conducted at the 

amphitheatre of Durazzo [15], are part of the 

underground passageway system, as recent excavations 

are starting to disclose [16]. 
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Abstract – This paper focus on an original magnetic 

survey with a high spatial resolution used to map the 

Neolithic site of Le Pontet at Saint-Nazaire-sur-

Charente (Charente-Maritime, France). The protocol 

involves to use a motorized total station to locate each 

magnetic data measured by a G-858 magnetometer. 

The data processing enables to enhance the magnetic 

map and to obtain a final error of location of a few 

centimetre. The accurate localization of measurements 

by the total station permits to understand the magnetic 

intensity variations between two consecutive profiles in 

slope (variation of the height of the sensors during the 

uphill and the downhill). The using of the topographic 

data of the total station will enable to correct the 

variation of magnetic intensity induced by the relief. 

The results of the magnetic survey allow to bring out 

several causewayed enclosures, pits and postholes. The 

archaeology excavations will be positioned on the basis 

of magnetic survey. 

I. INTRODUCTION 

The Neolithic site of Le Pontet at Saint-Nazaire-sur-

Charente (Charente-Maritime, France) is located near the 

estuary of the River Charente and close to the city of 

Rochefort (Fig.1). It was identified by aerial photographs 

showing the presence of four subparallel and 

discontinuous ditches. Their morphology and material 

found on the surface indicate that they correspond to the 

late Neolithic period. 

The site is established on limestone cliff bordering a 

small valley leading to River Charente. A 

multidisciplinary study is being conducted in this wetland 

so as to establish the palaeo-environmental context 

associated to the Holocene Neolithic settlement. 

The study takes place in a collective research program 

on the “Dynamics of occupation and exploitation of the 

salt in the “charentais” gulfs, from the Neolithic to the Iron 

Age”. This research program, using new methodologies of 

survey, aims to characterize the salt worker sites. In this 

contribution, we will focus mainly on the magnetic survey 

which is particularly adapted to the study of Neolithic 

causewayed enclosure sites, as It was shown for other sites 

on the region [1], [2] or further [3]–[6]. 

A first campaign of magnetic survey was carried out in 

August 2014 on a surface of about 1ha by using a FEREX 

gradiometer (Foerster Institüt). This instrument has four 

fluxgate sensors, spaced 0.5m apart. Their sensitivity is 

about 0.3nT/m. The aims were to map ditches to obtain a 

more precise shape, to discover non-identified structures 

on the photograph. The map of the gradient of the vertical 

component of the magnetic field was acquire with a spatial 

resolution of 0.5x0.1m (20 points/m²). It gives good 

results, largely complementary to aerial photographs 

(Fig.1). 

 

Fig. 1. Map of magnetic anomalies obtained using FEREX 

gradiometer and placed on an aerial photograph (BD 

ORTHO® 2006, IGN©) of the site of Le Pontet (near to 

Rochefort). 
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Fig. 2. a: G-858 magnetometer (Geometrics) with two 

caesium vapour sensors, horizontally spaced 0.39m apart 

(2). Glass prism reflective placed between the two sensors 

(1). b: G-858 magnetometer disposed in base-station (3). 

c: motorised total station (S8, Trimble). 

However, the micro-relief doesn’t enable to keep a 

constant walking sped during the acquisition of each 

profile. This generate a zig-zag effect, sometimes about 

1m, particularly visible on the ditches. Furthermore, the 

gradiometer doesn’t enable to detect smaller structures 

such as postholes due to a low sensitivity. To overcome at 

these problems, another protocol was employed with a 

higher spatial resolution and a better sensitivity. 

II. THE PROTOCOL, MEDOTHOLOGY AND 

TREATMENTS 

A. Presentation of the protocol 

The protocol involved to measure the variations of the 

total magnetic field using a G-858 magnetometer 

(Geometrics) with two caesium vapour sensors 

horizontally spaced 0.39m apart (Fig. 2a). The sensitivity 

of the sensors is about 0.1nT [7]. Total magnetic field 

values were corrected of diurnal variation using another G-

858 magnetometer disposed in base-station and far from 

any magnetic pollution (Fig. 2b). The G-858 

magnetometer recorded 10 measures per second, both for 

the mobile sensors and for the base-station. 

The location of each datapoint (tridimensional 

reference) was done by a motorized total station (S8, 

Trimble) with an error of few millimeters (Fig. 2a). A glass 

prism reflective is placed between the two sensors and 

reflects the laser beam transmitted by the total station (Fig. 

2c). The total station operated at 20Hz (20 measures per 

second). 

With this protocol, the mobile magnetometer was in 

base-station mode and it recorded only time and total field 

intensity but no location (The later were acquired only by 

the total station which recorded the time too). For this 

survey, the operator was following the field corn rows as 

prospecting lines (black crosses, Fig. 3). 

So, the motorized total station and the G-858 

magnetometer operated independently of one other. Data 

from magnetic measurements and positions were saved in 

two files with for common variable the time. To combine 

to each measuring point with one position, a phase, so 

called “synchronization”, is carried out at the beginning of 

survey. The principle is to correlate a magnetic signal with 

a displacement. To do this correlation, a back and forth 

movement of the sensors is performed in the direction of a 

magnet. The G-858 magnetometer records the amplitude 

variation of the magnetic signal and the total station 

records the movement [8]. 

B. Assembly between magnetic data and location 

data 

 

Fig. 3. Data locations of prism (black crosses) and of 

magnetic measurements for the right and left sensors (red 

crosses). The circular path corresponds to the profile 

changes. The spaces with no location values on a profile 

corresponds to a zone where the total station lost the glass 

prism. However, the position of magnetic measurements 

was interpolated from the nearest points. The resolution 

was about 30 points per m². 

The synchronization phase enables to find the time 

difference between the two instruments to match the times. 

A position data is assigned to a magnetic data using the 

two nearest location points. This two points are determined 

by comparison between the time of the location data (total 

station) and the time of the magnetic data (G-858 

magnetometer). There is an anterior point (time of the 

location data is inferior to time of the magnetic data) and a 

posterior point. The positioning is dependent to the ratio of 

the time difference between the magnetic data and the 

anterior point on the time difference between the posterior 

and anterior point. So, the coordinates of magnetic data is 
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calculated by a linear interpolation from the anterior point 

and this ratio. 

However, the coordinates of magnetic data do not 

consider the arrangement of the sensors. The calculated 

coordinates correspond to the prism position when the 

magnetic measurement has been recorded (middle 

between the two sensors). Indeed, the sensors are 

perpendicular to the operator-prism axe and spaced at 

0.195m of both sides of the prism (Fig. 2). A translation 

and a rotation permit to calculate the coordinates of each 

magnetic data of the two sensors (Fig. 3). 

C. Correction and enhancement processing 

Several processing are used to correct some bad 

locations and outlier magnetic data. This treatments are 

done with a MatLab routine. 

The set of location data presents a few outlier points. A 

point is identified as outlier when its location is not in the 

trend of neighbouring points. The trend is characterized by 

the ratio of the sum of the distance between the controlled 

point and the two neighbouring points (anterior and 

posterior positions) and the distance between the two 

neighboring points only. This ratio is near to one when the 

three points are aligned and higher to one, when they are 

not aligned. Location data are considered as outlier when 

this relation is higher to two. 

Several treatments are applied to magnetic measurement 

to remove the outlier data and to enhance the magnetic 

map. Data processing on the magnetic measurements is 

done by three exclusion criteria to remove outlier values 

and are made independently of the location data. The first 

involves deleting the values higher to a threshold. The 

second processing involves comparing the values of the 

left and right sensors for the same measurement. If the 

difference between the two sensors is very important and 

one of the value of the two sensors is very lower or greater 

to the median of magnetic data. This value is considered as 

outlier. The third processing involves removing the outlier 

values by examining if it follows the tendency of the 

neighbouring values. 

During the survey, different magnetic sources pollute the 

measurements as metallic masses in movement such as 

cars, airplane and others. With this protocol, when a 

metallic masse approaches, the magnetic recording 

continue but the operator stop the walk. Thus, after the 

synchronization, measurements that have recorded this 

magnetic perturbations are removed by identifying the 

distance between two consecutive points that are close to 

zero. 

To keep only surfaces with a high density of data, 

magnetic measurements are removed at the ends of the 

surveyed areas (Fig. 3). 

This basic processing enhances the quality of the 

magnetic map. Finally, location data and the magnetic 

measurements are georeferenced with reference points 

localized by the total station. The final error of localization 

is a few centimetre. 

 

Fig. 4. Map of magnetic anomalies obtained using G-858 

magnetometer. The prospected area, about 5ha, was 

mapped in four days. (1) external enclosure composed by 

four ditches ; (2) middle enclosure composed by two 

ditches ; (3) internal enclosure composed by one ditch. 

Green square shows the zig-zag effect induce by the relief 

(corresponding to a palaeo-cliff). 

III. RESULTS OF THE MAGNETIC SURVEY 

The results of the magnetic survey on the site of Le 

Pontet, illustrated by the Fig. 4, allow to bring out the 

causewayed enclosure visible on aerial photographs but 

also the presence of other ditches inside. The Neolithic site 

has a great enclosure of four discontinuous and subparallel 

ditches, then a second one enclosure inside and finally a 

third one enclosure composed by a unique ditch. 

The first enclosure has a great entrance, on the north, 

with several small ditches which have an incurved shape 

and joining the external ditch. These extensions of ditches 

are called “pinces de crabe” (crab’s pincers) and mark 

enclosure entrances. The “pinces de crabe” are typical of 

the enclosures of west-central France [2]. In this entrance, 

several small punctual magnetic anomalies of low 

intensity could be interpreted as postholes as has been 

demonstrated on the Neolithic site of Chenommet 

(Charente, France) [2]. Internal ditches on the first 

enclosure show generally a greater intensity that external 

ditches and it may be induced by a different in filling 

ditches. 

The second enclosure has two discontinuous and 

subparallel ditches and several “pinces de crabe”.  

However, in the part of this enclosure, other structures 

are visible but their identification are difficult, probably 

ditches, postholes and pits. Future excavations will permit 

to recognize some of those structures. 
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Fig. 5. Representation in three dimensions of the magnetic 

survey on the Neolithic site of Le Pontet. The topographic 

information correspond to the glass prism height and it is 

therefore elevated above the ground. 

These two enclosures end on the palaeo-cliff (northeast) 

which characterized by a major slope failure, initiating the 

slope of the valley. This slope failure causes a zig-zag 

effect and prevents the good readability of the magnetic 

map on this zone. 

The total station localizes each datapoint with a 

tridimensional reference, so the magnetic map can be 

shown in three dimensions, as illustrated in the Fig. 5 (the 

zig-zag effect and the slope failure are better identified). 

The topographic information from the total station will 

permit to correct the zig-zag effect (in progress). 

IV. COMPARISON BETWEEN THE TWO 

MAGNETIC MAPS AND PROCESSING 

DATA 

A. Comparison between the magnetic map obtained 

by the G-858 magnetometer and by the FEREX 

gradiometer 

An accurate positioning of magnetic measurements of 

the G-858 magnetometer is made by the motorised total 

station. This, coupled with a high spatial resolution, 

permitted to obtain a map of magnetic anomalies. This 

protocol has different advantages as a better sensibility of 

the caesium vapour sensors in relation to the fluxgate 

sensors of the FEREX gradiometer [9]. On the Fig. 6, the 

magnetic anomalies of ditches, measured by the caesium 

magnetometer (Fig. 6a), present a wider range of intensity 

than the fluxgate gradiometer (Fig. 6b). The yellow arrows 

show a “pince de crabe” and ditch where the magnetic 

information are more detailed. In the yellow dotted boxes, 

two magnetic anomalies of low intensity of two older 

ditches are identified on the map right (Fig. 6b) but not 

visible on the other map or not clearly identifiable (Fig. 

6a). Another advantage, it is a nearly absence of the zig-

zag effect induced by the micro-relief which doesn’t 

enable to stay at a constant walk. Indeed, on the map 

obtained with the high spatial resolution protocol (Fig. 6b), 

the zig-zag effect is not visible compared with the map 

obtained with the FEREX gradiometer (Fig. 6a). 

 

 

 

Fig. 6. Comparison between the magnetic maps obtain 

with the FEREX gradiometer composed by four fluxgate 

sensors (a) and with the G-858 magnetometer composed 

by two caesium vapour sensors (spaced horizontally) (b). 

The positioning of magnetic measurements of the G-858 

magnetometer is carried out by the motorised total station. 

The smallest structures are also more identifiable 

(probably as postholes) on the magnetic map with the high 

spatial resolution (Fig. 6b). 

However, the FEREX gradiometer has four sensors, 

spaced 0.5m apart, and permits to obtain four profiles for 

one passage. So, for a same area, the latter is two time 

faster than the G-858 magnetometer. Furthermore, the 

magnetic gradient measurement is less disturbed by the 

magnetic masses than the total magnetic field 

measurement. Indeed, the magnetic disturbance of a 

magnetic masse, visible at the top the Fig. 6, is smaller on 

the magnetic gradient map (Fig. 6a) than the total field map 

(Fig. 6b).  

B. Correction of the zig-zag effect induce by the 

topography 

The micro-relief doesn’t enable to stay at a constant 

walking during the acquisition. This is the cause of the zig-

zag effect on the magnetic map acquired with the FEREX 

gradiometer. The localization of each data magnetic point 

by the motorised total station doesn’t depend to the 

constant walking (Fig. 6). However, if the relief is very 

important, such as at the palaeo-cliff (visible on the Fig. 

5), a zig-zag effect appears in the slope failure. This zig-

zag effect is shown on the Fig. 7 which corresponds to an 

extract of the magnetic map with a high spatial resolution. 

The slope failure corresponds to the zone characterized 

by negative magnetic anomaly with an elongated shape 

and surrounded by a positive magnetic anomaly of low 

intensity (Fig. 7). In the zone of the slope failure, the 

direction of the profiles during the survey is northwest 

southeast and a variation of intensity is visible between 

two profiles. Indeed, the positive anomaly surrounding the 

negative anomaly with the zig-zag effect present one 

profile with a magnetic anomaly of lower intensity 

compared to the following profile and inversely (generate 

an alternating of light and dark grey on the map (Fig. 7)). 
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Fig. 7. Extract of magnetic anomaly map which present the 

zig-zag effect induces by the slope failure. The slope 

failure reveal the presence of a paleo-cliff. The two arrows 

marks the profile direction during the survey. The dotted 

lines indicate the zone with the zig-zag effect. The yellow 

rectangle shows the position of the magnetic and 

topographic profiles presented on the Fig. 8. 

This zig-zag effect and this variation of magnetic 

anomaly intensity are induced by the height of sensors. 

The yellow rectangle on the Fig. 7 corresponds to the 

location of magnetic and topographic profiles shown on 

the Fig. 8. This figure presents two prospecting profiles 

with the magnetic data recorded by the G-858 

magnetometer and the prism height data recorded by the 

total station. So, there is one profile during the uphill and 

one profile during the downhill of the slope. 

The topographic reference for the comparison between 

the uphill and the downhill of the slope is a digital 

elevation model derived from the LiDAR data (Light 

Detection And Ranging) (Fig. 8, curve 1). The two prism 

height curves are represented by the curve 2 and 4 (Fig. 8). 

The downhill (2) and the uphill (4) present a small 

oscillation with a wave length around of 1m corresponds 

to the walk signal. This signal is induced by the oscillation 

of the glass prism when the operator walks along of the 

profile. 

The two magnetic curves are represented by the line 3 

(downhill) and 5 (uphill) (Fig. 8). The magnetic signal of 

the downhill (3) have a lower intensity than the magnetic 

signal of the uphill (5). There is a difference of few nT 

between both. This difference is induced by the height 

difference between the two prism height curves (Fig. 8, 

curves 2 and 4). Indeed, the uphill curve (4) is lower than 

the downhill (2). So, when the operator climbs the slope,  

 

 

Fig. 8. Graph of the prism height data during the downhill 

(2) and the uphill (4) and also of the magnetic data during 

the downhill (3) and the uphill (5). The topographic 

reference for prism height data is a digital elevation model 

derive from the LiDAR data (1). These profiles correspond 

to the yellow rectangle on the Fig. 7. 

the sensors are closer to the ground than when he descents 

the slope.  

The slope failure corresponds to the zone with the 

highest deviation between prism height curves and 

magnetic signal curves (zone between 12 and 17m, Fig. 8). 

Thus, a magnetic alternating intensity is present between a 

climb profile and a descent profile. This induces an 

alternation of light grey and dark grey on the magnetic map 

and the zig-zag effect (Fig. 7). 

This prism height variation comes from to the 

configuration of the device. The sensors are placed at the 

front of the operator. So, when he climbs the slope, the 

sensors are lowered relative to the default height of the 

sensors. As the magnetic intensity is dependent on the 

distance between the source and the sensor, the magnetic 

intensity is lower. This is inverse for the downhill. So, the 

zone between 12 and 17m corresponds to the profiles with 

the greatest height differences on the sensors and also 
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corresponds to the greatest magnetic intensity differences 

(Fig. 8). 

The height difference between the uphill and downhill 

of the profile is around 0.20m between 12 and 20m. This 

difference is around of few centimetres (maximum of 

0.10m) between 0 and 12m. Each approach of the sensor 

to the soil corresponds to an increase of the magnetic 

intensity (Fig. 8). 

The treatment prospect is the correction of the magnetic 

intensity difference between the downhill and uphill of the 

profiles. This correction is possible using the prism height 

supplied by the total station. So, a completed analysis of 

elevation data (prism height) is required to have a good 

understanding of the prism height variations. The magnetic 

data will be corrected of the height variations of the 

sensors, induced by the topography, by an upward 

continuation of the magnetic anomalies. This treatment 

will permit to correct the zig-zag effect induced by the 

topography. 

However, there is also conceivable to apply this 

processing on all of the magnetic data. Indeed, to a lesser 

degree, the height of the sensors varies compared to the 

soil due to the micro-relief. By going further, the 

correction of walk signal could be envisaged and so 

removed the magnetic disturbances induced by the height 

variation of the sensors. 

