
Craft and science
International perspectives on

archaeological ceramics

Edited by Marcos Martinón-Torres

:

UCL Qatar Series in Archaeology and Cultural Heritage

ISSN 2312-5004 Vol. 1





UCL Qatar Series in Archaeology and Cultural Heritage
ISSN: 2312-5004

Volume 1

Craft and science: International perspectives on
archaeological ceramics
Edited by Marcos Martinón-Torres

ISBN: 978-9927-101-75-5

Cover design: Noemí Barro Campos
Cover image: Mosaic tile panel from Iran (1475-1500).
This tile is housed in the Museum of Islamic Art, Doha, Qatar.

This book is set in Charter font.

Copyright © 2014 The Authors, licensee Bloomsbury Qatar Foundation.
This is an open access book distributed under the terms of the Creative Commons Attribution license CC BY-4.0,
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is
properly cited.
http://creativecommons.org/licenses/by/4.0/

The online version of this book can be found at:
www.qscience.com/page/books/uclq-cas





Craft and science: International perspectives on
archaeological ceramics

Edited by Marcos Martinón-Torres

Cite this book: M. Martinón-Torres (Ed.),
Craft and science: International perspectives on archaeological ceramics.

(UCL Qatar Series in Archaeology and Cultural Heritage, 1).
Doha, Qatar: Bloomsbury Qatar Foundation, 2014.





CONTENTS

Foreword xiii

FOUNDATIONS

Chapter 1 Pots as signals: Explaining the enigma of long-distance ceramic
exchange
Hector Neff 1

Chapter 2 Lessons from the Elephant's Child: Questioning ancient ceramics
Clive R. Orton 13

THE AMERICAS

Chapter 3 Inferring provenance, manufacturing technique, and firing
temperatures of the Monagrillo ware (3520–1300 cal BC),
Panama’s first pottery
Fumie Iizuka, Richard Cooke, Lesley Frame and Pamela Vandiver 19

Chapter 4 The use of andesite temper in Inca and pre-Inca pottery from
the region of Cuzco, Peru
Rob Ixer, Sara Lunt and Bill Sillar 31

Chapter 5 50 left feet: The manufacture and meaning of effigy censers from
Lamanai, Belize
Linda Howie, James Aimers and Elizabeth Graham 39

Chapter 6 Molding the ‘collapse’: Technological analysis of the Terminal
Classic molded-carved vases from Altun Ha, Belize
Carmen Ting, Elizabeth Graham and Marcos Martinón-Torres 53

Chapter 7 Ceramic technology and the global world: First technological
assessment of the Romita ware of colonial Mexico
Javier G. Iñañez 65

CENTRAL AND WESTERN MEDITERRANEAN

Chapter 8 Pottery production in Santa Ponsa (Majorca, Spain) from the
Late Bronze Age to the Late Iron Age (1100–50 BC): Ceramics,
technology and society
D. Albero Santacreu, J. García Rosselló and M. Calvo Trias 73

Chapter 9 Archaeometric investigation of Punic lamps from Ibiza
(Balearic Islands, Spain)
Bruno Fabbri, Sabrina Gualtieri and Enrico Acquaro 85

v



Chapter 10 Ceramic technology between the Final Bronze Age and the
First Iron Age in NE Italy: The case of Oppeano (Verona)
Massimo Saracino, Lara Maritan and Claudio Mazzoli 91

Chapter 11 Hispanic terra sigillata productions documented on the
Catalan coast: Some unexpected results and new issues
Marisol Madrid i Fernández and Jaume Buxeda i Garrigós 101

Chapter 12 The ways of the lustre: Looking for the Tunisian connection
Yona Waksman, Claudio Capelli, Trinitat Pradell and Judit Molera 109

Chapter 13 Capodimonte porcelain: A unique manufacture
Bruno Fabbri, Sabrina Gualtieri and Francesca Amato 117

EASTERN MEDITERRANEAN AND MIDDLE EAST

Chapter 14 Late Neolithic pottery productions in Syria. Evidence from
Tell Halula (Euphrates valley): A technological approach
Anna Gómez, Walter Cruells and Miquel Molist 125

Chapter 15 Assyrian palace ware definition and chaîne opératoire: Preliminary
results from Nineveh, Nimrud, and Aššur
Alice M.W. Hunt 135

Chapter 16 Messages impressed in clay: Scientific study of Iron Age Judahite
bullae from Jerusalem
Yuval Goren, Shira Gurwin and Eran Arie 143

Chapter 17 The geochemistry and distribution of Archaic, Classical, and
Hellenistic wares of the territory of ancient Sagalassos
(SW Turkey): A reconnaissance study
Dennis Braekmans, Patrick Degryse, Jeroen Poblome, Bert Neyt
and Marc Waelkens 151

Chapter 18 The colour and golden shine of early silver Islamic lustre
P.C. Gutierrez, T. Pradell, J. Molera, A.D. Smith, A. Climent-Font
and M.S. Tite 165

SOUTHEAST EUROPE

Chapter 19 Experiments with double chamber sunken up-draught kilns
Dragos! Gheorghiu 173

Chapter 20 Petro-mineralogical and geochemical characterisation of Middle
Neolithic Bükk Culture fine ware from Garadna, NE Hungary
V. Szilágyi, K.T. Biró, P. Csengeri, Gy. Szakmány, H. Taubald,
J. Mihály, C. Berthold, J.S. Koós and J. Zöldföldi 181

vi

Contents



Chapter 21 Archaeometric investigation of Celtic graphitic pottery from two
archaeological sites in Hungary
Izabella Havancsák, Bernadett Bajnóczi, Mária Tóth, Attila Kreiter
and Szilvia Szölló́ si 191
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Foreword
Marcos Martinón-Torres
UCL Institute of Archaeology, 31-34 Gordon Square, London WC1H 0PY, United Kingdom, m.martinon-torres@ucl.ac.uk

Ceramics are among the most abundant materials
recovered in archaeological sites. Traditionally, they have
served as the main staple for archaeologists to establish
chronological sequences within sites and cultural affilia-
tions between sites. They are also a primary source for
a wealth of information about past economies, social
structures and ritual behaviour. In addition, ceramics
preserve in their bodies the traces of countless forms of
experimentation, knowledge transmission, technical inge-
nuity and artistic sensitivity, transcending the boundaries
between art, craft and science both in their original
production, and in their current study.