V. CONCLUSIONS 

The results of magnetic survey on the site of Le Pontet 

allow to bring out the causewayed enclosure visible on 

aerial photographs (Fig. 1) but also the presence of other 

ditches inside (Fig. 4). The Neolithic site has a great 

enclosure of four discontinuous and subparallel ditches, 

then a second one enclosure inside and finally a third one 

enclosure composed by a unique ditch. This survey allows 

to detect many more specific anomalies of various sizes. 

This is perhaps identified as pits and postholes. The 

archaeology excavations will be positioned, in 2016, on 

the basis of surveys. It will improve the interpretations 

currently based only on geophysical data. 

The FEREX gradiometer has a good resolution 

(20pts/m²) and is adapted for the cartography of 

archaeological structures as ditches, pits and hearths. For 

the same area, it is two times faster than the G-858 

magnetometer. The FEREX has a good ratio between the 

magnetic map quality and the acquisition time. However, 

the positioning errors and its sensibility do not permit to 

detect the smaller structures as postholes. Thereby, the 

coupling between positioning data (total station) and the 

magnetic data obtained with the G-858 magnetometer 

permit to acquire a magnetic map to high spatial resolution 

(30pts/m²) and to detect the smaller structures. This 

protocol gives more accurate information on the magnetic 

anomalies associated to archaeological structures. Thus, 

this allows to excavate of the specific small areas without 

investing in a large excavation campaign. 

The treatment of the variation in height between the 

ground and the sensors, induced by walking and 

topography, will increase the quality of the magnetic map. 

The use of a tridimensional positioning have advantages 

for correcting the signal intensity variations mainly related 

to the topography and operator. 

To provide additional information for the interpretation 

of the magnetic map, other methods will be applied. 

Magnetic susceptibility measurements, electrical 

conductivity map and electrical resistivity tomography 

will enable to provide more information on the physical 

proprieties of the soil and archaeological structures. 

REFERENCES 

[1] V. Mathé, F. Lévêque, M. Druez, and V. Ard, 

“Qu’apporte la prospection géophysique à l’étude 

d’un champ néolithique ? L’exemple du site de 

Bellevue à Chenommet (Charente),” Proc. of 9ème 

Rencontres Méridionales de Préhistoire récente, 

Saint-Georges-de-Didonne, 2012, pp. 135–140. 

[2] V. Ard, V. Mathé, F. Lévêque, and A. Camus, “A 

Comprehensive Magnetic Survey of a Neolithic 

Causewayed Enclosure in West-central France for the 

Interpretation of Archaeological Features: 

Comprehensive Magnetic Survey of a Neolithic 

Causewayed Enclosure,” Archaeological 

Prospection, vol. 22, no. 1, January 2015, pp. 21–32. 

[3] A. Eder-Hinterleitner, W. Neubauer, and P. Melichar, 

“Restoring Magnetic Anomalies,” Archaeological 

Prospection, vol. 3, 1996, pp. 185–197. 

[4] V. Hasek and J. Kovarnik, “Aerial and Geophysical 

Prospection in Archaeological Research of 

Prehistoric Circular Ditches in Moravia,” 

Archaeological Prospection, vol. 6, 1999, pp. 187–

209. 

[5] R. Křivánek, “Magnetometric prospection of various 

types of large ditched enclosures in Bohemia,” 

Archaeological Prospection, vol. 13, no. 1, January 

2006, pp. 25–43. 

[6] T. Hamon and G. Hulin, “Les batiments du 

Néolithique final des vaux à Moulins-sur-Céphons 

(Indre) et les apports de la prospection géophysique,” 

in Le Néolithique de la France dans son contexte 

européen : habitat et économie aux 4e et 3e 

millénaires avant notre ère, Villeneuve d’Ascq, 2011, 

vol. 28, pp. 437–449. 

[7] V. Mathé, F. Lévêque, P.-E. Mathé, C. Chevallier, 

and Y. Pons, “Soil anomaly mapping using a caesium 

magnetometer: Limits in the low magnetic amplitude 

case,” Journal of Applied Geophysics, vol. 58, no. 3, 

March 2006, pp. 202–217. 

[8] F. Lévêque and V. Mathé, “Prospection magnétique 

3D à haute résolution, Du site à l’objet,” in Méthodes 

et formations en archéométrie en France, Maison des 

sciences de l’homme : Ed. Errance, Charenton-le-

Pont, France, 2015. 

[9] V. Mathé, F. Lévêque, and M. Druez, “What interest 

to use caesium magnetometer instead of fluxgate 

gradiometer ?,” in Mémoire du sol, Espace des 

hommes, Paris, France, 2009. 

 

  

555



1st International Conference on 
Metrology for Archaeology 

Benevento, Italy, October 22-23, 2015 

 

Characterization of Meroitic pottery  

(I– IV century AD) from Abu Erteila (Sudan).  
 Annalaura Casanova Municchia1, Marco Baldi2, Anna Addis3, Gilberto Artioli3,                     

Eugenio Fantusati 4, Maria Antonietta Ricci1, Michele Secco3, Armida Sodo1.  

 
1 –Università Roma Tre, Dipartimento di Scienze, Via della Vasca Navale 84, Rome, Italy. 

annalaura.casanovamunicchia@uniroma3.it; 
 

2 – Università di Pisa, ISMEO (International Association of Mediterranean and Oriental Studies), Centro Studi Petrie, 
mbaldi83@libero.it 

3–Università di Padova, Dipartimento di Geoscienze, Via Gradenigo 6, Rome, Italy.   

anna.addis@unpd.it 
4– Sapienza Università di Roma, ISMEO (International Association of Mediterranean and Oriental Studies) 

eugenio.fantusati@uniroma1.it 

 

Abstract – Twelve pottery fragments from a Meroitic 

ceramic collection (I – IV century AD) discovered in 

Abu Erteila (Sudan), have been investigated by 

Raman spectroscopy, X-Ray Diffraction (XRD) and 

Scanning Electron Microscope equipped with X-ray 

microanalysis (SEM/EDS). Ceramic objects consist of 

wheel-made domestic pots for cooking and storage 

needs. All objects are engobed and covered by painted 

motifs.  

The combination of the above techniques has allowed 

to address the firing temperature, and to identify the 

pigments of the decoration, and the composition of the 

engobe. The engobe is made of kaolinite and only in 

two fragments we have observed also the presence of 

mullite, a thermal degradation product of kaolinite. 

This suggests that these fragments belong to pottery 

fired at higher temperature, compared to the other 

artifacts. Moreover we suggest that the firing 

temperature of the ceramic body, the engobe, and the 

decoration are different, and that all the pigments are 

earths. 

 
Keywords: Archaeological pottery, Raman spectroscopy, 

XRD, Kaolinite 

 I. INTRODUCTION 

The archaeological excavation work at Abu Erteila 

(Sudan) placed in the so-called “Island of Meroe” 

(present Butana), suggests that several occupation phases 

of the site followed one another since the I to the XIII 

century AD. In particular, the field investigations, have 

revealed that a relevant building programme was 

undertaken during the classic Meroitic epoch (I – IV 

century AD). Among other finds, a wide and 

heterogeneous Meroitic ceramic collection has been 

discovered in this site. It consists mainly of wheel-made 

domestic pots for cooking and storage needs, and finer 

wares including the luxurious “egg-shell” pottery, 

covered by painted decorative motifs.  

Several fragments coming from different Meroitic 

occupation layers of the site, have been investigated by 

Raman spectroscopy, X-Ray Diffraction (XRD), and 

Scanning Electron Microscope equipped with X-ray 

microanalysis (SEM/EDS), in order to contribute to the 

archaeological research [1, 2, 3, 4]. The aim of this study 

is to identify the materials used for the ceramics 

production and decoration, in order to contribute to the 

reconstruction of the chronological evolution of the 

different settlements, as far as materials and firing 

temperature are concerned. 

 II. MATERIAL AND METHODS 

A. Samples 

All the investigated (twelve) fragments of pottery are 

characterized by an engobe layer below an ordinary 

colored decoration (see fig.1). The decorative elements 

are very simple and realised usually in red, and a white 

pigment occurs only in one fragment (Fig.1 S2).  

Raman measurements have been performed on all 12 

samples without any preparation in order to identify the 

molecular composition of the colored decoration, of the 

engobe layer and of the ceramic body. XRD analysis has 

been performed only on four samples, representative of 

different mineralogical composition, according to the 

Raman investigations.  Based on the shape and size of the 

samples, the non–invasive XRD analysis has been 

performed on only 2 of them (S5, S9), while the XRD 

analysis on powders (XRPD) has been implemented on 3 

samples (S2, S5, S10), in order to separately investigate 

the different layers (decoration, engobe and ceramic 

body). Finally, the SEM/EDS technique, used to 

complement previous measurements, has given very 

helpful information for understanding the elemental 

composition of the white pigment (S2). For this purpose a 

polished cross-sections, according to UNI 10922, [5] of 
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the white pigment has been prepared. 

 

 
Fig.1. The stereo-images of the investigated pottery 

fragments. 

 

B. Raman spectroscopy 

Raman measurements have been performed by using a 

Labram Micro-Raman spectrometer by Horiba, equipped 

with a He-Ne laser source at 632.8 nm (nominal output 

power 18 mW).  The illumination and collecting optics of 

the system consists in a microscope in confocal 

configuration. The system achieves the high contrast 

required for the rejection of the elastically scattered 

component by an edge filter. The backscattered light is 

dispersed by a 1800 line/mm grating and the Raman 

signal is detected by a Peltier cooled (-70° C) 1024 X 256 

pixel CCD detector. Nominal spectral resolution is about 

1 cm-1. In order to avoid sample degradation, neutral 

filters have been used to reduce the laser power on the 

samples. Spectral acquisitions (3 accumulations, 5 s each, 

in the range 100-2000 cm-1) have been performed with 

20x, 50x and 100x objectives, depending on the response 

and structure of the individual sample. LabSpec software 

has been used for spectra acquisition and Origin software 

for the spectra elaboration. 

C. X-Ray Diffraction (XRD) 

Mineralogical semi-quantitative phase analyses were 

performed through X-ray diffraction, on the pottery 

fragments without preparation and on powders, using a 

Bragg–Brentano θ-2θ diffractometer (PANalytical X’Pert 

PRO, Cu Kα radiation, 40 kV and 40 mA) equipped with 

a real time multiple strip (RTMS) detector (X'Celerator 

by Panalytical). Divergence and anti-scattering slits of ½ 

° and 1°, respectively, were mounted in the incident beam 

pathway. The pathway of the diffracted beam included a 

Ni filter, a soller slit (0.04 rad) and antiscatter blade (5 

mm). Data acquisition was performed by operating a 

continuous scan from 3.01° [2θ] to 79.99° [2θ], with a 

virtual step scan of 0.02° [2θ]. Diffraction patterns were 

interpreted with X’Pert HighScore Plus 3.0 software by 

PANalytical, qualitatively reconstructing mineral profiles 

of the compounds by comparison with PDF databases 

from the International Centre for Diffraction Data 

(ICDD). 

D. Scanning Electron Microscope equipped with X-ray 

microanalysis (SEM/EDS) 

Microchemical characterization of the white pigment was 

carried out by a CamScan MX2500 scanning electron 

microscope (SEM), equipped with a LaB6 cathode and a 

four quadrant solid state BSE detector for imaging. The 

analytical conditions were: accelerating voltage: 20kV; 

filament current: 1.80A; emission current: 20μA; aperture 

current: 300nA; working distance: 25 mm. Furthermore, 

an EDAX-EDS energy dispersive X-rays fluorescence 

spectrometer was used for microanalysis, mounting a 

Sapphire Detector composed by a LEAP+ Si(Li) crystal 

and a Super Ultra-Thin Window. Qualitative 

interpretation of spectra and semiquantitative chemical 

analysis were performed through SEM Quant Phizaf 

software. 

 III. RESULTS AND DISCUSSION 

The Raman spectra and the XRD analysis of all the red 

pigments of the pottery decoration show the presence of 

hematite (α-Fe2O3) (Fig.2). In correspondence to the 

white pigment (S2) the Raman spectrum shows the 

characteristic strong band at 147 cm-1, ascribable to 

anatase (TiO2). It is known that synthetic titanium dioxide 

is the most widely used white pigment since 1920. 

Consequently, the possible use of natural TiO2 as white 

pigment in this production deserves a deeper 

investigation. On the other hand, anatase mineral is often 

associate as a minor component of clay materials, and, 

being a very strong Raman scatterer, it could mask the 

scattering from other clay minerals [6, 7]. For this reason 

we have performed the XRPD and SEM/EDS analysis to 

investigate this pigment. The XRPD   analysis shows the 

presence of quartz (SiO2) and   anatase and small amount 

of kaolinite (a phyllosilicate clay mineral with chemical 

composition Al2Si2O5 (OH)4). However, we cannot 

exclude that the kaolinite contribution comes from the 

contamination of the sample powder with the ceramic 

body and/or engobe layer. Consequently, we have 

performed EDS maps of the cross-section of sample S2 

(Fig. 3A,B,C). These show a homogeneous spatial 

distribution of the main chemical elements of the clay (Al 

and Si), with titanium (Ti) present in small grains 

distributed within the white layer, the engobe and the 

ceramic body (Fig.3E). This confirms that kaolinite 

containing TiO2 as impurity has been used as white 

pigment. It is known that anatase, associated with clay 

materials, transforms irreversibly to the most common 

mineral phase rutile at about 1100 °C [8, 9]. 
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Fig.2. Raman spectrum of a red decoration (S5): the 

bands at 229, 299, 416, 616 cm−1 are attributed to 

hematite. 

 
As a consequence, the presence of anatase and not rutile 

in the white pigment suggests that the final firing 

temperature for the decorative elements is lower than 

1100 °C. 

 

In all samples, the Raman spectra of the ingobe layer 

point out the presence of anatase, quartz, and hematite, all 

minerals that are commonly found in natural clays. In 

samples S6, S9, and S10 in addition to these minerals, the 

Raman spectra show also the presence of bands at 1362, 

1394 cm-1, ascribable to corundum (Al2O3) [10]. As 

reported by Leon et al. [11], corundum forms from 

original clay minerals, as a new phase, through complex 

reactions activated at high temperatures (1050°C and 

1200°C). This suggests that fragments S6, S9 and S10 

belong to pottery fired at higher temperatures compared 

to the other fragments. In order to identify the clay used 

from a mineralogical point of view, we have performed 

XRD measurements on fragments and on powders 

collected by the engobe area. In detail, we have 

investigated samples S9 and S10, because of the high 

firing temperature suggested above, and sample S5 as 

representative of fragments fired at lower temperatures.  

The XRD analyses (Fig.4) show that kaolinite, hematite, 

quartz, calcite, anatase, and rutile are present in all the 

samples, whereas mullite (clay mineral with formula 

Al4.44 Si1.56O9.78) and spinel (MgAl2O4) are visible only in 

S9 and S10.  Rutile has not been observed by Raman 

spectroscopy, due to its low concentration (determined by 

XRD), compared to the anatase phase.  

The thermal transformation of kaolinite to mullite is 

observed at about 1200 °C, while the spinel forms at 

about 1000 °C. Consequently, we can state that samples 

S9 and S10 have been fired at temperatures higher than 

1000°C, whereas other fragments have been fired below 

this temperature [12]. 

 
Fig.3. EDS maps showing the spatial distributions of Al, 

Si, Fe, and Ti element in correspondence with the white 

pigment (S2) 

 

The simultaneous presence of anatase and rutile (two 

polymorphs of TiO2) in the engobe of all samples, 

suggests that the lowest firing temperature must be within 

the range of coexistence of the two phases. Indeed, 

anatase transforms into rutile (the most stable phase) 

above 1100 °C [4, 8, 13]. 

However, the transition temperature may increase, 

depending on the chemical environment, the presence of 

other mineral phases, the microcrystal size and so on [8, 

13, 14].  

We notice that the absence of rutile in the white 

decoration suggests that the engobe has been fired at 

higher temperature compared to the decorative apparatus. 

Moreover, the EDS maps (Fig.3) confirm that the clay 

materials (kaolinite) has been used for both the engobe 

and the white pigment. 

 

The Raman spectra of the ceramic body of all samples 

show the only presence of anatase, suggesting its presence 

as impurity of the clay materials.  In addition, XRPD 

analysis performed on sample 2 detects the presence of 

anatase, quartz, anorthite (CaAl2Si2O8), hematite, and 

sericite (common alteration mineral of orthoclase or 

plagioclase feldspats; KAl2(AlSi3O10) (F,OH)2). In the 

EDS maps (Fig.3), we can observe the spatial distribution, 

in the ceramic body, of Si, Al, Fe, Ti, characteristic 

elements of clay materials. 

Sericite and anorthite are altered mineralogical phases of 

the most common feldspats, generated at temperature 
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higher than 950°C [15, 16]; their presence in the 

ceramic body sets a lower limit of the firing temperature 

of the ceramic body. 

 
Fig.4. XRD pattern of sample S9. Label K marks lines of 

kaolin, M of mullite, A of anatase, Qz of quartz, R of 

rutile, an of anorthite, H of hematite and S of spinel 

 IV. CONCLUSION 

Twelve pottery fragments from a Meroitic ceramic 

collection found in the Sudan area have been 

characterized by Raman spectroscopy XRD and 

SEM/EDS analyses. 

As far as the decorative apparatus is concerned, the red 

pigment is identified as hematite while the white pigment 

is a white clay (kaolinite) with anatase traces. This is the 

same material used for the engobe layer and, interestingly, 

the same manufacturing has been observed in the 

estucado Maya production from the Classical Period (III- 

X century AD) [17]. 

As far as the firing technology, we can conclude that this 

production has been fired at temperature higher than 950 

°C, based on the presence of anorthite and sericite. In 

particular, from the study of the engobe layers we observe 

that samples S6, S9 and S10 were fired at temperatures of 

the order of 1200°C, as evidenced by the presence of 

corundum, spinel and mullite.  This difference in the 

firing technology indicates that these fragments could 

come from a different “handicraft workshop”. 

Moreover, the presence of both anatase and rutile in the 

engobe layer suggests a firing temperature higher than 

that of white decoration, where only anatase is present, 

implying that the final firing temperature of sample S2 is 

lower than 1100 °C. 