As a sustained area of research, the study of ceramics has
historically served as a prime arena for innovation, both
through the pioneer application of instrumental analyses
and as a core foundation and testing ground for influential
archaeological theories. Inevitably, some research methods
are well-established in some regions, whereas they are still
emerging in others. Also the integration between science-
based approaches and archaeological theory is uneven.
However, emerging academic traditions, and those in less-
resourced regions, should not be overshadowed by the
more established paradigms. While it is impossible to keep
up with all the work carried out on archaeological ceramics
worldwide, it is essential that researchers continue to
exchange and compare their methods, results and ideas,
and that these are made available to a broader archaeo-
logical readership.

This book aims to facilitate this exchange and update of
information on diverse approaches to archaeological
ceramics across much of the world. The initial idea
to publish this volume emerged while preparing the
10th European Meeting on Ancient Ceramics (EMAC),
co-organised by the UCL Institute of Archaeology and the
British Museum in London in 2009. Most of the papers
are selected from posters and oral presentations originally
delivered at that conference, subsequently peer-reviewed
and revised by the authors, though a few contributions
were invited to complete the geographic and temporal
coverage, or generally to enrich the diversity of approaches
represented. In all cases we encouraged contributors to
consider the science (i.e. the increasingly sophisticated
analytical tools at our disposal) without forgetting the
craft (i.e. the makers, and those who commissioned,
traded, used or otherwise engaged with the ceramics we
study). In addition, we made a quest to expand the spatial
coverage of the case studies presented beyond the

traditional scope of the conference, typically centred on
Europe and Southwest Asia.

While keeping with our aim to expand the scope of the
conference, particular emphasis was given to two aspects of
ceramic research to mark the UK as the host country for this
EMAC, both based on spectacular exhibitions. At the British
Museum, we enjoyed a reception at the newly-opened
gallery ‘The Islamic world’, presenting the epitome of
skilled pottery making, to accompany a special conference
session devoted to the study of Islamic ceramics. Following
a superb lecture by Gaye Blake-Roberts, curator of the
Wedgwood Museum, the excursion after the conference led
us tracing the steps from craft to science in pottery
production, through a visit to the spectacular museum in
Stoke on Trent devoted to the work and genius of Josiah
Wedgwood (1730-1795).

The resulting volume, while far from being comprehensive,
offers a rather wide snapshot of current research on
archaeological ceramics spanning from Neolithic painted
wares to 18th-century porcelain, from the Americas to
China. In one of the two introductory papers, Clive Orton
sets the scene with a sharp assessment of the main trends in
the field, structured around seemingly basic questions that
continue to stimulate much research and development
(what, when, where, who, how, why). In the other one,
Hector Neff offers a superb example of how analytical data
on ceramics can provide just the basic starting point for a
theoretical model that, by considering pots as signals, may
explain the recurrence of long-distance trade in the
archaeological record. The papers that follow offer case
studies on pottery, bricks and tiles, coarse and fine wares,
plain or decorated with slips, incrustations, glazes and
lustre. Many are analysed using a combination of chemical
and petrographic techniques. A good number of them
involve further analytical techniques based on a very wide
section of the electromagnetic radiation spectrum, from
Gamma- and X-rays through electrons to ultraviolet and
infrared light; indeed, the last part of the book includes
papers more strongly focused on methodological develop-
ments, proving that the science-based study of ceramics is
long-established but also susceptible of methodological
refinements. There are also examples of experimental
approaches and, importantly, a few contributions that rely
primarily or exclusively on a rather narrow but most
versatile and cost-effective range of wavelengths applied to
the study of archaeological materials: visual examination.
The myriad of questions, scales of analysis, methods and
interpretive models in this book is a reflection of the
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richness and diversity of academic traditions and states-of-
the-art represented.

Although I took on the task of editing this volume, there are
many people who deserve credit for havingmade this project
possible in the first instance. First and foremost, I would like
to thank the contributors for embarking on this venture and
bearing with many editorial delays and requests. Numerous
anonymous refereesofferedvaluable insight thathelped raise
the clarity, rigour and academic standards of the contri-
butions. I amalso indebted tomy fellow teammembers in the
local organising team for the EMAC conference in London,
particularly Caroline Cartwright, Catherine Higgitt, Alice
Hunt, Thilo Rehren and Michela Spataro. Without them, it
would have been impossible to attract and organise such a
rich array of contributions. I ought to make special mentions
to Caroline Cartwright, who provided much initial guidance
and impetus in spite of very difficult circumstances, and to
Thilo Rehren, who, as usual, has remained an inexhaustible
source of material, intellectual and moral support. Both
the UCL Institute of Archaeology and the British Museum
generously made the conference possible through the
provision of facilities and resources, which freed up

some of our limited budget to support the attendance of
some delegates. The members of the EMAC International
Scientific Committee were always ready to be consulted, and
very supportive of our decision to diversify the traditional
format and remit of the conference. For this, I am grateful to
Katalin Biró, Ian Freestone, Yuval Goren, Vassilis Kilikoglou,
Lorenzo Lazzarini, Hector Neff, Clive Orton, Venetia Porter,
Prudence Rice and Michael Tite. During production of the
book, Raul Carstocea was of tremendous help with his copy-
editing skills, and further editorial support was provided
by Siran Liu.