These conclusions have been achieved thanks to a 

multidisciplinary approach, based on several 

complementary techniques. This is essential for a correct 

interpretation of data and for a sensible contribution to 

the archaeological research on finds made by complex 

materials, as in the case of ceramics. 
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Abstract – The paper reports the archaeometric 

characterization of 20 representative common wares 

unearthed during the Ancient Appia Landscapes 

survey (Benevento, Italy). A wide set of chemical, 

physical, mineralogical and petrographical analyses 

were performed on ceramic samples aiming at 

highlight the technology adopted by the ancient 

craftsmen for their manufacture.  

In particular, the investigated properties of ceramic 

body as well as the decorations of the tablewares 

account for good technological standards in terms of 

manufacture and firing processes. The cooking wares 

were crafted paying less attention to firing process 

evidencing changes in furnace atmosphere. 

 

 I. INTRODUCTION 

The Ancient Appia Landscapes project has undertaken 

since 2011 with the aim of achieving a topographic 

reconstruction of the Via Appia in the stretch between 

Beneventum and the so-called Appian Bridge on the 

Calore River and recomposing the ancient landscape in 

this area, in a holistic approach to environmental events, 

population dynamics, settlement patterns and economic 

activities. 

One of the most important and complex aspect of the 

research is the quantification and classification of ceramic 

finds, using a method which produced a quantity and 

quality of information on the presence/absence of each 

type of materials.  

The combined analysis of ceramic fabrics, forms, types 

and, if present, decorative patterns, allowed developing a 

typo-chronological study of pottery, based on the 

comparisons with regional ceramic sequences, thus 

constituting a further step in understanding the 

production, circulation and consumption  of pottery in 

this part of the territory of Benevento.  

Middle Imperial and Late Roman ceramics are the most 

common both in infra and intra-site pottery assemblages, 

with a high percentage of local common wares.  

Thus far, the archaeometric characterization has 

concerned 20 representative samples of this pottery, 

which remarkable morphological standardization has 

allowed the identification of different types, comparable 

with typologies and chronologies already known from 

Naples and other Campanian sites. Aim of this research is 

the reconstruction of the ancient technology adopted for 

their manufacturing using a multi-analytical approach.  

 

 II. MATERIALS AND METHODS 

Six samples of tableware and fourteen samples of 

cooking ware were collected.  

Cooking wares consist of pans and casseroles [1] (Fig. 1) 

ISBN-15: 978-88-940453-3-8 
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and are characterized by a rough-textured clay body, 

frequently showing a “sandwich structure”.  

The samples are covered by two types of coating: a matte, 

reddish or brown coating, more or less thick and 

homogeneous, which covers the external surfaces, and a 

dense, red-polished coating, used both for interior and 

exterior surfaces. 

 

 

Fig. 1: Cooking ware forms (scale 1:6). 

 

Samples of tableware consist of jugs and bowls [1] (Fig. 

2) and show a fine-textured light brown or red paste. One 

sample of cooking pot (BNC 15) showed a ceramic paste 

similar to the sample BNC 3 and, for this reason, it was 

compared with it. Also tableware samples are covered by 

a matte, reddish or brown coating (TW 1 and TW 3), 
obtained by immersion or by using of a cloth or a brush, 

and red polished slip coating the interior surface of bowls 

(TW 2). 

 

 

Fig. 2: Table ware forms (scale 1:6). 

 

Optical microscopy investigations were performed by 

polarised microscope Nikon Eclipse 6400 POL. Chemical 

composition of ceramic samples was defined with a 

Philips PW 1400 XRF spectrometer. Mineralogical 

assemblages were obtained by XRPD with a Philips PW 

1730/3710 diffractometer (CuKα radiation, 40 kV, 30 

mA, 2θ scanning interval 4–50°, step size = 0.02° 2θ, 

counting time 5 s per step) and by µ-Raman spectroscopy 

with JASCO NRS-5100 µ-Raman dispersive 

spectrometer with near-infrared diode laser (785 nm) 

(collection times 30 - 60 s, one to three accumulations). 

Thermal analyses (TG/DSC) were performed in air 

atmosphere with a thermal analyser Netzsch STA 449 F3 

Jupiter, coupled with FT-IR spectrometer (Bruker 

TENSOR 27) for the analysis of the evolved gases 

(EGA), in a thermal range between 40 and 1150°C and 

heating rate of 10°C/min. Micro-textures of ceramic body 

and microanalysis of mineralogical phases were obtained 

by a SEM Zeiss EVO HD15 coupled with Oxford X-Max 

80 EDS detector. 

 

 III. RESULTS AND DISCUSSIONS 

Technological processes were reasonably inferred by 

investigating mineralogical and petrological features of 

the ceramic pastes.  

A multi-analytical approach, indeed, allowed 

discriminating mix design, raw materials and technology 

adopted for the manufacturing of ceramic artefacts. 

 A. Mix design of potteries and raw materials 

As far as tablewares are concerned, chemical, 

mineralogical and textural features of ceramic pastes 

allowed discriminating three petrographic groups (TW 1, 

2, 3) [2].  

Samples of group TW 1 (BNC 3, BNC 15) are 

characterized by an active light brown matrix, with 

abundant mica along with fine-grained quartz and 

feldspar (Fig. 3a). The temper is mainly composed by 

siliciclastic phases, with lower percentage of scoriae.  

Samples of group TW 2 (BNC 2, BNC 9), instead, show 

a depurated paste, likely the product of a handling by a 

levigation process, with fine skeleton particles (5 - 10%), 
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composed by rounded quartz, feldspar, rare plagioclase 

and mica, scattered in a brown isotropic or weakly 

anisotropic matrix (Fig. 3b). Nonetheless the seriate 

texture, coarser feldspar, clinopyroxene, garnet, scoriae 

and pumices were occasionally found.  

Finally, samples of group TW 3 (BNC 4, BNC 16) show 

a red paste, weakly anisotropic, sometimes zoned, with 

temper grains (feldspar, clinopyroxene, scoriae, pumices, 

lower quartz and arenaceous fragments) scattered into the 

clayey matrix (Fig. 3c).  

With regards to cooking ware samples, they show a 

coarse-textured pastes. Two petrographic groups were 

identified, based on different packing (CW 1 and 2) [2].  

Group CW 1 (BNC 7, 8, 21, 22) is characterized by a 

lower percentage of no-plastic grains (15 - 20%) (Fig. 3d) 

if compared to group CW 2 (BNC 5, 6, 12, 13, 14, 17, 19, 

23) (20 – 30%) (Fig. 3e).  

The clayey matrix is sometimes zoned  (red rims and grey 

cores) showing coarser volcanic (sanidine, plagioclase, 

clinopyroxene, biotite, amphibole, olivine, scoriae, Lc-

bearing scoriae, pumices, obsidians) and lower 

siliciclastic (quartz and arenaceous fragments) temper, 

along with skeleton’ grains. 

Due to its different textural and mineralogical features, 

sample BNC 18 was not associated to the above reported 

groups (Fig. 3f). 

 

 

Fig. 3: Micrographs of ceramic pastes (20x, parallel 

polars). a) TW 1; b) TW 2; c) TW 3; d) CW 1; e) CW 2;  

f) BNC 18. 

 

XRF bulk chemical analyses suggest the use of both low-

CaO and high-CaO clays for the production of the 

tableware, whereas the use of low-CaO was always 

preferred for the manufacturing of cooking ware (Fig. 4).  

As far as the tableware is concerned, samples of groups 

TW 1 and TW 3 were made with low CaO clays (CaO = 

1.2 – 4.8 wt.%), whereas depurated samples of group TW 

2 show an enrichment in CaO (6.6 – 8.2 wt.%) and Sr (on 

average 315 ppm) and lower mean content of SiO2 (59.4 

wt.%), Rb (147 ppm) and Zr (186 ppm). 

Cooking ware samples show low CaO content (on 

average = 1.5 wt.%), inversely proportional to the SiO2 

content (on average = 66.4 wt.%). Sample BNC 18 again 

differs for its compositional features, characterized by 

lower SiO2 values (59.6 wt.%) and a significant 

enrichment in Al2O3 (22.6 wt.%), Sr (323 ppm), Zr (459 

ppm) and Nb (60 ppm) (Fig. 4). 

 

 

Fig. 4: Binary diagrams CaO - SiO2 and Zr - Nb 

 

The compositional affinities of low-CaO tableware and 

cooking ware samples with carbonate-free Varicolori 

clays [3], largely widespread in the Apennine geological 

sequences, suggest the possible exploitation of these raw 

clays for their production. This is still true because the 

addition of temper up to 30% does not change the 

chemical composition of a clayey material, as 

demonstrated by the literature data [3]. 

As far as the depurated high-CaO bowls of group TW 2 

are concerned, the levigation process may have 

determined a significant change in the composition of the 

clay [3]. Thus, despite the large availability of carbonate-

bearing clays in the Benevento area, the clayey deposit 

exploited for their production cannot be univocally 

determined. 

With regards to temper grains, the chemical composition 

of volcanic phases (sanidine, diopside, lower Ca-

plagioclase, Mg-olivine, andraditic garnet, hastingsite, 
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biotite), obtained by EDS, observed in the ceramic pastes 

along with scoriae, Lc-bearing scoriae, pumices and 

obsidians,  are consistent with the rocks of Somma-

Vesuvius volcanic complex [4]. The tephryphonolitic and 

phonolitic pyroclastic fall deposits of the Avellino (4360 

± 40 y BP) and Pollena eruptions (472 AD) cropping out 

in Benevento area were widely used as temper grains in 

ceramic fragments.  

Worth to note is the presence of volcanics along with 

siliciclastic phases (quartz and arenaceous fragments) 

suggesting the use of a  river sands that mix the Somma-

Vesuvius pyroclasts with sedimentary grains 

 B. Technology 

The multi-analytical approach allowed inferring the firing 

conditions experienced by the ceramic artefacts.  

Mineralogical and petrological features of the studied 

tableware suggest the high technological level achieved 

by workers, particularly evident in calcareous samples 

(BNC 2, BNC 9). 

The accuracy in their manufacture was testified by the 

handling of selected raw materials, the application of 

dense red-polished slip on the inner surfaces and the 

higher firing temperatures. 

In this latter, indeed, the presence of  newly formed Ca-

silicates (gehlenite and clinopyroxene) along with quartz, 

feldspar s.l., illite/mica and hematite, as highlighted by 

the XRPD analyses (Table 1), suggests the achievement 

of high firing temperatures. 

Table 1. Semi-quantitative mineralogical evaluation in 

tableware (XRPD) 

xxxx = predominant, xxx = abundant, xx = frequent, x 

= sporadic, tr = traces. 

  Qz Fsp Ill/Mica Cpx Gh Hem 

BNC 3 xxxx x x       

BNC 15 xxxx xx x tr     

BNC 2 xxxx xxx x xx xx tr 

BNC 9 xxxx xxx x xx   x 

BNC 4 xxxx x tr     x 

BNC 16 xxxx xx x     x 

 

In particular, the presence, in sample BNC 2, of gehlenite 

along with newly formed clinopyroxene, developed at 

high firing temperatures as a reaction product of silica-

rich glass and carbonates [5], suggests firing temperatures 

ranging between 850 and  900 °C, even higher for sample 

BNC 9 (900 – 950 °C) [5], in which only a Ca-rich 

clinopyroxene occurs.  

These temperatures are also confirmed by the vitrification 

structures observed by SEM, typical of an extensive 

vitrification stage (V), which, in oxidizing conditions, 

remain constant until 1050°C [6].  

For the other tableware samples, manufactured with low-

CaO clays, the estimated firing temperatures range from 

850 to 900°C, as confirmed by the presence of residual 

illite/mica and the less developed vitrification structures 

with respect to the samples of group TW 2. 

 

The rough textural features of cooking wares, by contrast, 

attest a lower accuracy in their production.  

Assuming that all samples were crafted with the same 

clayey deposits, the different colour and zoning of matrix 

were likely due to different firing conditions (temperature 

and redox state of furnace). 

The presence of different amounts of residual illite/mica, 

for example, suggests different firing temperatures (Table 

2). 

 

Table 2. Semi-quantitative mineralogical evaluation in 

cooking ware (XRPD) 

  Qz Fsp Ill/Mica Cpx Hem 

BNC 7 xxxx xx x x tr 

BNC 8 xxxx xx tr x   

BNC 21 xxxx xx tr x tr 

BNC 22 xxxx xx tr tr tr 

BNC 5 xxxx xx tr x tr 

BNC 6 xxxx xx tr     

BNC 12 xxxx xx tr x tr 

BNC 13 xxxx x tr   tr 

BNC 14 xxxx x xx   tr 

BNC 17 xxxx xx x tr tr 

BNC 19 xxxx xx x tr   

BNC 23 xxxx xx tr x x 

BNC 18 xxxx xxx tr xx xx 

 

For unzoned samples, indeed, rather low firing 

temperatures in an oxidizing atmosphere were estimated 

(800 - 850°C), as testified by the occurrence of frequent 

or scarce illite/mica, higher LOI and less-developed 

vitrification structures with respect to the zoned samples.  

The mineralogical assemblage, thermal behaviour and the 

vitrification structure of the unzoned sample BNC 14 

allowed estimating even lower firing temperatures (< 

800°C).  

The presence of phyllosilicates, slightly deformed, which 

still preserve their morphological features, suggests the 

achievement of an early stage of vitrification (NV+), 

developing at low firing temperatures [6].  

Phyllosilicates were also detected by XRPD (Table 2) 

and thermal analyses, in which the presence of residual 

phyllosilicates is confirmed by a negative peak on DTG 

curve at around 450 °C, indicating the loss of hydroxyls 

from clay minerals survived to the “first heating” (Fig. 5).  
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Fig. 5: TG/DSC curve of sample BNC 14. 

 

As far as the zoned samples are concerned, mineralogical 

composition and thermal behaviour likely account for 

higher firing temperatures (850 - 950°C).  

However, the textural features suggest uncontrolled firing 

conditions in the furnace yielding samples characterized 

by “black cores” and red rims, corresponding to 

inhomogeneous vitrification structures observed by SEM 

in freshly fractured surfaces.  

In some samples, in fact, extensive vitrification structures 

affect the red rims, whereas the black cores show an 

extended melting of clay particles and the development of 

rounded pores, typical of a continuous vitrification stage 

[CV(FB)] [6].  

In order to better understand the redox state of the 

furnace, µ-Raman analyses on red and grey matrix were 

performed, providing interesting information on the 

concentration of iron oxides. Typical Raman peaks of 

hematite (~ 608, ~ 411, ~ 298 cm
-1

) were detected in the 

red matrix whereas magnetite (~ 678 cm
-1

) prevails in the 

black cores (Fig. 6). 

 

 

Fig. 6: SEM images and µ-Raman spectra of zoned 

matrix of sample BNC 17. 

 

The presence of Fe-oxides in both oxidation states 

suggest an uncontrolled environment of the furnace [7]. 

Actually, the samples could have experienced during the 

firing/ cooling stages a reducing - oxidizing cycle, that 

did not allow a complete and homogeneous re-oxidation 

of artefacts, in particular in their innermost part.  

 

 IV. CONCLUSIONS  

Archaeometric analyses carried out on ceramic samples 

provided useful information about the technological level 

achieved by this micro-regional ceramic production area, 

which adopted the morphological repertoire circulating in 

Naples and Campania between the late 4
th
 and the 6

th
 

century [8], using similar manufacturing techniques, 

intentionally associated with particular forms of different 

cultural tradition.  

The tableware jugs and basins, both with slip and painted 

coating, are very similar to types well attested in Naples 

and Campania between the 5
th
 and 6

th
 century (Fig. 2). 

With regards to cooking ware, the imitations of late 

African cookware forms (H23b, H181 and H197), as well 

as the local imitations of the Pantellerian Ware lug-

handled casserole (Carminiello 2 and 3) are characterized 

by a red-polished surface (Fig. 1).  

Conversely, the matte reddish coating is used for 

casseroles belonging to a different ceramic repertoire, 

parallel with the artefacts produced in Naples from the 

end of the 5
th

 to the 6
th

 century, and also for some few 

closed cooking-pots (ollae), recorded in Naples and 

Campania from the end of the 5
th

 century.  

To conclude, it is evident that the Late Roman Ceramic 

production in Apennine area appears rather well-

standardized from the morphological and typological 

points of view although the archaeometric analyses 

revealed a low accurate technology, in terms of mix-

designs, decoration and firing conditions.  

The lack of a not-well standardized production is 

particularly evident for cooking wares characterized by 

different firing conditions experienced by the samples, as 

testified by zoned and unzoned pastes.  

Unzoned samples suffered low firing temperatures in an 

oxidizing atmosphere, whereas the micro-textures and the 

mineralogical assemblage of zoned samples suggest a 

not-well controlled firing process.  

Better technological standards were highlighted for 

tablewares, in terms of manufacture and firing processes. 
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Abstract – Methodologies used by the authors in the 

study of biofilms encrusting artifacts, monuments and 

archaeological sites are illustrated. Techniques 

adopted in each step of the study, i.e., sampling, 

identification of biofilm microbial components, 

analysis of inorganic and organic components of 

biofilms and removal of biodeteriogens by using radio 

frequencies are described. 

A case study of biofilms formed on a substratum in 

terracotta is presented. Results are discussed by giving 

special emphasis to the use of radio frequencies for 

biofilm removal. 
 

Keywords: Biodeterioration,  Biofilm,  Cultural  Heritage, 

Methodology,  Radio frequencies,  Terracotta 

 

 

I.      BIOFILM AND ITS STUDY 

 

Biofilms include one of the most common causes of 

damage to artifacts, monuments and archaeological sites. 

Beyond aesthetic alterations, they cause physical damage 

to the substrata on which they grow. Biofilms contain 

biodeteriogenic organisms such as bacteria, algae, lichens, 

mosses and fungi. 

Our study consists of the taxonomic identification of 

the biodeteriogenic organisms, examination of inorganic 

and organic components of biofilms, detection of the 

causes of colonization and development of the organisms,  

 

description of the nature of the alterations suffered by 

substrata, and removal of the biodeteriogens. 

Substrata investigated thus far are formed by tuff, 

piperno, limestone, wood, and paint dyes [1, 2, 3, 4]. 

We collect biofilm samples in a non-invasive way from 

substrata by using adhesive tapes and small razors. 

Collected samples are grown on media specific for each 

microbial category. 