In keeping with the original spirit of this project, this
volume is made available in print but also online in open
access to any reader, anywhere. It is hoped that this format
will facilitate the transfer of ideas among specialists
internationally, but also, more generally, contribute to the
much needed democratisation of access to knowledge.
Many thanks are due to UCL Qatar for covering the
publication costs to make this possible, and for thus
granting us the privilege, and the challenge, of presenting
the first publication of the UCL Qatar Series in Archaeology
and Cultural Heritage.

Martinón-Torres
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Pots as signals: Explaining the enigma of
long-distance ceramic exchange
Hector Neff
Department of Anthropology and IIRMES, California State University Long Beach, 1250 Bellflower Blvd.
Long Beach, CA90815, hector.neff@csulb.edu

Abstract - Long-distance transport of ceramic vessels entails high costs, especially in pre-modern
situations where motorised or animal-borne transport are unavailable. Thus, in many parts of the
world, including Mesoamerica, exchange of ceramics beyond more than a few tens of kilometres is
difficult to understand. In this paper, I first discuss ceramic provenance results from Mesoamerica
that demonstrate unequivocally that, contrary to expectations, long-distance ceramic exchange
was, in fact, common.

One way to approach the enigma of long-distance ceramic transport is to build on the
evolutionary theory of costly signalling. I propose that pots sometimes serve as signals that convey
information about hidden qualities of those whomake the pots, export them, or import them. If pots
serve as signals, design considerations differ from considerations involved in producing pots that
serve primarily as tools. In particular, there must be a means for ensuring signal reliability, because
without this, potential receivers of the signal have no incentive to pay attention.

One type of information that can be encoded reliably in ceramics is information about control of
resources. Signallers benefit from dissemination of this information because of the deference shown
by others to rich and powerful individuals. Receivers benefit because they gain accurate
information that can help them rank individuals with whom they interact. The reliability of a signal
of high resource access can be guaranteed by building high cost into a pot, and one way to do this is
to transport the pot a long distance from its origin. As noted, costs of transport rise dramatically
with distance, especially in the absence of water-borne, animal, or motorised transport, so if a pot is
recognisably foreign, it is guaranteed to be a high-cost vessel and thus a reliable signal of an
individual's control of or access to resources.

Ceramic technology, however, is often fairly simple, and convincing fakes are often easy to
produce. Thus, the reliability of foreign pots as signals of access to resources is easily
undermined. This leads to a hypothesis that is testable in the archaeological record: long-distance
exchange of ceramics should in general be short-lived, but technologies that are more difficult
to duplicate should be associated with longer-lived exchange systems. Comparison of
long-distance ceramic exchange patterns in Early Formative, Classic, and Early Postclassic
Mesoamerica appear to accord with this hypothesis, and the hypothesis also serves as a guide for
future research.

1. Introduction
In a seminal 1983 article entitled “Pots as Tools”, David
Braun argued that if pots are tools for cooking, carrying,
storage, and serving, pottery-making practices should
be shaped primarily by consideration of how to ensure

adequate performance with minimum cost. Other things
being equal, water storage jars will be designed to keep
water cool and clean, cooking vessels will be resistant to
thermal stress, and so on. Braun (1983, 111–2) argues that
adaptive engineering design emerges through a selective
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process in which practices that yield favourable results
increase in frequency within a population of potters. This
has been a very productive model, as Braun (1983),
Feathers (1989), Schiffer et al. (1994, 2001), and others
(Steponaitis 1984; Bronitsky and Hamer 1986; Bronitsky
1989; Skibo et al. 1989; O'Brien et al. 1994; Pierce 1999)
have shown in a variety of studies of how the design of tool-
pots is shaped by conditions of use.

Braun (1983) did not discuss ceramic exchange within his
‘pots-as-tools’ framework, but a few additional considerations
lead to some clear predictions. To begin with, weathering
processes that produce ceramic raw materials are ongoing
everywhere on the planet. As a result, primary clays are
available on the surface within a short distance of almost any
placeonearth.Erosionand re-deposition create secondary clay
deposits,whichmaybe excellent rawmaterial sources because
of the natural size-separation process that takes place during
transport. In short,while the suitabilityof claysand tempers for
ceramic production obviously varies, raw material availability
is a very small if not completely insignificant limitation on
where ceramic production can take place.

Not only are clays ubiquitous, but ceramic technology,
while perhaps not something everyone can master, is the
oldest additive technology invented by humans. People
have been using clay and firing it for more than 20,000
years, and ceramic container technology was invented and
refined independently in numerous places all over the
world within the past 8000 years or so. Thus, from a
technological perspective, there is no reason to think that
ceramic production should be localised either, or that
people anywhere could not make pots to fulfil all of their
needs.

Ceramics are also heavy and bulky and can be very difficult
to transport depending on specifics of their size and shape.
Our expression ‘bull in a china shop’ alludes to the fragility
of ceramics. And the historical record of ceramic breakage
is evident on archaeological sites all over the world, where
the dominant artefact class is often broken pottery. Weight,
bulk, and fragility dramatically increase the transport cost
of ceramics.