We identify biodeteriogens by using optical and 

electron microscopy, as well as molecular methods (e.g., 

Environmental PCR, Denaturing Gradient Gel 

Electrophoresis, and Automated Ribosomal RNA 

Intergenic Spacer Analysis). In addition, we use X-ray 

fluorescence to identify dye components and we conduct 

SEM micro-analysis and X-ray diffraction to identify 

inorganic compounds that are produced by the 

biodeteriogens or are originated from the substratum or 

the external environment (i.e., atmospheric pollution). 

To remove the microorganisms we utilize biocides or 

we apply an innovative technique based on the use of 

non-thermal effects of radio frequencies (RF). 

The use of biocides is controversial, because the 

chemical compounds involved, even when effective, can 

alter the substratum and the surrounding environment and 

be dangerous for operators as well. 

For this reason, we favor employing the technique 

based on RF, as it is non-invasive for the substrata and 

poses no threats to the operators or the environment. In a 

joint effort among  botanists,  microbiologists,  geologists,  
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as well as material engineers and specialists in 

electromagnetic measurements, we developed this 

methodology and modified it in such a way that no 

relevant temperature increase occurs, as usually happens 

when using RF. 

Determination of the biofilm-forming microbial 

categories involved and of their relative quantitative ratio 

makes it possible to define RF parameters. 

The source of the electromagnetic fields is a signal 

generator connected to a horn antenna through an 

amplifier providing the power boost required to generate 

the target field amplitude. The carrier frequency is within 

the ISM (Industrial, Scientific, Medical) band, an 

unlicensed band for short-range, typically low-power 

services. Experiments are carried out with pulse 

amplitude-modulated sine wave [1, 5, 6]. 

The use of RF eliminates the great majority of 

biodeteriogens in about one to two weeks after two one-

day treatments, each treatment a week apart, with a 

complete disappearance of colored spots on substrata after 

30 days [1]. Algae and cyanobacteria are proving to be 

very sensitive to RF treatments, more so than eubacteria 

and fungi. Lab tests allow verification that substrata do 

not undergo structural alterations after treatments. 

 

 

II.     A CASE STUDY: RADIO FREQUENCIES USED 

TO REMOVE BIOFILMS ON TERRACOTTA 

 

A study in progress by our research group is addressed 

to biofilms occurring on substrata formed by terracotta. 

Preliminary results are illustrated here. A special 

emphasis is given to the removal of biofilms by using RF. 

 

 

A. Materials and Methods 

 

We examined the ancient terracotta pots placed on the 

façade of the Botanical Garden of Naples, Italy. 

Seasonal environmental parameters (temperature, light 

intensity, and relative humidity) in the area of the 

Botanical Garden were measured. 

Biofilm samples were collected from the pots in a non 

invasive way and transferred to the laboratory, where they 

were grown on media specific for each microbial category 

presumably present in the biofilms [1, 2, 3]. 

Optical methodologies and molecular techniques [1, 2, 

3] were used to identify microbial components of 

biofilms.  

Microorganisms from the lab cultures were used as 

inoculum for shards of broken pots of the Garden. The 

shards were preventively sterilized. The inoculated shards 

were incubated in a thermostat, under controlled 

conditions of temperature and light [1], in order to obtain 

new biofilms on their surfaces. 

The development of new biofilm on the shards was 

controlled every three days, for a total of twelve days. The 

biofilms were photographed and their areas measured. 

 
Fig. 1 – The horn antenna (on the left) of the RF 

equipment while irradiating a sample of terracotta 

placed in a non conductive box (on the right). 

 

 

 

Three samples of the shards with newly formed 

biofilms were subjected to RF treatments in order to 

eliminate the biofilms. Other three samples of shards with 

newly formed biofilms were not subjected to the 

treatments and used as a control. 

The shards to be treated were placed inside a non-

conductive box and exposed to RF generated by a horn 

antenna (Fig. 1). 

Due to the directional behavior of the radiating antenna, 

the operator was exposed to safe levels of the 

electromagnetic field [7, 8, 9]. 

During the period of RF treatments, progressive changes 

of biofilm sizes were controlled on the six samples. 

Analytical techniques based on polarized optical 

microscopy and electron microscopy (images in back-

scattering) were used to investigate, before and after RF 

treatments, the petrographic features of terracotta samples 

(i.e., texture, color, optical activity of the matrix, and type 

of inclusions). 

 

 

B. Results and Discussion 

 

Species of eubacteria, cyanobacteria, and green algae 

were identified in biofilms from intact pots (Table 1). 

Some species of fungi, mosses, liverworts and lichens 

were sporadically observed. 

Values of the progressive development of biofilms on 

three samples of terracotta shards, inoculated with 

microorganisms from the lab cultures and controlled 

every three days after inoculation, are shown in Fig. 2 and 

Table 2. 

Optical observations showed that amount and diversity 

of microbial species occurring in newly formed biofilms 

on terracotta shards generally corresponded to those of 

species reported for intact terracotta pots (Table 1). 

On the basis of taxonomic identification of microbial 

components of biofilms (Table 1), as well as by referring 

to data obtained in previous similar our works [1, 5-9], we  
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Table 1. Species identified in biofilms from   

terracotta pots. 

 

Eubacteria 

Bacillus bataviensis 

Bacillus sp. 
Bracteacoccus minor 

Brevundimonas sp. 
Paenibacillus graminis 

 

Cyanobacteria 

Chlorococcidiopsis minuta 

Chlorococcum sp. 
Chlorosarcinopsis sp. 
Chlorosarcinopsis eremi 

Leptolyngbya sp. 
Pleurocapsa minor 

Pleurocapsa sp. 
Phyllosiphon arisari 

Pseudomonas sp. 
Staphylococcus sp. 
 

Green algae 

Chlamydomonas applanata 

Chlamydomonas sp. 
Chlorella sp. 
Chlorella saccharophila var. saccharophila 
Chlorella sphaerica 

Chloroidium saccharophilum 

Scenedesmus sp. 
Stichococcus bacillaris 

Stichococcus chodati 

Stichococcus sp. 
Chloromonas sp. 
Coelastrella sp. 
Diplosphaera sp. 

 

 

 

 

 
Fig. 2. Development of biofilms on three terracotta    

samples at 3, 6, 9, and 12 days from inoculum. 

 

 

 

chose to irradiate three samples carrying newly formed 

biofilms with 360 V/m field strength and two hours expo- 

Table 2. Per cent values of biofilm development on three  

terracotta samples at 3, 6, 9, and 12 days  from inoculum 

Days from 

inoculum 

Sample 
Avg. St. d. 

1 2 3 

3 

6 

9 

12 

0.02 

1.4 

3.6 

4.3 

0.1 

2.2 

3.8 

5.9 

0.9 

2.3 

4 

5.5 

0.34 

1.97 

3.8 

5.23 

0.48 

0.49 

0.2 

0.83 

 

 

 

 
Fig. 3 – Reduction of biofilms on three terracotta 

 samples during two hours RF exposure every  

other day for a week. A, B, C, and D indicate  

four exposures performed in the week. 
 

 

 

Table 3. Per cent values of reduction of biofilms  

on three terracotta samples during two hours RF 

exposure every other day for a week. A, B, C, and D 

indicate four exposures performed in the week. 

RF Exposures 
Sample 

Avg. St. d. 
1 2 3 

A 5 5.2 6 5.4 0.5 

B 2.6 3.1 3.9 3.2 0.6 

C 1.8 2.8 2.1 2.23 0.5 

D 0.9 1.1 1.0 1.0 0.1 

Overall  

reduction  
82.0 78.8 83.3 81.5  

 

 

 

sure every other day for a week. Such exposures are 

indicated as A, B, C, D in Figs. 3 and 4 e Tables 3 and 4. 

Three samples with newly formed biofilms were not 

subjected to the irradiations and examined as controls. 

Results from RF treatments are summarized in Fig. 3 

and Table 3. In each sample, the biofilm showed a 

constant   reduction,  with  an  average  reduction  rate  of  
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Fig. 4 – Development of biofilms on three terracotta 

samples not treated with RF and used as controls.  

See Fig. 3 for explanation of A, B, C, and D. 

 

 

 

about 81% at the end of RF treatments (Fig. 3 and Table 

3). 

Results from measurements of biofilm development on 

control samples are reported in Fig. 4 and Table 4. No 

reduction in the biofilm development was observable on 

untreated samples in the week of RF treatments. 

By comparing data obtained from petrographic analyses 

performed before and after the treatments, we verified 

that no alteration in the color and structural consistency of 

examined terracotta occurred after the treatments. 

Treated terracotta shards were then transferred outside, 

close the intact pots of the Botanical Garden of Naples, in 

order to verify occurrence of re-growing of micro-

organisms and development of biofilms. So far, after three 

months from RF treatments, no microbial growing has 

been observed. 

 

C. Conclusions 

 

The overall data obtained in the present work showed 

the effectiveness of our methodology using RF to 

eliminate biofilms from terracotta. This material is 

commonly used to make artifacts of cultural and artistic 

interest. 

Radio frequencies, besides their proven efficacy in 

removing biofilms, did not cause alterations of 

petrographic features of terracotta, were not hazardous for 

operators at the adopted exposure levels, and did not 

contribute to environmental pollution. In this last respect, 

the methodology appeared to be a useful alternative to 

biocides that present all the above described drawbacks. 

Moreover, RF power levels applied in our tests did not 

generate any significant increase in the temperature of 

treated substrata. 

As far as other techniques adopted in the present work 

are concerned, the molecular techniques confirmed to be 

particularly useful for taxonomic identification at species 

level of the microorganisms occurring in biofilms and 

petrographic analyses conducted before and after RF 

treatments appeared helpful to verify that  RF  treatments  
  

Table 4. Per cent values  of  development of biofilms  

on three  terracotta samples not treated with RF and used 

as controls. See Fig. 3 for explanation of A, B, C, and D. 

RF Exposures 
Sample 

Avg. St. d. 
1 2 3 

A 4.7 4.7 3 4.13 0.98 

B 4.6 4.7 3.1 4.13 0.89 

C 4.6 4.8 3.1 4.17 0.93 

D 4.3 4.8 3.2 4.10 0.82 

Overall  

development 

 

-8.5 2.1 6.67 -0.81  

 

 

 

did not alter any aesthetic or structural feature of 

terracotta. 
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ABSTRACT 

After a review of the color containers found in Pompeii, a group of them coming from the Officina Pigmentaria 

is considered. A large amount of data concerning the contents of bowls of different kinds found in a Pompeiian 

house is presented. Many materials are encountered that can be classified in many ways. Some distinctions could 

be based on the nature of the possible contents at the time of the Vesuvius eruption in 79 A. D. A statistical 

evaluation of the frequencies of attestation of different materials suggests some hypotheses. A possible 

interpretation of the house as being a shop for preparing pigments, cosmetics and drugs is advanced. 

  

                           I. INTRODUCTION 

 

In the last 250 years of excavations in the sites of  

Pompeii, Herculaneum and the other towns of the 

Vesuvian area, many pigments in containers have been 

found. Probably, they were used for painting the villas 

at the bend of the Vesuvius. Frequently, such pigments 

have come to light preserved in terracotta bowls, vases, 

unguentaries and other small containers with traditional 

names such as fritilla, alabastra  found in shops and 

houses 
1,2

 

The first chemical investigations on these materials 

were carried out at the beginning of the XIX century 

when Chaptal
3
 found ochres, Egyptian blue and white 

pumice. A similar research was made by Humphrey 

Davy, who published two papers on the results
,4,5

. 

During the XIX century other research  appeared on the 

colors of Pompeii such as the one by Palmieri who in 

1875 deduced the formula of Egyptian blue, once 

believed to be a glass
6
. However, it was in the XX 

century pigments were analyzed in dept, thanks to 

more scientific archaeological excavations. A famous 

investigator of the century Selim Augusti
7
, in many 

papers and especially in his I colori pompeiani
8
 

exposed data obtained mainly by microchemical tests 

on samples from wall paintings and bowls. He tried, by 

comparison with the historic Greek and Latin sources
9-

11
, to attribute ancient names to pigments. Some of 

Augusti’s items have been sampled and analyzed also 

recently
11-21

 with different techniques
13, 17, 20

. 

A high number of containers was found from 1952 on 

during the excavations by M. Della Corte
1, 2

, together 

with instruments for preparing pigment powders, such 

as mortars and pestles with traces of colors, and bowls 

with color drops outside, thereby revealing their use
22

. 

Among these containers, a group is in the Depository 

of “Casa di Bacco” with numbers from 9499 to 9612. 

Occasionally, containers of various shape were from 

domus of Pompeii, such as nr 12020 in Insula I, 18, 2 

and the bowl 13578, from Insula Occidentalis, with 

color inside.  

In the “Casa dei Casti Amanti” IX, 12, 6-7 a total of 60 

samples bowls identified and analyzed by Béarat
16

. 

Therefore, the number of containers with color coming 

from Pompeii amounts to about 400. 

The archaeologists brought to light a series of metal 

and glass objects and about 150 bowls, globular pots, 

fritilla, small cups, ollae and unguentaries containing 

different materials, among which there were many 

pigments
1
. We could verify whether the materials were 
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prepared for painting or for other uses. In fact, in the 

past there was not a clear distinction among different 

arts, and the same materials were employed as painting 

materials, as drugs or as cosmetics, as the Greek name 

of pigment (pharmaka) can recall.  

 

                     II. RESEARCH AIMS 

 

This research aimed to understand some points 

concerning the colored powders: the nature of the 

pigments, the technology of their preparation, the state 

of half-finished product, the composition of mixtures 

for particular uses, degradation and conservation 

problems of these materials, the connection with the 

houses at that time being under restoration, such as the 

“Casa dei Casti Amanti”. These data could be a guide 

for the understanding of the wall painting, at least in 

Pompeii. 

The group of pigments here analyzed comes from some 

rooms of the domus placed in the Regio I, Insula 9, 

nr.9, (briefly I, 9, 9) that, because of the finds, was 

termed “Officina Pigmentaria”. The bowls  seem to 

testify materials to be used for some purposes, taking 

into account also the possible alterations determined by 

the events and the time elapsed.  All the powders have 

been examined by Raman microscopy because of its 

high spatial resolution, and by FT-IR spectroscopy.  

 

III. MATERIALS AND METHODS 

 The study of the composition of the materials from the 

fictile different containers required a series of 

analytical techniques, both non destructive or micro-

destructive. For the first type, Raman Microscopy and 

the transmission IR spectroscopy were used. For the 

FT-IR spectra KBr pellets at 1% concentration were 

prepared. The Raman spectra were obtained with a 

confocal Labram Raman microscope from Jobin Yvon-

Horiba equipped with a 632.8nm laser with maximum 

power of 5 mW, a CCD detector with 1024x 256 pixels 

cooled by the Peltier effect to -70°C, spectral resolution 

1 cm-1, spatial resolution 1 μm. The spectra baseline 

was corrected with Thermogalactic Grams AI program 

that enabled also a search on a properly built database. 

For the recording of the infrared spectra a Jasco 2400 

spectrometer with a DTGS detector was used in the 

range 4000-400 cm-1, with nr of scans chosen by the 

spectrometer; the spectral resolution was 2 cm
-1

. 

 

              IV. RESULTS AND DISCUSSION 

160 samples from different containers coming from the 

rooms of the domus were analyzed. Some of these were 

analyzed by Augusti in the first half of the XIX 

century
7,8

. Most data are in accordance with ours, but 

some are really different and this fact can be explained 

by the different analytical techniques employed. The 

contents may be contaminated by oxidation and 

degradation reactions, such as formation of azurite and 

malachite when copper alloys were nearby. Heat in 

certain houses could have brought temperature to high 

values, transforming some pigments, such as cerussa, 

into litharge and minium
17

. Only in one case malachite 

was really present as a pigment, because of their 

uniform composition and powdery appearance. As a 

pigment it was not identified in wall paintings. Some 

containers have drops and spots of color inside and 

outside (Fig.1).  

Some data are reported in Tab.I. By examining the 

infrared and Raman spectra recorded it was possible to 

identify the main components with their minor ones 

and to compare them with preceding investigations 
18, 

26
. As examples some FT-IR and microRaman spectra 

of samples concerned are reported in Figs. 2-5. The 

colors identified could be divided in groups as follows. 

  

Red orange, brown and pink  

They are mainly composed of iron-based ochres, for 

the red (mainly hematite with magnetite), mixed with 

other minerals, such as calcite and aragonite, goethite 

and lepidocrocite, lead carbonates and oxides 

(cerussite, litharge and minium), sulfides (realgar and 

orpiment), feldspars and quartz, mainly involved in 

pink and orange hues. 

 

Black and gray 

Normally black pigments are dominated by degraded 

organic substances, carbon and magnetite. For gray, 

beyond the black, calcite, white silicates and some 

pyroxenes and micas, coming from volcanic rocks and 

being not part of the color, are observed. 

 

Yellow and white 

These colors are mainly composed of iron oxi-

hydroxides (goethite and lepidocrocite), in some cases 

mixed with calcium carbonate, iron oxides and 

silicates, as parts of ochres. Whites are mainly salts of 

calcium (calcite, aragonite and apatite), of lead 

(cerussite  and hydrocerussite) and silicates. 

 

Blue and Green 

In all the samples examined the blue color is Egyptian 

blue, the caeruleum sometimes associated with quartz 

and with some percentage of feldspars and iron oxides. 

At the time, the pigment was produced in the kilns of 

Puteoli or Liternum
20, 21 

Greens are copper salts (malachite and azurite, though 

the two were not identified as Roman pigment) and 

partly as silicates (celadonite and glauconite).  
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            V. DISCUSSION AND CONCLUSIONS 

After the earthquake of 62 a.D., that caused destruction 

of walls and their paintings , in Pompeii restorations 

were carried out and for years  painters were at work.  

The bowls with colors inside, found over the years, are 

important testimony, ready to be used by artisans in 

shops until the eruption of 79 a.D. 

Probably, the cups found in the “Officina Pigmentaria” 

are connected to the cited restorations. Also the 

presence of some small mortars with pestles is in the 

same framework. Besides pigments, lead compounds 

have been detected that could be cosmetic powders, 

though the border between the two kinds is very 

narrow and the typology of container is not always a 

help in solving this problem. The variety of materials 

found lead us to think that these powders could be used 

as pigments, but also as cosmetics and as drugs. This 

aspect should support the ancient literary sources, 

reporting a wide use of poisonous substances as drugs 

for some pathologies, such as lead and copper salts, as 

attested by Theophrastus, Vitruvius and Plinius. 

Therefore, the Officina I, 9, 9 could be a shop for the 

preparation of intermediate materials to be used in the 

fields mentioned.  

Another hypothesis is suitable for the lead compounds 

encountered. Lead compounds such as cerussite and 

minium, and arsenic sulfides, are unsuitable for fresco 

painting, because they undergo degradation to gray and 

black compounds. They could have been used for 

painting on stone or wood.  

From this research it is also found that pigments are 

either pure compounds, or mixtures properly prepared 

for obtaining the pink, orange, violet, green and gray 

hues necessary for the most refined paintings. 

White lead is present in Pompeii and especially in 

mixture with Egyptian blue
15

 or with lipids in 

unguentaries, to be used as a blusher.  

Moreover, malachite and azurite found in bowls could 

have been prepared for painting on wood or stone, or as 

a drug. Malachite was much used in ancient Egypt not 

only as a pigment, but also for eye cosmesis
15

.  

The results presented appear to be in agreement with 

previous Augusti’s research and later on the Pompeiian 

domus e insulae, but not always
7,8,14,17,18,23,24

. 

Effectively, the investigation carried out with 

molecular spectroscopy supplies more detailed results 

and can suggest the possible technological steps for the 

production of pigments. Already Delamare observed 

that Egyptian blues contained cerussite and he did not 

find a sure explanation of this presence
15

. 

We can conclude that pigments used for wall painting 

were: red and yellow ochre, carbon, aragonite and 

Egyptian blue. .Probably, the materials for medicine 

and cosmesis were lead compounds, malachite, sulfides 

(realgar and orpiment). Expensive imported materials 

were lapis lazuli and jarosite. It is a problem to explain 

the absence of cinnabar  and green earth, that were 

largely employed in all the Vesuvian area. Perhaps 

these were supplied by others, being two materials 

coming from foreign countries Spain and Cyprus, 

respectively.  

It can be interesting to examine the statistical presence 

of pigments in the Pompeii containers (Fig.6). By 

evaluating the percentages of presence on the total 

occurrences, we obtained a rough estimate, though the 

corresponding amounts could be much different. The 

most represented components of the pigments 

examined are: red ochre (19%), aragonite (8%), 

Egyptian blue (6%), and yellow ochre (4%). On the 

basis of past examination of the frames of wall 

paintings these decorations could have been one of the 

most probable destination of the bowl materials. 
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Tab. I. Containers  of pigmented materials  found in the  domus I, 9, 9 of Pompeii 

(abbreviations: Ap Apatite, Ar Aragonite, Az Azurite, Ba Barite, BE Egyptian blue, C Carbon, Ca Calcite, Ce Cerussite, 

Cu Cuprite, Di Diopside, F Feldspar, Fa Fayalite, Fo Forsterite, Go Goethite, Gy Gypsum, He Hematite, Ja Jarosite, Ka 

Kaolinite, Li = litharge, Lp = Lepidolite, Ma = Malachite, Mg = Magnetite, Mi = Minium, Mm = Mimetite, Org 

organicals, Py = Pyrolusite, Qz = Quartz, S = Sulphur, Si = Silicates. Terms in brackets means minor components) 

 

Inv nr Container Colors Raman FT-IR Liter.
8 

Interpretation 

9393 Small pot Pink Ca, C, F, He Ar, Si, He  Red ochre 

9402 Small pot Yellow Ca, org org, Ca  Plaster 

9403 Small pot White He, Mg Ka, (Ca)  Red ochre 

9405 Small pot Ochre Ce, Ca, Mg, 

Py 

Ce, (Ar), 

(Ca) 

 Cosmetic 

9473 Pestle Yellow Ja, Go, Ca Ca  Paint residuals 
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9475 Pestle Yellow Ce, Ca, Go Ce, Ca  Lead white 

9506 Small pot Green Ma, Mg, He Ma, Si, (Ce)  Armenium 

9513 Cup Azure, 

green 

EB, Ar, He, 

Mg, Lp, Ca 

Ca, Ar, EB Si, Qz Caeruleum based green 

9521 Cup Violet Az, Ca, Ce,  

Cu, Ma, Qz 

Ca, Ar, Qz He, 

madder 

Colored cosmetic 

9524 Small cup White Ce, Ca, Cu, 

Li, He 

Ce, Ar  Cerussa for cosmetic 

9527 Cup Blue balls EB EB EB Caeruleum 

9534 Cup Azure EB, Qz, Cu 

(Ap), F, Ca, 

He, Mg 

EB, (Ca), Qz EB Ready caeruleum 

9558 Small pot Brown He, Mg, F, 

Qz, Fo 

He, Ca, Si He, Go Mixture 

9566 Small pot Black Mg, Fo He, Mg, Fo He, Mg Heated ochre 

9637 Olletta Pink Mi, Ce, F, 

(Ca), (He) 

Ce, Ca, 

He,(Ar) 

 Heated cerussa 

9643 Fritillum Pink Ce, He Ce,(Si, Ca)  Pink blusher 

9646 Bowl White red Ar, He, (Ca) Ar, He, (Ca), 

(Ce) 

 Pinky Shell White 

9648 Bowl Yellow Ca, He, Mg, 

Fo, Mm 

Ca, Si  Yellow ochre 

 

REFERENCES 

 [1] M. Della Corte, Case e abitanti di Pompei, Napoli 1954. 

[2] J. Muller-Trollius, H. Eschebach, Pompeij, Bohlau, Verlag, Koln, Weimar, Wien 1993. 

[3] J.A. Chaptal, Sur quelques couleurs trouveés a Pompei, in Annales de Chimie LXX, 1809 pp.22-31. 

[4] H. Davy, Some experiments and observations on the colours used in painting by the ancients in Philosophical 

Transactions of the Royal Society, CV, 1815 pp. 97-124. 

[5] H. Davy, Expériences et observations sur les couleurs dont se serraient les anciens dans la peinture in Annales de 

Chimie XCVI, (1815) pp.72-95, 193-212. 

[6] P. Palmieri, Ricerche chimiche sopra 12 colori trovati a Pompei, Il giornale degli Scavi di Pompei N.S. 3, n.25, 

coll.159-166, Napoli1875. 

[7] S. Augusti, La tecnica dell’antica pittura parietale pompeiana, in Pompeiana. Studi per il 2° Centenario degli scavi 

di Pompei ( a cura di A. Maiuri), Napoli 1958 pp.313-354  

[8] S. Augusti I colori pompeiani, Roma, 1967. 

[9] Gaius Plinius Secundus, Naturalis Historia, XXXIII, LVII, Einaudi, Torino,1988. 

[10] Vitruvius Pollio, De Architectura, VII, XI ,  M.H.Morgan, 1926. 

[11] Theophrastus, Liber de lapidibus graece et latinae, chap. 55,Turnèbe, 1577. 

[12] C. Fagnano, A. Tinti, P. Baraldi La tavolozza dei colori negli affreschi di Pompei, in Ricordo di. Alessandro 

Bertoluzza. Clueb, Bologna,2003 pp.125- 137. 

[13] E. Angelini, P. Bianco, E. D’Amicone, L. Vigna, Plasma-source mass spectrometric analysis of ancient Egyptian 

pigments, in Pigments et colorants de l’Antiquité et du Moyen age,CNRS Ed Paris, 1990 pp. 117-126. 

[14] P. Baraldi, C. Fagnano, D. Scagliarini, A. Tinti, P. Zannini,: Pigments from bowls and from walls of Pompeii, in 

18
th

 International Co nference of Raman Spectroscopy (ICORS), Budapest 25-30 August 2002, pp. 821-822 

[15]F. Delamare, G. Monge, M. Repoux  À la recherche de différentes qualités marchandes dans les bleus égyptiens 

trouvés à Pompéi, Rivista Studi Pompeiani 15, 2004 pp.89-107. 

[16]  A. Varone, H. Bearat, Pittori romani al lavoro. Materiali, strumenti, tecniche: evidenze archeologiche e dati 

analitici di un recente scavo pompeiano lungo via dell'Abbondanza (Reg. IX ins. 12), in Roman Wall Painting, 

Proceedings of the International Workshop, Fribourg 7-9 March 1996 ,(1997) pp.199-214. 

[17] P. Baraldi, S. Minghelli, D. Scagliarini Corlàita, Viraggi di colore nelle pitture parie tali di Ercolano: un’ indagine 

archeometrica, in Coralini A.,”DHER-Domus Herculanensis Rationes,”. Bologna, 2011 pp. 299-308 

  

575



[18] P. Baraldi, A. Bonazzi, C. Fagnano, La tavolozza dei pigmenti nelle pitture dell’Insula del Centenario, in Pompei. 

Insula del Centenario (IX, 8) - I. vol. (a cura di S.Santoro),  Bologna, 2007 pp.227-258. 

[19] D. Cottica, G. A. Mazzocchin, Pots with colored powders from the forum of Pompeii, Proceedings European 

Meeting on Ancient Ceramic,  24-27 October 2007 Budapest, 2008 pp.151-159.  

[20] G.F. Guidi, F. Schiano Lomoriello, G. Trojsi: Studio archeometrico di alcuni contenitori fittili con pigmenti 

provenienti dai siti archeologici di Baia e Liternum,in Atti Convegno Nazionale A.I.Ar. Caserta 2005, pp. 243-252 

[21] P. Gargiulo 1998, Contenitori con depositi di colore Blu Egiziano e officine vetrarie nell’area dell’antica Liternum 

e nel territorio flegreo, in Atti delle seconde Giornate Nazionali di Studio AIHV, 1996, Milano, pp.61-65. 

[22] A. Barbet A., M. Tuffreau-Libre, C. Coupry, Un ensemble de pots à peinture à Pompéi, Riv Studi Pompeiani 10, 

1999 pp. 71-81.  

[23] P. Baraldi, Materiali e tecniche della pittura romana dei primi secoli in Italia, in  Vesuviana. Archeologie a 

confronto (Atti del Convegno Int., Bologna Jan. 14-16th 2008;  a cura di A. Coralini), 2009 pp.707-715  

[24] A. Casoli, E. Campani,  I. Aliatis, D. Bersani, S. Mantovan, I.G.Marino, P.P. Lottici, Pigmenti di epoca romana, in  

Vesuviana. Archeologie a confronto (Atti del Convegno Int., Bologna 14-16 gennaio 2008;  a cura di A. Coralini), 

Bologna, (2009) pp.717-722. 

[25] P. T. Nicholson, I. Shaw (eds.) Ancient Egyptian Materials and Technology, Cambridge University Press 2000. 

[26] M. Tuffreau-Libre,Les pots à couleur de Pompéi, Rivista di Studi Pompeiani 10,1999 pp. 63-70. 

[27] V.A. Sirago 1979: La personalità di C. Vestorio, in Puteoli  III, Napoli, pp.3-16 

 

CAPTIONS TO FIGURE 

Tab.I Some data of pigmented materials found in the domus I,9,9 of Pompeii. 

Fig.1. Some bowls from Pompeii excavations with paint drops outside. 

Fig.2. FT-IR spectrum of the red powder 9642 showing the presence of calcite, kaolinite and hematite. 

Fig.3. FT-IR spectrum of the sample 9502 showing the bands of cerussite and calcite.  

Fig.4 Raman spectrum of a yellow spot in sample 9473 referrable to jarosite (below ref. spectrum from Caltech with a 785 nm 

laser). 

Fig.5 Raman spectrum of Lepidocrocite identified in pot 9580 (ref. spectrum from RRuff). 

Fig.6. Percentage of the pigmented components in the pots from Officina Pigmentaria. 
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Fig.2 (left) Fig.3(right) 
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Fig.4 (left)  Fig.5 (right) 
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Abstract: During the Chalcolithic Age the flint lithic 
artefacts have a high lamellar index and a good 
quality of work because the flint is a raw material 
having a large circulation in Southern Italy, especially 
Gargano flint. During the transition between the 
Chalcolithic Age to the Ancient Bronze Age 1A some 
artefacts, such as those in the tombs, have still a good 
processing level. During the above said periods the 
artefacts bear a few traces of use and generally they 
are not reworked. In the Ancient Bronze Age 2B 
artefacts are badly worked and the lamellar index is 
very low and with the phase of Middle Bronze Age 3 
flint goods are strongly processed. 
 

I. INTRODUCTION 
Thanks to the execution of archaeological investigations 
at Acerra for Variant Trafficking Naples-Cancello it has 
been possible for the prehistoric-protohistoric period to 
investigate a long time span ranging Chalcolithic to the 
Middle Bronze Age 3. These recoveries have resulted in a 
clear vision of cultural evolution during the pre-
protohistoric period by analyzing both the ceramic and 
chipped stone industry from the various excavations. As 
regards the study of the lithic industry with a 
multidisciplinary methodological approach (analysis of 
traces of use, analysis on the recycling of goods and 
lithological investigations on the origin of the flint) was 
crucial in order to outline a shift in technology choices, 
trade, economic and production of the Chalcolithic and 
the Bronze Age. 
The technological and functional analysis carried out 
through detection of traces of use of lithic, testifies, first 
of all, that most of the chipped lithic consists of 
arrowheads, scrapers and microliths used and still 
functioning at the time of abandonment. 
As regards, specifically, the morpho-technological 
analysis carried out, one of the causes of the variability of 
the technological realization of artifacts is certainly their 
long use over time: a scraper in Gargano flint (fig. 1.16) 
from the archaeological excavation AC3_35 due to the 
chronological phase Middle Bronze Age 3 was obtained 

by reusing and reworking a piece of chalcolithic blade in 
Gargano flint. While maintaining a tradition of chipping 
shared between the Chalcolithic and the Bronze Age, as 
witnessed by the morphological characteristics of the 
general findings, it has been found that some changes 
have been introduced over time. The layers belonging to 
the Chalcolithic period show how the goods obtained 
come from an industry of blade where the analysis of 
traces of use (fig. 2) have shown a “moderate” use of the 
instrument and a variety in the supply of flint. The study 
of the raw material, in fact, confirmed how this one even 
came from places as far away as the Gargano, the Lessini 
Mountains or Campania fields1. For levels concerning the 
Bronze Age industry prevails instead of a rougher 
chipping, where traces of use allow to record a strong 
reuse of the oldest artifacts too and the raw materials used 
are the ones that had increased their circulation during 
Chalcolithic. We can assume that there has been very 
significant drop in the supply of raw material during the 
Bronze Age. This diversity in the production and 
implementation of the chipped Chalcolithic industry and 
chipped industry of the Bronze Age can be found in a 
homogeneous way both in closed environments such as 
the tombs and in the layers belonging to a “daily” type of  
life and it is therefore justified to assume that it was also 
associated with the technical skills and the specific mode 
of production in distinct chronological phases with 
different economic systems.  

 
II. CHALCOLITHIC 

The Chalcolithic artifacts from the Acerra excavations are 
fewer in number than those attributable to the Bronze 
Age. The first ones, however, have a detail processing 
and finishing that is not found in the second ones. 

                                                 
1 The identification of flint was carried out by the writer 
with metallographic and stereo microscopes, considering 
the morphological characteristics of the rock: outside 
cortex (when visible on the artefact), inner cortex, (when 
visible on the artefact), texture, transparency, luster, color, 
homogeneity and inclusions. 

ISBN-15: 978-88-940453-3-8 
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As to the Ancient Chalcolithic we have two findings. The 
first one comes from the excavations AC3_64 US 382. It 
is a net oblique truncated blade type T32  with pointed 
heel and the presence of the bulb in the ventral face (fig. 
1.1) . The artifact is worked on one side while on the 
dorsal face the bark is still present, not a real retouch can 
be observed on the edges but some microchippings can be 
noted (fig. 2). Flint is probably from Campania, in fact it 
is rich in effusive clasts inside3. The second artefact is 
from the excavation AC3_66 US 236 and is a double 
truncated blade type T2 probably in Gargano flint with 
simple denticulation retouch (fig. 1.2). The dorsal face 
has continuous central rib, while on the ventral face, it is 
possible to perceive a minimal thickening of the distal 
end due to the bulb of detachment. It has few traces of 
use due to a slight impact (fig. 2). 
On the contrary we can relate to a full Chalcolithic phase 
three arrowheads and one point coming from the 
excavation AC3_59. The three arrowheads, from US 90, 
belong to three different types and have three different 
processes. The first specimen is a beautiful foliated, a 
variety of the type F7 in Gargano flint dark honey color4 
having a bifacial processing obtained with a covering 
deep flat retouch and having a small peduncle with basal 
net truncation (fig. 1.3).  The artefact presents traces of 
use (fig. 2), some of which due to a medium-strong 
impact. The second artifact is an arrowhead in Gargano 
flint, unfortunately fractured, which is preserved only at 
the end of the two wings with a enough developed 
peduncle. It pertains to the type F7 too and it is processed 
only on one side, on the dorsal face we can observe a flat 
and deep retouch (fig. 1.4). There is a marginal retouch 
(fig. 2) at the edges minimally changing the original 
margin of the good. The third arrowhead is obtained by a 
rather thick flake in Campania flint probably deriving 
from the district of the Upper Irpinia5 not attributable to a 
specific type (fig. 1.5). On the dorsal face we can observe 
a midrib, one of the edges has been used and presents 
inframarginal retouch (fig. 2) and the heel is dihedral. 
The point is also made in Gargano flint, it is from the 
excavation AC3_59 too US 77, it has summary raised 
retouching on one face with pronounced midrib (fig. 1.6). 
It refers to the type PD4. On one side it is still visible the 
outside cortex, while on the other margin there are no 
traces of use (fig. 2). The heel is smooth.  
The last finding, that for the type of processing pertains to 
a phase of final Chalcolithic, is a scraper, from AC3_59 
US 243, not well approachable to a specific type (fig. 
1.7). It is obtained by a thick splinter Gargano flint, that  
presents multiple detach due to a rather rough work, the 
distal extremity of which presents marginal retouching 

                                                 
2 Typological artefact types have been indicated in the 
whole text according to Laplace’s typology  [1].  
3 This type of flint is not of excellent quality and has 
inside a high concentration of pyrite and marcasite. 
4 Color due to a high concentration of hematite. 
5 Surveys conducted by the writer.  