The fact that the cost of tool-pots increases rapidly as
distance from the manufacturing spot increases places
severe constraints on the geographic scope of ceramic
circulation. This does not preclude circulation of ceramics
in regional exchange systems altogether, of course. Below
some threshold distance, given some level of environmen-
tal stability, patterns of differential comparative advantage
can be expected to arise, such that people in different
locations would tend to specialise in different productive
activities (Neff and Larson 1997). In the Postclassic Basin of
Mexico, for instance, consistently higher rainfall in the
southern Basin coupled with the development of highly
productive chinampa agriculture gave the southern Basin
an edge in agricultural production, so that ceramic
production ultimately declined in this region, as production
of Aztec Black-on-Orange serving vessels became concen-
trated in other centres, less favourably situated with respect
to agricultural production (Nichols et al. 2002; Neff and
Hodge 2008). Abbott (2009) makes a similar argument
about ceramic specialisation and regional exchange among
the Classic-period Hohokam of the Southwest United
States. Ethnographic observations (e.g., Arnold 1985) also

show that ceramics often circulate within regional
exchange systems.1

Above some threshold distance, however, the cost of
importing a pot will exceed the opportunity cost of making
one locally. The specific threshold distance beyond which
ceramic transport would be unexpected would depend on
local geographic and economic conditions, such as
presence or absence of animal transport and possibility of
water-borne transport. Additionally, superior performance
of imports can extend the threshold distance. At some
point, however, any performance advantage will be
outweighed by the high cost of transportation. Thus,
much more enigmatic than circulation of ceramics within
regional exchange systems are cases of ceramics trans-
ported across great distances by human muscle power.2

In Mesoamerica (Fig. 1), where there is no animal transport
and canoe transport is largely confined to the coasts,
threshold distances for ceramic transport should be
comparatively small. From this perspective, the numerous
cases of interregional ceramic exchange in Mesoamerica,
some of which are summarised in the following section,
stand out as particularly puzzling and cry out for an
explanatory framework other than ‘pots as tools’. Later
sections of this paper develop and apply a ‘pots as signals’
approach to long-distance ceramic circulation that relies on
the evolutionary theory of costly signalling.

2. Evidence of long-distance ceramic
exchange in prehistoric Mesoamerica
Some of the strongest evidence for long-distance ceramic
exchange in Mesoamerica has accumulated through
provenance studies based on instrumental neutron
activation analysis (INAA) undertaken since the 1960s.
The basic technique of standard-comparator INAA was
developed by Perlman and Asaro (1969, 1971) at
Lawrence-Berkeley Laboratory and by Harbottle and
Sayre (Sayre et al. 1971; Harbottle 1976) at Brookhaven
National Laboratory (BNL). When the national laboratory
programs began to wind down in the late 1970s, university
research reactor-based programs, especially the one at
University of Missouri (MURR; see Glascock 1992), and a
collaborative program between the Smithsonian and
National Institute of Standards and Technology (NIST)
stepped in to fill the vacuum. The examples discussed
below are based mainly on data generated at BNL, MURR,
and NIST.

Early Formative Ceramic Exchange
One of the most surprising cases of Mesoamerican long-
distance ceramic exchange involves some of the earliest
pottery made within the region. Pottery appears soon after
1800 BC in the lowland region stretching from the Gulf
Coast down along the Pacific coast of southern Mexico and
Guatemala and into El Salvador (e.g., Arroyo 1995; Blake
et al. 1995). By 1400 BC, distinctive carved-incised grey
(Fig. 2) and fine white vessels were being produced on the
Gulf Coast, in the vicinity of the growing Olmec centre of
San Lorenzo (see Fig. 1), epicentre of the famed Olmec
sculptural style (Blomster et al. 2005). Around the same
time, carved-incised grey and fine white pottery also
appeared in other regions, from the Pacific coast of southern
Mexico to highland Oaxaca and the Basin of Mexico. The
obvious question that arises is whether thewide distribution

Neff
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of similar ceramic vessels originates in wide dissemination
of tastes and production practices, or whether there was
some component of ceramic exchange involved.

A project initiated by Jeffrey Blomster (Blomster et al. 2005)
sought to disentangle the movement of goods from the
dissemination of tastes and decorative conventions.
Samples of pottery from widespread Early Formative
centres were analysed in an effort to identify long-distance
ceramic exchange. The sampling strategy emphasised
vessels exhibiting widely-distributed stylistic elements, but
locally distinctive vessels were analysed as well, in order to
provide a basis for discriminating local from imported
artefacts at the various sites. Raw materials from the Gulf
Coast, the eastern Soconusco region, Oaxaca Valley, and the
Basin of Mexico were also analysed, in order to provide
direct links to geographic locations for these key regions.

Results of the Olmec ceramic provenance project were
surprising, even shocking. In the sample of over 700 Early
Formative ceramics analysed by INAA, over 80 were
determined to have been moved long distances across the
Mesoamerican landscape (Blomster et al. 2005). Even more
surprising, all instances of long-distance ceramic exchange
were of vessels made in the vicinity of the Gulf Olmec
centre of San Lorenzo and consumed elsewhere. Gulf Coast
imports were identified at Canton Corralito, at Etlatongo,
in the Valley of Oaxaca, in the Basin of Mexico, and at other
Early Formative sites distant from the Olmec heartland.

The results of the Early Formative ceramic provenance
project were disputed by anti-Gulf Coast primacy partisans
(Flannery et al. 2005; Stoltman et al. 2005), but the

critiques are marred by statistical fallacies and tiny sample
sizes that degrade their credibility (Neff et al. 2006a,
2006b). Thus, the pattern identified in the INAA study –
high volume export of symbolically charged carved grey
pottery together with fine white pottery from the Gulf
Coast plus undetectable exports from anywhere else –
remains intact. That is, not too long after the invention of
pottery in Mesoamerica, people were moving this bulky,
fragile product over substantial distances and in substantial
quantities, almost exclusively in a one-way flow out of the
Gulf lowland Olmec heartland.