(fig. 2), while the proximal extremity is very sharp and is 
not affected by traces of use.  
Both the blade due to the Ancient Chalcolithic and the 
artifacts related to the phase of full Chalcolithic have a 
higher lamellar index with a thickness that can vary from 
3.5 mm to 4 mm. The scraper on flake, instead, relating to 
a phase of final Chalcolithic has a thickness of 8 mm 
which already indicates the beginning of the use and/or 
reuse of faired splinters little finished for the production 
of flint artefacts to the detriment of the production of 
goods by means of a more complex operational chain that 
employs the detachment of flakes and flat blades of a 
core in order to obtain manufactured articles definitely 
better finished such as the foliated arrowhead above 
described.  
 
III. FINAL CHALCOLITHIC – ANCIENT   BRONZE 

AGE 1A 
To a phase of transition between the Final Chalcolithic 
and the Ancient Bronze Age 1A, relatable to Laterza 
facies, refer six artifacts including the three ones coming 
from the tombs in the necropolis of Gaudello found 
during the excavation AC3_63. From the grave 303 US 
210A comes an oblique truncated blade sporadically 
presenting a denticulated retouch (fig. 1.8), variant of 
type T3, in Gargano flint, with unifacial processing and 
midrib on the dorsal face. The edges have continuous 
marginal retouch sporadically interrupted with denticulate 
retouching. The heel is smooth and in correspondence of 
it on the ventral face one can notice the presence of a 
small bulb. The artifact shows no signs of use (fig. 2). 
From the tomb 313 US 319 comes one little blade with 
double truncation (fig. 1.9), type T2 in Gargano flint not 
bearing any type of retouch or traces of use on the edge 
(fig. 2). The artifact has never been used.  
The last finding from the grave n. 319 US 454A is a 
lateral-transversal scraper (fig. 1.11) , type R4 obtained 
from a flake in Campania flint. It has many limestone 
clasts, the proximal extremity is flat and there is the 
presence of a rather thick bulb in the ventral face. 
Retouching is of continuous marginal type and only one 
point bears a denticulate retouching. The artefact does not 
present any trace of use (fig. 2).  
As we can see from the analysis just carried out the 
artifacts relevant to the tomb contexts do not bear any 
trace of use and it is therefore interesting to emphasize 
that they were produced only to be placed in the graves as 
part of the funerary equipment. So as it concerns said 
goods there is a stronger focus in the production and in 
fact they have a good lamellar index6 ranging between 3 
mm and 5 mm. The production of said artefacts is 

                                                 
6 The term “lamellar index” is intended to be an inverse 
proportional relationship between the length of the 
artefact and it’s thickness. We can speak of a high 
“lamellar index” when at the increase of the length of the 
good it’s thickness diminishes. On the contrary we speak 
of a low “lamellar index”. 
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therefore less rough and these ones are presented as 
finished products and not as a rework of previous 
instruments. 
Owing to this transition horizon we can recognize a 
humpbacked scraper (fig 1.10) in Gargano flint coming 
from the excavation AC3_62 US 100. It can be 
considered as a typical artifact of the final phase of 
Laterza facies [2] and it is type Gm1. The artefact is 
made of a thin Campania flint blade and bears a slight 
denticulate retouching. There are no real traces of use fig. 
2), but some microcippings due to a slight impact. 
We can also ascribe to a final phase of the Laterza 
horizon a miniature arrowhead coming from the 
excavation AC3_65 US 115 and obtained by a local 
lithology not yet recognized (fig. 1.13). It presents on the 
three margins an abrupt retouching, but does not bear 
traces of use (fig. 2). 
Finally, from the excavation AC3_53 US 14 comes a 
backed blade, a variant of the type DT8 in Gargano flint 
whose margins have abrupt retouching (fig. 1.12). The 
artefact bears many traces of use (fig. 2). 
As to the artifacts attributable to this transition phase still 
pertaining to the facies of Laterza there is a strong 
heritage of Chalcolithic technology where the production 
of the blade and the care in finishing the artifacts are still 
clearly visible and perceptible, both if the artifact should 
not be used and was pertinent to closed contexts, as in the 
case of the tombs, and if the object had been used, and 
then related to a sphere of daily use such as for the 
humpbacked scraper from AC3_62 or for the backed 
blade from AC3_53. In both cases, the care in the 
production of goods is surely very high. 
 

IV. ANCIENT BRONZE AGE 2B AND MIDDLE 
BRONZE AGE 3 

At a late stage in the Ancient Bronze Age, we can start 
recording on the territory the abandoning of the people 
Laterza and with a gradual replacement at that moment 
by the facies of Palma Campania. There is an 
exponentially increase in the industry of chipping in 
detriment of a production of the blade as previously 
described in this note. The artifacts lose all lamellar index 
becoming much thicker and sometimes much less 
finished being at the same time more difficult to include 
them in a typological group. 
As it regards a late stage of the Ancient Bronze Age 2B 
flake scrapers are well represented. From the excavations 
AC3_35 US 4 (fig. 1.16) and AC3_65 US 12 (fig. 1.17) 
come two lateral scrapers of type R2 in Gargano flint and 
with a frontal cutting edge bearing abrupt marginal 
retouch. The first one is obtained from the reuse of a 
Chalcolithic blade, which has been reworked to obtain 
said artifact. They bear traces related to a strong use of 
the goods (fig. 3). The excavation AC3_66 US 71 
returned a transversal scraper of the type R3 (fig. 1.14) 
with a cutting edge having abrupt marginal retouching 
and bearing many traces of use (fig. 3). 
From the excavation AC3_55 US 13 comes a lateral-
transversal scraper of type R4 also with abrupt marginal 

retouching and bearing near the cutting edge many traces 
of use (fig. 3) and a shiny area due to a frequent use of 
the instrument (fig. 1.15).  
The scratchers, however, are less represented, specifically 
we can recognize two specimens. The first one comes 
from the excavation AC3_65 US 12 type G5, this is a 
circular scratcher likely in Mount Lessini flint7 whose 
perimeter is entirely concerned by a marginal deep 
retouching (fig. 1.18). It was possible to detect the 
presence of many traces of use on said artefact (fig. 3). 
The other finding from AC3_51 US 5, however, is a 
carenation denticulated scratcher, a variety of type D6 
with deep denticulate retouching (fig. 1.19) and bearing 
many traces of use (fig. 3). 
Always relating to the family of denticulates we can 
identify a quite typologically rare artifact, that is a curved 
carenation denticulated point, a variety of type D7 (fig. 
1.20) in Gargano flint with deep denticulate retouching 
and with traces of rather intrusive use (fig. 3). 
Very interesting, but not easy to include in a specific 
class, two artefacts can be identified as sickle elements 
respectively from the excavation AC3_53 US 14 and the 
excavation AC3_55 US 78, the first one is in Gargano 
flint (fig. 1.25) and the second one in Campania flint (fig. 
1.24) being obtained through a slight raised retouching. 
Even these goods bear traces of use (fig. 3). 
Three points are the last group of artifacts related to a 
now advanced horizon and almost final Ancient Bronze 
Age. They have a very thick appearance and are not very 
well processed being obtained by a summary retouch and 
cannot be included in a specific typological class. Two of 
them come from the excavation AC3_63 US 12, they do 
not bear a real retouch and there has been no attention in 
the working of the artefacts which have a quite rough 
appearance (fig. 1.21.22). The third specimen comes from 
the excavation AC3_52 US 17 and this is also a point 
worked from a badly processed flake that perhaps could 
be approachable to the sickle elements (fig. 1.23). 
The last two artefacts that will be taken into consideration 
are from the excavation AC3_36 US 27. Said artifacts 
date to a phase of the Middle Bronze 3 where flint is 
strongly reworked from larger instruments. The first 
finding is a miniaturized arrowhead (fig. 1.27) obtained 
by reworking a largest artifact with carenation retouch 
and traces of use on the edge (fig. 3). The second article 
is a little blade (fig. 1.26) in Lipari obsidian greatly 
reduced and bearing at the edges a simple marginal 
retouch and has many traces of use (fig. 3). 
 
One can end by saying that it is therefore very important 
to emphasize how for the excavations of Acerra the work 
regarding both the traces of use and  the origin of raw 
materials has allowed to draw these conclusions: while 
during the Chalcolithic there is a greater circulation of 
flint because this raw material, together with obsidian, is 

                                                 
7 This type of flint that originates from Northern Italy 
contains a high proportion of hydrocarbons. 
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still a very required good of trade and for which however 
there is still a kind of “direct access” to supplies [3] with 
a linear exchange of  “down-the-line” type [4] there is, in 
fact, in Acerra flint chipped artifacts a wide variety of 
raw materials and they bear little traces to the edges 
owing to a moderate use, are never reprocessed and have 
standard dimensions according to the family or group 
they belong. In the layers relating to the Bronze Age, 
however, there is a very strong reworking of the artefacts 
resulting in a reduction in size, in fact some of the goods 
become miniaturized, traces of use do not affect only the 

most marginal areas of the object, but they cover the 
whole body of the good. It also tracks a real “fall-off” [5] 
in the arrival of the raw material, all the goods are 
presented as the reworking of the oldest instruments by 
ensuring that these were to be used to the bone making 
the most of the raw material nothing of which had to be 
wasted. 
 
 
 

 
 

 
Fig. 1. Acerra - Chipped lithic artifacts from the archaeological investigations carried out by the Variant Trafficking 
Naples-Cancello. (1:1 ca) 
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Fig. 2. Traces of use of Chalcolithic, final Chalcolithic and Ancient Bronze Age 1A artefacts.
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          Fig. 3. Traces of use of  Ancient Bronze Age 2B and Middle Bronze Age 3 artefacts. 
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Abstract – Charcoal samples are among the most 

important and common 
14

C datable materials that can 

be found in an archaeological excavation. The 

interpretation of their measured radiocarbon ages 

cannot be so straightforward because of possible 

ambiguities about their recovery context or the well-

known old wood effect. To overcome these difficulties, 

in this presentation, a feasible strategy based on 

radiocarbon ages calibration exploiting Bayesian 

inference will be presented and discussed.  

 I. INTRODUCTION 

Charcoal is a charred organic material mainly produced 

as the consequence of the combustion at high temperature 

of wood and bark [1]. It is typically recovered in 

archaeological excavations. Charcoal fragments may be 

associated either to the construction of the studied site 

(for example when they are derived from an architectural 

structure) or to destruction/abandonment episodes. It is 

clear that in the two cases the interpretation of the 

measured radiocarbon ages cannot be the same. In 

addition, when dating this kind of samples, other 

difficulties can arise by the fact that the combusted wood 

may be from the inner part of a trunk that might have 

formed many years before the cut of the tree. This 

occurrence is known as the old wood effect.  

To deal with all these possible issues, both a clever 

sampling strategy and a careful data analysis are required.  

In particular, here we discuss how Bayesian inference 

[2] can support the key point of data analysis. In fact, 

measured radiocarbon ages can be calibrated without 

considering any other a priori information, or we can 

independently build a chronological model and then 

evaluate how our observations, i.e. the measurements, can 

influence it. The latter approach is just according the 

Bayesian statistics and it is now becoming a quite 

widespread tool to analyse radiocarbon data. 

 II. THE BAYESIAN FRAMEWORK 

As the name itself suggests, at the basis of the Bayesian 

inference, there is the Bayes’ theorem that tells us that: 

 ( ) ( ) ( )ttyyt p p p ∝  (1) 

In equation (1), t is the set of parameters, i.e. the events 

we are interested in or the calendar ages, and y is the set 

of observations. Before any measurement, we may know 

how our events are distributed along the time scale: this is 

the prior information we can get e.g. from the 

archaeological contexts. Then, considering the set of 

measurements, i.e. the distribution of observations given 

the set of parameters (the so-called likelihood ( ) p ty ), 

the theorem allows us to evaluate how the original prior 

information is modified by the measurements themselves: 

( ) p yt is the posterior probability or the conditional 

probability to have a particular set of events given the 

experimental measurement.  

The “simple” calibration of the measured radiocarbon 

ages for just a single sample is basically a Bayesian 

process. The likelihood can be considered as the 

combined information from the measurement and the 

calibration curve; without any independent information, 

the prior can be taken as a distribution of probability that 

is uniform along the entire time scale. The distribution of 

probability obtained according equation (1) is just the 

distribution of the probability for the calendar age. 

The same reasoning can be applied to sets of samples, 

i.e. to sets of events to be dated that are somehow 

correlated from the chronological point of view. This is 

the case, for instance, of samples that can be associated to 
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the same periods, i.e. events that happens in the same 

particular phase, or of samples taken from different layers 

in a stratigraphic succession. In the latter case, the sample 

taken from the lower layer should be older than all the 

other samples; the sample taken in the layer immediately 

above should be younger than the previous one but older 

than the others, and so on. This is the prior information 

and the set of the distributions of probability of the 

calibrated ages tells us how the measurements modify the 

prior.  

When dealing with charcoals, we may expect that the 

dated sample might not relate to the timing of the event 

we would like to determine: in this case, this is our prior 

information and we can use the Bayesian inference just to 

evaluate how the radiocarbon measurement can change it.  

 III. MATERIALS AND METHODS 

A. Selection of samples 

To study the effectiveness of using a Bayesian 

approach to estimate the amount of the old wood effect, 

charcoal and bone samples were selected and radiocarbon 

dated. With respect to charcoals, bones can be considered 

as short lived samples: they are typically easier to be 

associated to the event that we would like to date. On the 

other hand, they are not necessarily found in correlation 

to the stratigraphy of the site; if this is the case, an 

estimate of their age can be done just on the basis of the 

possible presence of grave goods.  

Samples dated in the present study were collected in 

the archaeological area of Erimi-Laonin tou Porakou, in 

South-Western Cyprus [3,4]. This site lies on a high 

plateau on the eastern river slope of the Kouris river, 

facing southward the modern Kouris dam, and close to 

the modern villages of Erimi and Ypsonas (see Fig. 1).  

The excavation project is carried on by the Universities 

of Turin and Florence, with the collaboration of the 

Department of Antiquities of Cyprus. Archaeological 

evidences have pointed to a main occupation of the site 

during the Bronge Age (from the Early Cypriote to the 

Late Cypriote I periods), possibly divided into two 

different and consecutive phases. A further occupation in 

more recent times, during the late-Hellenistic and Roman 

periods, may be also inferred.  

Charcoal samples were collected from Area A, the 

Workshop Complex. Bones were found in Area E, the 

Southern Cemetery. As typically chosen in radiocarbon 

dating [5], only fragments from long bones, in particular 

from femurs and humeri, were selected. In fact, it is just 

in this kind of bones that preservation of collagen, which 

is the bone component to be radiocarbon dated, is 

generally favoured. 

After collection, all samples were wrapped in 

aluminium foils and kept in plastic bags with the 

appropriate labels.  

 

 

Fig. 1 Map of Cyprus. 

B. Sample preparation 

It is well known that before a radiocarbon measurement 

a sample has to be processed to remove any possible 

contamination, either natural or anthropogenic, and to 

extract the good carbonaceous fraction for dating; 

afterwards, this carbon fraction is converted to the 

chemical form that is suitable for the measurement itself. 

The whole sample preparation can be thus divided into 

three consecutive steps: the pre-treatment, the combustion 

and, in the case of an Accelerator Mass Spectrometry 

measurement with solid samples, the graphitization.  

Charcoal samples were pre-treated following to the so-

called Acid-Base-Acid (ABA) treatment:  

• 1M HCl at about 80°C for 1 hour, to remove any 

possible carbonates; 

• 0.1M NaOH at room temperature for 30 minutes, to 

remove humic substances; 

• 1M HCl at 80°C for 1 hour, to remove any CO2 possibly 

absorbed from the atmosphere during the basic step. 
After each step, samples were rinsed with ultra-pure 

water to neutral pH and finally, they were dried overnight 

in oven at 100°C. 

Typical processed charcoal masses were in the order of 

15 mg, with a yield after the pre-treatment of about 50%.  

As it can be noticed above, a very mild basic solution 

was chosen. This is very important to favour the 

preservation of the clean datable charcoal itself. Indeed, it 

has been proven that diagenetic processes in charcoals 

can lead to the formation of compounds that are as 

soluble in alkaline solutions as the humic acids [6]. A 

milder solution allows us to limit the solubility of the 

sample and to collect enough material for the successive 

measurement.  

Bone samples were treated to extract collagen, which is 

the “good” carbon-based fraction for dating, as already 
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mentioned. Extraction of collagen was achieved 

following a modified Longin method [7]. In this process, 

bones are ground to fine powder in a mortar. Afterwards, 

the mineral phase is firstly dissolved in a 0.5M HCl 

solution, at room temperature. The solution is frequently 

changed in order to enhance the efficiency of the 

demineralization reaction. This step can last for about 24 

hours, at least. The insoluble fraction is then treated in 

0.1M NaOH and 1M HCl to remove any possible 

contamination from the soil excavation and the 

atmospheric CO2. The final material, kept slightly acidic 

at pH 3, is converted to gelatin by heating at 80°C for 

about 12 hours.  

It is worth to remember that the recovery yield of 

collagen after this extraction process is strongly 

dependent on the state of preservation of the bone itself. 

Even though not all the mechanisms at the basis of bone 

diagenesis are fully understood, it is known that one 

effect is the partial loss of collagen [8]. In very bad 

preservation conditions this loss can also be complete, to 

the point that bone is definitely useless for radiocarbon 

dating. Indeed, the Cyprus environment does not favour 

the conservation of collagen: about 50% of the processed 

samples did not show any residual collagen and were thus 

discarded for the measurement. Typical processed bone 

masses were of the order of 500 mg; in case of recovery 

of collagen, the pre-treatment yield was about 2-5%.   

After the pre-treatment, both charcoal and collagen 

samples were combusted to extract carbon as gaseous 

CO2. Combustion was achieved using an elemental 

analyser (Thermo Flash EA 1112), which also allowed us 

to measure the C/N atomic ratio in the collagen samples. 

Only those collagen samples whose C/N ratio was 

considered good as indicated in the literature [9] are 

considered in the following discussion.  