The ‘pots-as-tools’ model offers little help toward under-
standing Early Formative ceramic exchange. As discussed
earlier, the expense of long-distance transport of fragile
ceramics was considerable in Mesoamerica: Olmec pots
exported from San Lorenzo to Canton Corralito might have
travelled part of the way by canoe, but pots exported to
highland regions such as the Valley of Oaxaca and the Basin
of Mexico must have travelled on the backs of humans.
Such an expenditure of human labour to procure pots from
a long distance cannot be explained by techno-functional
superiority: tool-pots for cooking, carrying, storage, and
serving were being produced locally in all of the regions
sampled, and in several regions local versions of the Olmec
carved and incised grey vessels were produced, probably in
imitation of the Gulf Coast imports.

Teotihuacan-Horizon Tradewares
The emergence of the Classic-period (200–800 AD) empire
centred at Teotihuacan entailed interregional interaction
on a geographic scale comparable to that associated with

Figure 1. Map of Mesoamerica showing locations and regions mentioned in the text.
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the Early and Middle Formative Olmec Horizons. The
quintessential Teotihuacan tradeware was Thin Orange, a
hard-fired ceramic produced in southern Puebla (Rattray
and Harbottle 1992). Several less well-known tradewares
found at Teotihuacan are most likely derived from the Gulf
Coast (Cowgill and Neff 2004). Of particular interest is a
fine, light-firing ware found in Early and Middle Classic
contexts at Teotihuacan and attributed to a source zone in
the southern Gulf Coast region.

Thin Orange and southern-Gulf Coast fine paste ceramics
were exported south at least 600 kilometres, to the Pacific
coastal plain and southern highlands of Guatemala. Both
tradewares stand out within the Early Classic assemblages
of this region, first because of their rarity and second
because of their technological and decorative contrasts
with indigenous Terminal Formative – Early Classic
ceramics (Neff 2006). INAA confirms their foreign origin
(Bove and Medrano 2003; Cowgill and Neff 2004; Neff
2006). Bove and Medrano (2003) argue that both wares,
together with green (central Mexican) obsidian reflect an
early stage of Teotihuacan's political interest in the region.
As in the case of Olmec ceramic exports, export of Thin
Orange and Gulf Coast fine paste ceramics from Mexico to

the Guatemalan Pacific coast makes little sense as a
response to demand for superior tool-pots made in
specialised centres. The expenditure of human labour in
transport certainly would have outweighed any perform-
ance advantage, especially considering that both wares are
dominated by serving vessels (open bowls or cylindrical
vessels), which would not be subjected to severe thermal or
mechanical stresses.

Also in parallel with the Olmec case, importation of Thin
Orange and Gulf coast fine paste ware to coastal Guatemala
stimulated efforts to develop local copies. Imitation Thin
Orange became Esmeralda Flesh ware, a regionally
distributed pottery type of the Early Classic period (Neff
et al. 1994) that is similar enough to Thin Orange in form
and technology that the two are sometimes mistaken for
one another (Kidder et al. 1946, 177; Bove and Medrano
2003; Neff 2006). Copies of Gulf Coast fine paste pottery
(originally designated ‘proto-Tiquisate’ware by Bove [Bove
and Medrano 2003]), meanwhile, became Tiquisate ware,
a key diagnostic of the Middle through Terminal Classic
period (Chinchilla Mazariegos et al. 2009). These Classic-
period Guatemalan ceramic industries contrast with earlier
ceramic industries on numerous dimensions, including
resource choice, regional distribution patterns, style, and
technology (Neff et al. 1994, 1999; Neff 1995, 2006). As
viable local copies became available, importation of Thin
Orange and Gulf coast fine paste ceramics ceased, neither
appearing in Pacific coastal assemblages post-dating 400
AD (Bove and Medrano 2003).

Plumbate
Another ceramic class that provides an interesting
comparison to the Olmec and Teotihuacan cases is
Plumbate, a tradeware studied long ago by Anna Shepard
(1948). One main variety of Plumbate, called Tohil, is
dominated by human, animal (Fig. 3), and deity effigies,
some in miniature, and most with a highly lustrous,
vitrified surface. Shepard noted the technological unique-
ness of the highly lustrous, glazed surface and advanced

Figure 2. Calzadas Carved pottery from San Lorenzo (the
Gulf Olmec heartland) and Canton Corralito (Pacific coast,
approximately 400 km from the heartland). These
illustrations show parallel examples of a motif referred to
as St. Andrew's Cross. Courtesy of David Cheetham (2010,

Fig. 7.14), with permission.

Figure 3. Tohil Plumbate zoomorphic effigy in the
collection of the Museo Nacional de Antropología e

Historia, Guatemala. Photograph by the author.

Neff
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a hypothesis to explain it. She also demonstrated that
Plumbate from tombs and offerings from all over
Mesoamerica, from Panama to Chichen Itzá and West
Mexico, had the same suite of non-plastic tempering
materials. The implication was clear: Plumbate was made
in a single, restricted source zone and then transported all
over lowland and highland Mesoamerica, from the Maya
area to the Toltec empire and beyond.

Elemental characterisation via INAA has reinforced
Shepard's petrographic study, showing that there are two
main Plumbate chemical groups that correspond to
Shepard's petrographic groups (Neff 1984; Neff and Bishop
1988). One chemical group corresponding to Shepard's San
Juan Plumbate is dominated by plain serving vessels and
occurs in assemblages on the coast of southern Mesoamer-
ica and in the adjacent highlands. The other chemical
group includes miniatures, effigies, and abstract-incised
vessels and appears as whole-vessel offerings across
virtually the whole of Mesoamerica.