The outlet of the elemental analyser is directly coupled 

to the graphitization line [10], where the gaseous carbon 

dioxide is converted to graphite, i.e. elemental carbon, 

exploiting the chemical reaction: 

 OH2CH2CO 2

C006Fe,

22 + →+ °
 (2) 

The reaction proceeds in the presence of a catalyst (fine 

powdered iron) and at high temperature, about 600 °C. 

The typical amount of the collected graphite is of the 

order of 700 μg. At the end, graphite is pressed in 

aluminum target holders that are allocated into the ion 

source of the accelerator for the Accelerator Mass 

Spectrometry (AMS) measurement to determine the 

radiocarbon concentrations (see Fig. 2).   

C. AMS measurement and data analysis 

AMS measurements were performed at the 3 MV 

Tandem accelerator installed at INFN-LABEC in Florence 

[11], the laboratory of the Istituto Nazionale di Fisica 

Nucleare dedicated to the applications to environmental 

problems [12] and Cultural Heritage [13, 14].  

 

 

Fig. 2 Graphite samples inside the accelerator ion source 

ready for the measurement. 

As the name itself suggests, the basic idea of AMS is 

counting a certain ion discriminating it from all the other 

species on the basis of its mass. In the case of a 
14

C 

measurement, a very high sensitivity is needed to 

discriminate this isotope from the other carbon ions (
12

C 

and 
13

C) and, more important, from its elemental and 

molecular isobars (
14

N, 
12

CH2 and 
13

CH). This is possible 

coupling the traditional selective elements of mass 

spectrometry, such as magnetic and electrostatic 

analysers, with a tandem electrostatic accelerator. Fig. 3 

shows a schematic drawing of the accelerator installed at 

INFN-LABEC: the main components of the AMS beam 

line are highlighted.  

 

 

Fig. 3 Model of the 3MV Tandem accelerator installed at 

INFN-LABEC, Florence. The main components of the 

AMS beam line are highlighted in red. The ion sources 

(on the left of the AMS ion source) and the beam lines (on 

the right) that are dedicated to Ion Beam Analysis 

measurements are also visible. 

In the AMS measurement, radiocarbon concentrations 

in the unknown samples are determined from the 
14

C/
12

C 

isotopic ratios corrected for isotopic fractionation 

(
13

C/
12

C ratios are also measured along the accelerator 

beam line) and for background, and then normalized to 

the isotopic ratios measured for a set of samples of NIST 

Oxalic Acid II (SRM 4990C, certified 
14

C concentration 

134.06 pMC). 

  

586



The 
14

C concentrations are then used to estimate the 

conventional radiocarbon ages, typically expressed as 

years BP.  

The OxCal 4.2 software [15] was exploit to calibrate 

the radiocarbon ages, considering the IntCal13 calibration 

curve [16].  

 IV. RESULTS AND DISCUSSION 

Table 1 and Table 2 show the measured radiocarbon 

ages for bones and charcoal samples. Each table groups 

together those samples that, on the basis of the 

archeological evidences, may be associated to the same 

phase.  

 

Table 1. Measured radiocarbon ages for bones and 

charcoals samples that may be associated to the older 

phase; the experimental uncertainties are quoted at 1 

sigma. 

Sample Material Radiocarbon age 

(years BP) 

T248_1 Bone 3620 ± 40 

T248_2 Bone 3570 ± 55 

T248_3 Bone 3470 ± 70 

T428_1 Bone 3730 ± 50 

T428_2 Bone 3540 ± 45 

Ch_us463 Charcoal 3900 ± 100 

Ch_us636 Charcoal 3900 ± 35 

 

Table 2. Measured radiocarbon ages for bones and 

charcoals samples that may be associated to the younger 

phase; the experimental uncertainties are quoted at 1 

sigma. 

Sample Material Radiocarbon age 

(years BP) 

T328_B2 Bone 3340 ± 100 

T228_1 Bone 3145 ± 30 

T230_1 Bone 3470 ± 40 

T230_2 Bone 3240 ± 40 

Ch_us391 Charcoal 3750 ± 30 

Ch_us392 Charcoal 3795 ± 35 

Ch_us423 Charcoal 3645 ± 35 

Ch_us427 Charcoal 3450 ± 70 

 

Before any calibration, the experimental radiocarbon 

ages clearly show that, in each group, charcoal samples 

appear older than the bone samples associated to the same 

phase, on the basis of the excavation context and 

stratigraphy at least. This occurrence may be explained 

considering the old wood effect.  

To test this hypothesis, calibration of the measured 

radiocarbon ages was performed using a Bayesian 

approach. According to the independent information 

taken from the archaeological observations (the a priori 

distribution of probability), samples were arranged in a 

temporal sequence consisting of two contiguous phases 

(samples were divided as shown in the tables). In each 

phase, charcoal samples were treated as outliers [17], 

with a prior outlier probability of 1 (we are “sure” that 

they are), considering that their ages are definitely older 

than expected and allowing for a common scaling factor 

ranging between 1 and 1000 years.  

Running OxCal, a good agreement between the a priori 

model and the experimental data was found: the 

agreement index Amodel is 89% (as a comparison, the 

threshold for a generally considered good agreement is 

60%). The overall sequence spans from 2200-1950 BC to 

1500-1300 BC (at 68% level of probability).  

Charcoals are definitely older than bone samples. The 

scaling factor that should be applied to charcoal 

calibrated ages is calculated between 250 and 500 years 

at 68% level of probability, as also shown in the example 

reported in Fig. 4. However, this time interval appears to 

be larger than one could guess for a “reasonable” old 

wood effect.  

 

 

Fig. 4 Calibration of the radiocarbon age 3900 ± 35 

years BP measured for the charcoal Ch_us636. The 

calibration curve, with its experimental uncertainty, is 

drawn in blue; the radiocarbon age is reported in red on 

the y axis and treated as a Gaussian distributed random 

variable (the experimental error corresponds to the width 

of the Gaussian distribution); the distribution of 

probability for the calibrated age is shown on the x axis: 

the distribution without applying any model is in pale 

grey and the distribution after applying the sequence and 

outliers model is in dark grey 

 

A possible explanation for such a large time shift can 
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be found through a different interpretation of the 

dynamics of occupation of the site during the two phases, 

by assuming that most of the dated charcoals probably 

pointed to the construction of the site, rather than to 

episodes of destruction/abandonment associated to the 

end of the phases. A refinement of the model and a more 

accurate estimation of the old wood effect could be 

possible in case short living samples will be recovered in 

the next archaeological excavations. 
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Abstract – We present the general design features of 

the new system developed at CEDAD (Centre for 

Dating and Diagnostics) at the University of Salento 

for the simultaneous determination of both the 

radiocarbon age by AMS (Accelerator Mass 

Spectrometry) and δ
15

N and δ
13

C by IRMS in a 

single measurement run on samples with masses in 

the microgram range. 

The experimental set-up includes an Elemental 

Analyzer connected through a Gas Splitting Unit 

both to a ConFlo-IRMS system and, through a new 

Gas Handling Interface, to a new sputtering ion 

source capable of accepting both solid and gaseous 

samples.  

The general features of the system are presented 

together with the functionality tests and the 

preliminary performance results obtained by 

analyzing both certified standard and real wood 

and bone samples.  

 

 I. INTRODUCTION 

The potential applicability of the AMS radiocarbon 

dating together with the analysis of nitrogen and 

carbon isotopic ratios was demonstrated in the years by 

numerous researches. These techniques represent 

fundamental research tools in different fields such as 

archeological, biomedical, forensic, environmental and 

Earth sciences. Especially in the archeological field, 

these methods can supply highly complementary 

information in studies related, for instance, to paleo-

diet and paleo-environmental reconstructions giving 

scientific information complementing archaeological 

interpretations. 

Typically, IRMS (Isotope Ratio Mass Spectrometry) 

and AMS (Accelerator Mass Spectrometry) analyses 

are carried out separately, in different experimental 

steps or even in different laboratories, on different 

fractions of the same samples, or on different samples 

of the same context [1]. 

Thus, also considering the increasing demand analyses 

of samples with masses in the micrograms range, the 

possibility to perform both radiocarbon and stable 

isotopes analyses on the same sample, represent a 

relevant, instrumental and methodological step 

forward.   

To achieve this goal, we have designed a system able 

to split the gas coming from the sample combusted by 

the Elemental Analyzer into two aliquots one sent to a 

gas accepting AMS ion source and the other to a state-

of-the-art IRMS system. We present a detailed 

description of the system and the preliminarily 

performance tests. 

 

 II. FEATURES OF THE SYSTEM 
 

A. Gas splitting system and gas handling 

interface 

 
The experimental design of the new system consists 

of different functional blocks. The first one is 

represented by an Elemental Analyzer (EA) performing 

(trough a flash combustion reaction) the conversion of 

the sample, loaded into tin capsules in an automatic 

“autosampler”, to the gaseous form. The produced 

gases pass through a reduction reactor where, at 650°C, 

the nitrous compounds formed during combustion ar 

reduced to N2.  

The gas is then transported by a He flow to a gas 

chromatographic column (GC) where individual 

gaseous products are separated and eluted depending 

on their retention times. The quantitative 

concentrations of C and N and then C/N ratio are 

measured by a thermal conductivity detector (TCD). 

The EA is connected to the other components of the 

system by a gas splitting unit (GSU) formed by an 

attenuated tee connection designed to split  10% of the 

total flux to the IRMS system, towards the ConFlo 

interface, for δ
15

N and δ
13

C measurements. The ConFlo 
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interface is used in its standard configuration, to feed 

the mass spectrometer (IRMS) alternatively with 

sample and reference gas (with known isotopic ratio) 

whose intensities are matched by an adjusting He 

dilution. 

The remaining 90% of the total gas flux is sent to the 

AMS ion source through the gas handling interface 

(GHI). 

The GHI has been designed to satisfy some essential 

requirements for the proper operation of the ion source 

i.e.  to concentrate the CO2 to be injected in the source 

in a reduced He flow and to inject the He/CO2 gas 

mixture into the ion source with a stable flow in order 

to maximize the ion source ion beam output. 

The GHI was designed on the basis of previous works 

[2-4]; it is built in 1/16” Silconsteel (a general 

passivation coating for steel and stainless steel) tubes  

and all the various elements are connected to each 

other by a six and a four multiport valves that can 

change their configuration according to the different 

process phase. The concentration of the CO2 coming 

from EA in a reduced He is performed by using a 

system based on a movable liquid nitrogen trap [3] [5].  

CO2 is frozen in the LN trap and helium pumped away 

by a vacuum pump, afterwards the trap in removed and 

the carbon dioxide released in a reduced He flow, 

adjusted by a mass flow controller, which is then stored  

into a pre-evacuated 1 ml gas tight syringe. In the last 

phase, a stepper motors moves the syringe piston 

allowing the direct injection of the gas into the ion 

source through a 60 µm silica capillary. The pressure 

value into the syringe is controlled by a pressure gauge 

and it is strictly connected to different parameters such 

as the mass of the solid sample and the carrier gas 

flow. Generally, our system is adjusted in order to 

have, into the syringe, a CO2 concentration of ≈2.5 %. 

All the process phases are controlled by a PC through 

Ethernet connection to the National Instruments control 

modules. The complete system is, therefore, computer 

controlled by a dedicated and specifically implemented  

Labview software [6]. 

After a first series of preliminary tests performed by 

using a modified version of the existing sputtering ion 

source and aimed at demonstrating the overall 

functionality of the system, a new hybrid ion source 

has been acquired from the Ion Beam Physics group at 

ETH, The Swiss Federal Institute of Technology in 

Zurich. 

 

B. The new hybrid ion source 

 

The new hybrid ion source (fig.1) is capable of 

accepting both gaseous and solid (graphite) samples. 

The design of the ion source is expected to allow 

higher sputtering efficiencies and beam current output 

and a more efficient transport of the He/CO2 mixture. 

In the new ion source the cathodes are placed into a 

linear carousel with 40 positions. They have a new 

configuration studied to accommodate both gaseous 

and graphite samples. The gas target is composed by an 

aluminum cap and a titanium playing  an important role 

in the ionization process [7]. Titanium, following the 

interaction with CO2 and Cs
+
 ions, allows the formation 

of a more intense C
-
 ions beam and delivers high 

currents. With a manual or automatic procedure, two 

stepper motors move the 40 linear target magazines 

allowing the selection of the cathode to be loaded; in 

the following step, the movements of an arm controlled 

by compressed air actuator allow the loading and 

unloading of samples into the sputtering position. The 

feedback of this system is composed by “solid state 

auto switches” which control the arm position and by 

optical signals that allow to check the position of the 

sample carousel, to determine the motors position. 

 

 
Fig. 1. The new hybrid ion source at CEDAD 

The design of the vacuum system, the high voltage 

power supplies, all the control systems for the different 

functional parts have been designed in house as well as 

the control and managing software supporting fully 

unattended operations. 

The vacuum system, whose scheme is shown in Fig. 2 , 

is remote controlled by automatic software routines and 

it allows  the separate venting of the samples housing 

area with respect to the sputtering region allowing the 

replacement of the target carousel when the source is 

turned on. The vacuum system has operative safety 

feedbacks on high voltage potentials and on the 

presence of target carousel that control the valves 

position. 

 

 

 
Fig. 2. Scheme of the hybrid ion source vacuum system  
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The new ion source has been already installed and 

connected to the existing low energy injector of the 

Tandetron accelerator. The connection required a 

significant modification of the existing spectrometer 

with the installation of a rotable ESA (Electrostatic 

Analyzer) whose electrodes can now be turned in order 

to accept ion beams produced in both the existing 846 

HVEE ion source and from the new hybrid source 

(fig.3).  

 

 
Fig. 3. Three dimensional drawing of the new rotable 

ESA 

 

C. The existing ion source from solid to gaseous 

measurement 

 

Since 2001 a commercial Mod. 846A sputtering ion 

source from HVEE has been used for routine 

measurement on graphite samples at CEDAD.  

Waiting for the end of the installation of the new hybrid 

ion source, preliminary experimental tests were carried 

out by modifying the existing source in order to test the 

new gas handling unit and find optimal setting 

parameters. To achieve this goal, the sputtering area of 

the 846A source was modified. The GHI was 

connected to the ion source by a  60 µm silica capillary 

that, thanks to a 1/16” feed-through welded on the 

target flange supporting the target cone and a path 

created inside it, reaches the Al cathode. In the 

direction of the feed-through, the silica capillary is 

fixed with a threaded coupling cone on the brass clamp 

which supports the target. A 1 mm hole on the Al cap 

ensures to the gas flow to reach the titanium insert into 

the aluminum cap of cathode and then the sputtering 

region.

 
Fig. 4. Technical drawing of the modified target flange 

As already mentioned, for gaseous samples the 

cathodes are formed by an aluminum cap and a 

titanium insert. Several titanium insert designs have 

been tested in order to find the optimal configuration 

resulting in higher ion beam extraction efficiency. The 

titanium inserts, built in house by using a commercial 

titanium wire (2.0 mm diameter, 99.99% metals basis 

from Alfa Aesar, Germany), differed for the geometric 

shape and for the position of the titanium insert surface 

from sputtering surface.  

The measurements were carried out after the chemical 

treatment of the cathodes with a cleaning protocol 

(trichloroethylene, acetone and ethanol) aimed at 

reducing any possible source of contamination. 

During the experimental tests, only the Cesium 

temperature was modified with respect to the usual 

experimental conditions used for solid target (70-80 

°C). Indeed, as also reported by others [3], a higher 

cesium reservoir temperature allow the extraction of 

higher C
-
 ion beam currents and consequently  higher 

source efficiency. For the gaseous samples 

measurements, the Cesium temperature was set to the 

maximum possible value of 140 °C.  

Indeed, a limiting factor in the use of higher cesium 

reservoir temperatures resulted to be the maximum 

current which can be drained by the existing power 

supplies (7 mA). 

Table 1 reports a summary of the experimental 

parameters used in the 846A ion source when gas and 

solid targets are used.  

At the end of experimental tests, the best source 

efficiency was obtained with a cesium reservoir 

temperature of 140 °C and with a 1.5 mm circular Ti 

insert placed at 0.5 mm back from the sputtering 

surface. 

 
Table 1: Comparison between the operating source 

parameters during standard graphite and gaseous 

samples measurements 

Settings values 
Graphite 

samples 
Gaseous 

samples 

Target voltage 7 kV 7 kV 

Extraction voltage 28.1 kV 28.1 kV 

Ionizer current  17.3 A 17.3 A 

Cs temperature  70-80 °C 140 °C 

Target current 0.2-0.4 mA 5-7 mA 

 

 III. EXPERIMENTAL RESULTS 

 
Different IAEA -C6 (Sucrose) unprocessed standard 

together with wood and collagen samples of unknown 

ages were analyzed during the first experimental tests. 

The measurements were carried out in order to test the 
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functionality of the GHI and the modified ion source, 

to demonstrate the possibility to achieve, 

simultaneously on the same samples, the determination 

of both of radiocarbon age by AMS and δ
15

N and δ
13

C 

by IRMS and to optimize the system working 

parameters. 

The first tests were carried out on IAEA C6 samples 

with masses ranging from 1μgC to 8 μgC measured in 

gaseous form by using the designed new system in 8 

following days checking the measurements 

repeatability. Figure 5 shows the 
14

C/
12

C values 

obtained from the AMS measurements on different C6 

samples during 8 test days and the average value is 

represented by the purple line. 

The results indicate that the system allows the 

measurement of radiocarbon concentration with an 

overall uncertainty of 1.5 %, which is comparable with 

radiocarbon counting statistics.  The stability and the 

repeatability of the system could, also, be assessed 

though these results.  
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Fig. 5. Tests on IAEA-C6 samples (with masses 

ranging from 1 μgC to 8 μgC) measured in gaseous 

form in 8 following days in order to check the 

measurements repeatability of the new system. 

When the gas mixture (He+gas samples) is injected 

into the source a rapid increase of the 
12

C- current is 

observed and it is kept reasonably stable during the 

whole injection phase (the stepper motor moves the 

piston of the syringe with an adjustable speed that 

allows gas injection with an average time of 15 

minutes). Later, when the piston of syringe moves back 

at the home position an expansion of the residual gas 

mixture occurs with a corresponding reduction of 

pressure into the silicon capillary followed by a reduce 

flux in the ion source. During this phase a decrease of 

the extracted negative carbon current is observed. At 

the end of the measure, a He flux is sent into the silicon 

capillary to avoid any contamination between two 

consecutive samples pushing out possible residual 

sample gas; this phase correspond to a spike on the 

graph of the current output. 