Archaeological survey from the 1940s through the 1960s
(Lowe and Mason 1965; Shook 1965; Coe and Flannery
1967) showed that sherd collections from the Pacific coast
of Guatemala and adjacent southern Mexico have the
highest frequencies of Plumbate. In accord with the
suspicion that this was the Plumbate production zone,
initial INAA results (Neff 1984; Neff and Bishop 1988)
demonstrated that both elemental groups (San Juan and
Tohil) are represented among the plain Plumbate sherds in
this region. Later, a raw material survey within this region
recovered clays that match both the clays and slips of the
two Plumbate chemical groups (Neff 2002, 2003).
Specifically, the San Juan group, which is generally earlier
in time, matches the compositional profile of clays sampled
along the lower Rio Naranjo, in far-southwestern Guate-
mala, while the Tohil group, which includes the fancy
effigies and miniatures, closely matches clay samples from
along the Rio Cahuacan in southern Mexico.

Based on the evidence just summarised, the trajectory of
Plumbate long-distance exchange unfolded as follows.
During the Terminal Classic Period, San Juan Plumbate was
the dominant ceramic locally in the eastern Soconusco
source region, and it was also exported to areas lying
further east, especially the central Pacific coast and the
highlands of Guatemala and western El Salvador. Later,
during the Early Postclassic Period, Tohil, a technologically
improved and aesthetically enhanced Plumbate, was
exported to many of the same locations in southern
Mesoamerica, but it also reached much more far-flung
locations, such as Chichen Itzá, central Mexico, and West
Mexico. Probably around 1100 AD, Plumbate ceased to
circulate in interregional distribution networks.

Plumbate history parallels the Olmec and Teotihuacan
cases in that substantial numbers of vessels were
transported over distances long enough to elevate their
procurement costs dramatically. As in the previous cases,
superior performance as tools for cooking, carrying,
storage, or serving is an implausible explanation for the
large expenditures on procurement of these vessels.
Plumbate differs from the Olmec and Teotihuacan cases,
however, in that convincing copies of Plumbate were never
produced in the regions to which it was exported. In the
case of Plumbate, instead, efforts to produce copies yielded

obvious fakes, such as the polished black effigy from
Offering V in the Casa de Las Aguilas in Tenochtitlan
(Lopez Lujan et al. 2000, 225).

3. Pots as signals
Many additional examples of long-distance ceramic
exchange in Mesoamerica could be listed. The above
examples were selected because they highlight inadequa-
cies in the ‘pots-as-tools’ framework. The examples suffice
to demonstrate that long-distance ceramic exchange is a
pervasive feature of the Mesoamerican archaeological
record, and it was pervasive right from the time when
people first started making and using ceramics (i.e., from
the Early Formative on). Yet, as previously argued, under a
‘pots-as-tools’ model, the investment in transporting
ceramics is difficult to understand, since high transport
costs coupled with the ubiquity of ceramic raw materials
and simplicity of ceramic technology are expected to limit
the geographic scope of ceramic circulation. How then, can
we account for the ancient Mesoamericans’ frequent
practice of carrying fragile ceramic pots to distant corners
of the Mesoamerican world?

An alternative to ‘pots-as-tools’ is to view pots as signals.
This subsumes long-distance ceramic exchange under the
evolutionary theory of costly signalling (e.g., Bliege Bird
and Smith 2005; Zahavi and Zahavi 1997). Bliege Bird and
Smith (2005) note the potential applicability of costly
signalling theory to ceramic production, and Plourde
(2008) has developed a model based on costly signalling
that explains the origin of prestige goods, which may
include ceramics. Elsewhere (Neff 2011), I present some
of the ideas elaborated below in a discussion of Early
Formative Olmec cultural evolution. My focus here is on
costly signalling as an explanation of long-distance ceramic
exchange and how archaeologically testable hypotheses
can be derived from the theoretical framework.

As signals, pots may convey information about such things
as group affiliation, network connections, special access to
resources, or prestige and status. These are hidden qualities
of the signaller that, if perceived accurately by audience
members, would predispose them to attitudes or actions
that benefit the signaller. The design considerations for
signalling systems are different from the design consider-
ations involved in producing a pot that is a tool. For signal-
pots, the main consideration is how to ensure that the
signal is a reliable indicator of the underlying trait that is
being communicated. The reason why a signal has to be
reliable is that, otherwise, receivers of the signal have no
incentive to pay attention, and if receivers do not pay
attention, signallers have no incentive to signal. That is, if
reliability cannot be ensured, the signalling system will
disappear.

Under pots as signals, long-distance transport of pots,
which adds cost, can be seen as a mechanism for ensuring
signal reliability –making sure that the signal is honest. The
principle that added cost can ensure signal reliability has
been discovered independently in biology (Zahavi and
Zahavi 1997) and the social sciences (Spence 1973; Veblen
1979 [1899]). It was introduced to archaeology by Neiman
(1997), who argued that Maya elite activity (investment
in monumental art and architecture, especially) could be
understood as ‘wasteful advertising’ of the ability of
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individuals and lineages to come out on top in political
competition. The high cost of acquiring literacy and
controlling labour and other resources ensured that only
individuals with actual power and ability could erect
monuments, build temples, and so on.

Based on costly signalling theory, long-distance transport
of pots takes place precisely because it adds cost. Most
ceramics start out as low-cost items, since, as discussed,
rawmaterials are widely available and the basic technology
is simple. Possession of such low-cost items says little about
prestige or other qualities of individuals. A pot can become
a reliable signal of access to resources, however, if some
extra investment is made that elevates a vessel's cost. One
obvious and open-ended means to add cost is to invest
human labour in long-distance transport.