This trend has been observed for each sample measured 

during the experimental phase. 

Together with the IAEA-C6 standard samples, also two 

samples of wood and collagen were analyzed. The 

samples were treated both physically and chemically 

for the removal of contaminants according to the 

Longin and AAA (Acid-Alkali-Acid) protocol for 

wood and bone respectively [8-9] and were measured 

according to both the standard approach involving both 

the use of graphite cathodes  and the new protocol for 

gaseous samples measurement. 

The comparison showed that the radiocarbon 

concentrations measured in the two different ways are 

comparable within one standard deviation. 

Simultaneously also the carbon and nitrogen stable 

isotopic ration were measured by IRMS. 

The preliminary tests were also aimed at verifying 

possible cross contaminations between two following 

measurements performed on different samples by using 

the same cathode.  

Indeed the clear presence of a residual carbon ion beam 

current could be assessed on the cathodes after the end 

of the gas injection phase. Figure 6 shows a mass scan, 

performed with the 90° injection magnet of the 

accelerator, of the negative ion beam extracted from a 

titanium cathode after the end of the carbon dioxide  

injection phase. It can be noted that, beside different 

ion species, a clear signal corresponding to 
12

C
-
 can be 

measured. This demonstrates that a contamination is 

effectively present on the surface strongly suggesting 

the use of different cathodes for each measurement.   
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Fig. 6. Momentum scan of the ion beam produced from 

a Al+Ti cathode after the end of the carbon dioxide 

injection phase.  

 IV. CONCLUSIONS 

The new system for the simultaneous measurement 

of stable isotopic ratios of C and N by IRMS and 
14

C 

by AMS has been developed, installed and tested at 

Centre for Dating and Diagnostics (CEDAD), 

University of Salento. Preliminary tests were carried 

out by using a modified version of the exiting 

sputtering source and showed the functionality of the 

system.The results allow to assess the good stability 
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and repeatability of the system together with the good 

performances of the gas handling interface. With the 

installation of the new gas ion source higher source 

efficiencies are expected. 

 

Acknowledgements 

 

The design and installation of the new hybrid IRMS-

AMS system was funded by the Italian Ministry for 

Education and Research through the IT@CHA project 

as well as the position of Lucio Maruccio. 

 

 

REFERENCES 

[1] A. Gagnon, A. McNichol, J. Donoghue, D. Stuart 

and K. v. Reden, "The NOSAMS sample 

preparation laboratory in the next millennium: 

progress after the WOCE program," Nucl. Instr. 

Meth. Phys. B, vol. vol.172, pp. 409-415, 2000. 

 [2] R. Hedges and C. B. Ramsey, "Gas handling 

systems for radiocarbon dating by AMS," Nucl. 

Instr. Meth. Phys. B,, vol. vol. 92, p. 105, 1994. 

[3] T. Uhl, W. Kretschmer, W. Luppold and A. Scharf, 

"Direct coupling of an elemental analyser and a 

hybrid ion source for AMS measurements," 

Radiocarbon, vol. 46, no. 1, pp. 65-75, 2004. 

[4] M. Ruff, L. Wacker, H. Gäggeler, M. Suter, H. 

Synal and S. Szidat, "A Gas Ion Source for 

Radiocarbon Measurements at 200 kV," 

Radiocarbon, vol. 49, pp. 307-314, 2007. 

[5] C. B. Ramsey, P. Ditchfield and M. Humm, "Using 

a gas ion source for radiocarbon AMS and GC-

MS," Radiocarbon, vol. 46, no. 1, pp. 25-32, 2004. 

[6] E. Braione, L. Maruccio, G. Quarta, M. D'Elia and 

L. Calcagnile, "A new system for the simultaneous 

measurement of ∂
13

C and ∂
15

N by IRMS and 

radiocarbon by AMS on gaseous samples: Design 

features and performances of the gas handling 

interface," Nucl. Instr. Meth. Phys. B, 

http://dx.doi.org/10.1016/j./nimb.2015.03.034, 

2015, in press. 

[7] S. Fahrni, L. Wackerd, H.-A. Synal e S. Szidat, 

“Improving a gas ion source for 
14

C AMS,” Nucl. 

Instr. Meth. Phys B: Beam Interactions with 

Materials and Atoms, vol. 294, n. Proceedings of 

the Twelfth International Conference on Accelerator 

Mass Spectrometry, Wellington, New Zealand, 20-

25 March 2011, p. 320–327, 2013. 

[8] R. Longin, “New method of collagen extraction for 

radiocarbon dating” Nature, 230 (1971) pp. 241–

242. 

[9] M. D'Elia, L. Calcagnile, G. Quarta, C. Sanapo, M. 

Laudisa, U. Toma e A. Rizzo, “Sample preparation 

and blank values at the AMS radiocarbon facility of 

the University of Lecce” Nucl. Instr. Meth. Phys B, 

vol. 223–224, p. 278–83, 2004. 

 

 

  

593



1st International Conference on 
Metrology for Archaeology 

Benevento, Italy, October 22-23, 2015 

 

A burial, a brooch and a church: anthracological 

analyses and radiocarbon measurements of a 

Medieval religious foundation in southern 

Tuscany 

Mauro Paolo Buonincontri1, Paola Ricci2, Carmine Lubritto2, Giovanna Bianchi3, John Mitchell4, 

Gaetano Di Pasquale1 

1 Department of Agriculture, University of Naples ‘Federico II’, Portici, Italy, 

mauropaolo.buonincontri@unina.it, gaetano.dipasquale@unina.it 

2 Department of Environmental Science and Technology, Second University of Naples, 

Caserta, Italy, paola.ricci@unina2.it, carmine.lubritto@unina2.it 
3 Department of History and Cultural Heritage, University of Siena, Siena, Italy, 

giovanna.bianchi@unisi.it 
4 School of Art History and World Art Studies, University of East Anglia, Norwich, United Kingdom, 

john.mitchell@uea.ac.uk 

 
Abstract – Radiocarbon, archaeological and 

anthracological analysis has been carried out in the 

site of Canonica di San Niccolò, in Tyrrhenian central 

Italy. Archaeological researches discovered a church, 

linked to a burial in a stone coffin, and a precious 

brooch, covered by charred wood, laid in the 

foundation of the building. Radiocarbon analysis 

dated the bones in the burial and the charred wood to 

the end of the 10th century AD and the beginning of 

the 11th century AD. Archaeological analysis of the 

brooch suggested Italy as the place of manufacture 

and dated it to the early-mid 11th century AD. 

Therefore, the burial, the deposition of the brooch, 

and the church, would appear to have been linked, in 

order to create an important centre of worship 

venerable by local settlers. Moreover, archaeological 

analysis suggested the offering of charred wood 

during the rite of foundation. Charcoal analysis 

showed a clear will in the choice of the firewood 

suggesting indigenous and alloctonous taxa, as well as 

fruit trees with economic or cultual roles. 

 I. INTRODUCTION 

The Canonica di San Niccolò (Montieri – Siena) is 

located in the hilly area of the Colline Metallifere 

(between 800 and 900 m a.s.l.) in Tyrrhenian central Italy 

(Fig. 1). Several archaeological excavations, carried out 

by the University of Siena, discovered a religious 

complex (Fig. 2), related to the bishop of Volterra, 

including a church with six radiating conchs and covering 

a period between the 11th and 14th centuries AD (Fig. 3). 

 
Fig. 1. Research area. 

 

 
Fig. 2. Aerial view of the archaeological site. 
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Fig. 3. The hexaconch church of Montieri. 

 

The archeological investigations showed that the church 

was built before the buildings of the complex and linked 

to a burial in a stone coffin located near the church. 

During the construction of the church, in the stratum of 

the foundations, a small round hole was made in which a 

precious brooch was laid (Fig. 4). Once the hole was 

filled in, a small quadrangular compartment was created 

above it, in which a mass of charred wood was placed. 

 
Fig. 4. The Montieri brooch. 

 

This work aims to verify the relationships between these 

three events, the burial, the laying of the brooch and the 

building of the church. For this purpose, radiocarbon 

measurements were carried out on the bones of the burial 

and on the charcoals of the charred wood above the 

brooch. Furthermore, a careful stylistic analysis was 

carried out on the jewel in order to establish the 

manufacturing period. At last, charcoal analysis detected 

the plant landscape for the purpose of identifying 

similarity with coeval archaeobotanical references and 

suggesting hypothesis for the probable ritual of 

foundation of the church. 

 A. Present vegetation 

The present vegetation at Canonica di San Niccolò and 

in its close surroundings is represented by mixed 

deciduous woodlands, dominated by Quercus cerris L., 

Carpinus betulus L., and Acer campestre L. Fagus 

sylvatica L. is also present in the northern slopes and 

prevails in the higher hilly areas of the 900-1000 m a.s.l. 

Evergreen vegetation, Q. ilex L. and Viburnum tinus L., 

characterizes instead the steep slopes, dry and exposed to 

the south. Castanea sativa Mill. groves, once managed 

for fruit production, now coppiced or abandoned, are 

even widely present. 

 II. MATERIALS AND METHODS 

 A. Radiocarbon dating of the bones and charcoals 

Radioactive isotope measurements were performed at 

the AMS Lab of the Centre for Isotopic Research on 

Cultural and Environmental heritage (CIRCE) - Second 

University of Naples. 

Particular attention was paid to the chemical treatment of 

bone samples, with the aim to purify the bone from 

exogenous carbon. In detail, appropriate protocols have 

been applied on samples, which minimize and control the 

contamination by carbon not belonging to the sample.  

Charcoal and seed samples were chemical treated for the 

extraction of the organic part by Acid-Alkali-Acid (AAA) 

protocol, while the treatment process adopted to extract 

collagen from bone samples has been the  process known 

under the name of “gelatinization”. 

Radiocarbon analyses were performed on the graphite 

obtained by Zinc reduction of CO2 produced by 

combustion and purified using steel cryogenic lines 

developed at CIRCE [1]. In order to check the accuracy, 

reproducibility and induced background of our procedure, 

several check standards (OXII, IAEA C3) and blank 

(Aesar graphite) were prepared following the same 

procedure. Graphite samples, pressed in aluminium 

cathode, were measured by means of the NEC 3MV 

accelerator mass spectrometer [2]. The values of all 

measurements are expressed as 14C ages calculated 

according to Stuiver and Polach [3] and calibrated by 

using the OxCal v 4.1.3 program [4]. 

 B. The brooch 

The convex display face of the brooch is dominated by 

a central star-shaped setting of translucent cloisonné 

enamel with a large oval cabochon garnet at its centre. 

This is surrounded by fields of gold filigree in three 

bands, with twelve further gem-settings, four oval 

amethysts and eight pearls of opaque white glass paste. 

Little open-work crown-rosettes punctuate the intricately 

scrolling vines which fill the large inner filigree panels 

[5]. 

 C. Charcoal analysis 

The layer of charred wood above the brooch (US1113) 
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was floated and sieved on a sieving column with a grid 

size of 4, 2 and 0.5 mm. The charcoal fragments 

exceeding 4.0 mm were identified under a reflected light 

microscope at magnifications of 100× and 1000×, 

consulting both atlases of anatomy [6][7][8][9][10] and 

the wood collection at the Laboratory of Vegetation 

History and Wood Anatomy at the University of Naples 

Federico II. 

The percentages of each taxon were calculated over the 

sum total of charcoal samples analysed. 

 III. RESULTS 

 A. Radiocarbon dating of the bones and charcoals 

Results of radiocarbon dating are shown in Table 1 and 

Figures 5 and 6. 

Table 1. Results of 14C measurements. 

Sample 

name and 

typology 

Sample 

Code 

Radio 

carbon 

Age 

Calendarial 

Age (1σ) 

Calendarial 

Age (2 σ) 

MTN 

US1153 

Bone 

DSH 

5060 

1022 

(37) 

975-1035 890-1160 

MTN 

US1113 

Charcoal 

DSH 

5651 

1029 

(51) 

890-1120 890-1160 

 

 
Fig. 5. OxCal plot of the combined date of sample MTN 

US1153 Bone. 

 

Atmospheric data from Reimer et al (2004);OxCal v3.10 Bronk Ramsey (2005); cub r:5 sd:12 prob usp[chron]
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Fig. 6. OxCal plot of the combined date of sample MTN 

US1113 Charcoal. 

 

 B. The brooch 

The brooch has parallels with brooches of the 11th 

century from Italy and northern Europe. It would appear 

to have been made by a craftsman working for a patron at 

the highest social level. As an article of dress and 

distinction it could have been worn either by a female or 

a male. The deposition of the brooch may have been 

designed to mark a spot of particular symbolic 

significance in the building or it may have formed part of 

a ritual associated with to the construction and dedication 

of the church. To judge from both the archaeological 

context in which the brooch was found and from its 

formal characteristics, a date in the first half of the 11th 

century seems most likely [5]. 

 C. Charcoal analysis 

In all, 131 charcoal samples were detected; analysis 

provided the identification of 17 taxa (Fig. 7). Taxa 

related to the deciduous forest are the most recorded, with 

Ostrya/Carpinus (17.6%), followed by Q. cerris (8.4%), 

F. sylvatica (4.6%), C. betulus and Corylus avellana 

(each one at 3.1%), Acer and Q. pubescens (each one at 

0.8%). Q. ilex (8.4%) and Erica (2.3%) represent the 

evergreen maquis. Castanea sativa (12.2%), Olea 

europaea and Vitis vinifera (each one at 0.8%) are the 

cultivated taxa. 

Atmospheric data from Reimer et al (2004);OxCal v3.10 Bronk Ramsey (2005); cub r:5 sd:12 prob usp[chron]
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Fig. 7. Charcoal percentages of the layer of charred 

wood (US1113) above the brooch. In green, taxa related 

to the deciduous forest; in red, taxa of the maquis; in 

purple, coniferous taxa; in orange, the cultivated taxa; 

azonal taxa or undetermined charcoals are in greys. The 

percentages are reported on the bars. The vertical axis 

reports, between the brackets, the number of charcoals 

analysed. 

 IV. DISCUSSION 

 A. Cultural and historical context 

The archeological investigation showed that the church 

was built before the buildings of the Canonica. Its 

construction was probably linked to the inhumation in a 

stone coffin near the church. Radiocarbon dating of the 

bones in the burial dated them to a chronological period 

between the end of the 10th century and the first 30 years 

of the 11th century AD. 

During the building of the church, a brooch was laid in 

the foundations and above it several fragments of charred 

wood were set down, suggesting an important terminus 

post quem of the church. Typologically, the brooch has 

parallels with some brooches from Italy and northern 

Europe dated to the early-mid 11th century AD. 

Moreover, radiocarbon analysis of some of these pieces 

of charcoal has led to a date that coincides with the 

chronological range within which the individual’s death 

had been located.  

Accordingly, the three events, the burial, the deposition 

of the brooch and the construction of the church, would 

appear to have been linked. The objective of these 

operations would seem to have been the creation of an 

important centre of worship that was immediately 

venerated by local residents. The Bishop of Volterra’s 

objective was to combine control and management of 

mining resources with religious and social control over 

the Montieri community. This certainly strengthened the 

status of the Bishop himself, within the various dialectics 

of economic control of the local area on the part of the 

newly-formed local seigneurships. 

The presence of three fruit taxa, chestnut (C. sativa), 

olive (O. europaea) and grape vine (V. vinifera), is very 

interesting. Currently, chestnut woods are widely present 

on the hills near the Canonica. Buonincontri et al. [11] 

highlighted that the spread of chestnut groves for fruit 

production in southern Tuscany was closely connected to 

the economic system of the Carolingian manors in the 9th 

century AD; in the Colline Metallifere several 

archaeological settlements recorded the gradual 

expansion of chestnut woods in the 10th and 11th 

centuries AD. 

As regards grape vine and olive tree, scant trees could be 

cultivated for the Christian rituals of the church with six 

radiating conchs. It is interesting to note that the 

matching of pollen and charcoal data in this period 

suggested the beginning of olive tree growing in the 

Colline Metallifere to satisfy a rising demand for food 

and luxury products [12].  

The emergence of such landscapes is well attributable to 

the set-up of the new socio-economic organization with 

the establishment of the newly-formed local 

seigneurships between the 10th and 11th centuries AD. 

 B. The rite of foundation 

Radiocarbon analysis of charcoals dated them to the 

end of 10th-first 40 years of 11th cent. AD, thus to the 

same period of the brooch, suggesting the probable 

presence of a sacred fire during the rite of foundation of 

the religious complex. Data show high heterogeneity 

related to the single action of fire characterizing the 

restricted and concentrated archaeological context of the 

ritual pit.  

In addition to the presence of three fruit taxa, charcoal 

data recorded Q. cerris, F. sylvatica, C. avellana and C. 

betulus, typical of the mixed deciduous forest covering 

the Colline Metallifere between the 800 and 900 m a.s.l.; 

thus, they could be immediately present near the 

archaeological site. The evergreen sclerophyllous taxa, 

such as Q. ilex, could be along the lower slopes with a 

drier mediterranean climate; in particular, the area of P. 

halepensis/pinea is the Tyrrhenian coast at ca. 70 km 

from the Canonica. Therefore, the great variety of taxa in 

the anthracological record suggest a clear will in the 

choice of the firewood for the ritual. Not only from the 

local deciduous forest, easily available, but also species 

from lower areas (Q. ilex) or even alloctonous (P. 

halepensis/pinea), without excluding the choice of 

species with economic (chestnut) or cultual (grape vine 

and olive) roles. 

The presence of charred botanical remains in ritual 

context is widely recorded during the Pre and Palaeo-

Christian Ages, in particular as offering of fruits in 

burials or as firewood and charred fruits in cremations 
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[13][14]. During the Early Middle Ages, with the 

strengthening of the Christian religion, these rites were 

considered pagan heritage and should disappear. The rite 

of the Canonica di San Niccolò, attributable to a sacred, 

Christian, and ecclesiastical context, does not have useful 

comparisons at present and it is recordable as a unicum, at 

least in the Italian peninsula. 
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