The above argument applies whether importers or
exporters shoulder the cost of long-distance transport. If
it is the exporters, the ceramic exports constitute gifts to
one's competitors, and gifts incur obligations. The more
resources one has to invest in gifts, the larger and more
numerous the obligations he/she will be owed. Expensive
gifts and attendant obligations are thus a reliable signal of
an individual's power, wealth, and influence. They are
given in order to accumulate ‘symbolic capital’ (Bourdieu
1977). The reliability of the information conveyed, which is
ensured by the actual high cost of lavish gifts, is the basic
incentive for receivers to participate in the signalling
system. Long-distance export of distinctive pots can thus be
seen as a strategy for interregional advertising of prestige.

If importers rather than exporters are assumed to pay the
costs of long-distance transport, the foreign vessel is a
signal of the importer's ability to bear costs that are beyond
the reach of most local people. The imported pot also
signals extra-local connections, thus further augmenting
the information conveyed about prestige-related attributes
of the possessor. Again, the actual high cost of imports
makes them reliable signals of resource control and/or
network connections, so audience members gain infor-
mation about local political and status relations if they pay
attention to the signal.

A further consideration is that signal-pots must be
recognisably foreign outside of their production region.
Otherwise, audience members will not be able to
appreciate their added cost, which in turn would obscure
the information content of the signal. If receivers
misinterpret the signal and fail to pay attention, the
incentive to signal disappears. This design constraint
favours distinctive decorative practices and/or technology
that impart distinctive aesthetic qualities to the finished
vessels and make them recognisable as foreign, and thus
costly, to an audience familiar with locally produced pots.

Finally, duplication of a foreign technology or decorative
style will cause the foreign features to lose their value as
indicators of high cost. Once this happens, the signalling
system, in which reliability is ensured by added cost due to
long-distance transport, is likely to disappear. If, at the
other extreme, the combination of raw materials, decora-
tion, and technology cannot be duplicated, the signalling
system should persist indefinitely. Chinese porcelain is an
example of difficult-to-imitate technology and decorative
style (Kerr andWood 2004). Exported to Europe during the

16th through 18th centuries, it stimulated many efforts to
reproduce the technology. Not until the early 18th century,
however, did European ceramists come up with viable
European versions. Fine Chinese porcelains thus retained
their value, providing a clear and reliable statement about
prestige and taste, over several hundred years. As European
porcelains developed, demand for Chinese imports
declined (Munger and Frelinghuysen 2003).

4. Pots as signals in Mesoamerican
prehistory
Whereas the cost involved in interregional transport of
Olmec, Teotihuacan, and Plumbate pottery rules out
accounts based on any hypothetical superiority as tool-
pots, that same trait – cost added by the labour invested in
long-distance transport – marks them as components of
signalling systems, in which signal reliability is the
overriding design consideration. Additionally, accurate
interpretation of the signal by foreign audiences depends
on aesthetic distinctiveness, which may be achieved by
unique decorative elements, unique raw materials, unique
technology, or some combination thereof. These principles
shed light on the cases of long-distance ceramic exchange
discussed earlier and lead to some additional hypotheses
that can be tested in the future.

Olmec
Consider first the carved greyOlmec pottery transported long
distances across Early FormativeMesoamerica. These vessels
were reduction fired, they were decorated with a distinctive
set of symbols that originated on the Gulf Coast, and the
designs were rendered with an unusual carved, sometimes
excised technique. When they first appeared in regions
outside the Gulf Coast, they would have contrasted with
pottery familiar to the local populace in colour (grey rather
than orange or red, the dominant colours achieved with
oxidation firing) and in features of the carved and incised
designs. These contrasts would have made them unfamiliar
and thus recognisableas imports fromsomeunknown foreign
place. Alternatively, they might have been brought in as gifts
by Olmec traders, in which case they would have reinforced
messages about power and control over resources brought by
these same traders from the Gulf Olmec heartland. Either
way, being easily recognisable as imports, they were also
immediately recognisable as high-cost items, because of the
expense of transporting pots discussed above. Thus, whilewe
cannot be certain who shouldered the costs of long-distance
transport,whoever did sent a reliable signal about power and
access to resources.

But since ceramic technology is fairly simple, creating grey
surfaces and carving flame eyebrows could be easily
duplicated, and the high status associated with the high-
cost imports would have created an incentive to produce
lower-cost imitations that were indistinguishable from the
originals. Imitation Olmec carved grey ware then should
begin to appear in places that received imports. This
prediction seems to be borne out, since local-paste variants
of carved grey pottery were identified alongside the San
Lorenzo imports in the Valley of Oaxaca, Basin of Mexico,
and elsewhere.

A further implication here is that the imitations would
undercut the reliability of imports as signals of access to
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resources. Once carved grey vessels no longer reliably
signalled access to resources, local audience members no
longer had an incentive to pay attention, which would have
eliminated the incentive for signallers to pay the high costs
of acquiring true imports. This, then, leads to a prediction
about the historical trajectory of Olmec grey-ware
exchange, namely that the flow of exports from the Gulf
Coast would have been relatively short-lived. Available
evidence is consistent with this prediction, but needs to be
tested further, with improved chronological control in the
assemblages containing imports together with local copies.

The fine-white pottery (Xochiltepec White) exported from
the Gulf Olmec heartland may have been more difficulty to
copy, since fairly pure, high-kaolinite clays were required
for its production. Thus, a different evolutionary trajectory
(longer-lived interregional exchange) would be predicted
for the white wares, since their reliability as signals might
not have been as easily undermined as that of the carved
grey ware. This prediction too can be tested once
chronological control is improved for Early Formative
assemblages.

Teotihuacan Trade Wares in Guatemala
The histories of Thin Orange ware and Gulf Coast fine paste
ware (‘Proto-Tiquisate’) in Guatemala provide interesting
parallels to the Olmec case just described. Both Teotihuacan-
related imports qualified as reliable signals of investment in
long-distance transport when they were first transported to
Pacific coastal and highland Guatemala during the Early
Classic period. As required for accurate interpretation of the
signal, both wares contrasted markedly with locally made
pottery. The unique qualities of Thin Orange are due in part
to technology, whereas the Gulf Coast fine paste ware was
distinguished by the use of fine, light-firing clay. Signal
reliability was short-lived however, for, despite the fact that
their aesthetic qualities depended on special technology and
resources, viable local versions (Esmeralda Flesh ware and
Tiquisate ware) eventually appeared.

Esmeralda Flesh, the Guatemalan imitation of Thin
Orange, seems to have appeared very shortly after the
first Thin Orange imports arrived in Guatemala, and the
imports probably disappeared within a short period of time,
judging from their rarity. The largest Thin Orange sample is
from high-status tombs in Mounds A and B at Kaminaljuyu,
which were apparently constructed over a fairly short
period of time during the 4th and 5th centuries AD. A total of
15 whole Thin Orange vessels were found in seven tombs,
and 12 Esmeralda Flesh vessels were found in four tombs
in these mounds (Kidder et al. 1946, Table 1). Tomb A-I
contained one Thin Orange vessel together with three
Esmeralda Flesh vessels. On the central Pacific coast, in the
heartland of Teotihuacan influence, Thin Orange occurs as
a rare import in Early Classic sherd assemblages that also
contain Esmeralda Flesh (Bove and Medrano 2003, 51–2).
As predicted by the costly signalling model, the flow of Thin
Orange imports was short-lived because the reliability of
the signal declined rapidly as a similar local ware became
available. The local variant, Esmeralda Flesh, thereafter
evolved in situ, eventually becoming the Amatle ware of
the Late Classic Period (Neff et al. 1994).

Gulf Coast fine paste pottery is also very rare, a total of only
six examples having been found on the Pacific coast, where

they occur in association with green (Pachuca) obsidian
and Thin Orange ware in Early Classic assemblages (Bove
andMedrano 2003). Later, during the Middle Classic (400–
600 AD), the earliest Tiquisate ware, a red-painted variant
called Caulote by Bove (Bove and Medrano 2003, 71)
appeared on the Pacific coast in the region where Gulf
Coast fine paste had been imported earlier (some of the
Gulf fine paste specimens, both from Pacific Guatemala and
Teotihuacan, are decorated with red paint [Cowgill and
Neff 2004]). Duplication of the Gulf fine paste ware may
have been delayed by the need to locate fine, light-firing
clays in coastal Guatemala; discovery of a residual clay
developing on rhyolitic volcanic ash along the Rio
Nahualate supplied the appropriate raw materials (Neff
1995; Neff and Bove 1999). This source was then used from
Middle through Terminal Classic times to produce several
Tiquisate-ware variants (Neff and Bove 1999; Chinchilla
Mazariegos et al. 2009).

In sum, as in the Olmec case, long-distance transport of
Teotihuacan-related tradewares seems to have been a fairly
brief historical phenomenon, as predicted for signalling
media that can be copied. In both cases, local variants of the
style and technology of the imports were developed, and
this undermined the reliability of the imports as signals of
high cost, which led quickly to the disappearance of the
imports. What is clearer in the Teotihuacan case is that
production of the local variants outlasted the influx of
imports. Further, as hypothesised for the fine white Olmec
tradeware (Xochiltepec), it appears that development of
the local variant of fine, light-firing ware (Tiquisate) stalled
until suitable raw materials were discovered. Once the
Early Classic imports disappeared, the new resource-
procurement and technological practices adopted to create
copies were no longer constrained by the need for fidelity
to the imports, and this seems to have led to the evolution
of regionally distinctive ceramic industries of the Middle
through Late Classic periods (Neff 2006). While current
understanding of the Teotihuacan tradewares and their
copies is consistent with the ‘pots as signals’ framework,
more precise chronological control over both the imports
and the local ceramic industries would provide a more
detailed picture of the longevity of the imports, of how
quickly the local copies were developed, and how rapidly
the new Guatemalan industries diverged from the
introduced Mexican canons once the fidelity constraint
disappeared.

Plumbate
Like Olmec and Teotihuacan pottery, Plumbate vessels
were aesthetically distinctive and readily identifiable as
foreign, and therefore costly, when they appeared in
locations far from their source. The large component of cost
added by long-distance transport could not be borne by
everyone, so possession of one of these shiny grey effigies
was a reliable signal of an ability to invest large amounts of
human labour.

But Plumbate differed from lower-tech Olmec and
Teotihuacan pottery in that special rawmaterials combined
with special technology complicated efforts to duplicate its
aesthetic qualities. Plumbate potters had apparently
discovered the fluxing action of alkalis when added to
slip material (Neff 2010). Depth profiling by LA-ICP-MS
shows enrichment of sodium and potassium at the surfaces.
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X-ray fluorescence analysis of surfaces of Tohil and San
Juan vessels accentuate this point, showing potassium
concentrations in the two to three percent range, which is
uniformly higher than corresponding paste concentrations.
Also, since the paste and surface potassium concentrations
are uncorrelated, the surface would seem to be an artefact
of technology rather than a reflection of natural variability
in source raw materials.

In light of these findings and the fact that Plumbate was
produced within the lower-coastal estuarine zone, Plumbate
technology may have been discovered as a by-product of salt
production, the other main activity documented for estuary
dwellers of the Classic period (Neff 2010). Multiple non-
exclusive routes toward such a discovery can be suggested:
accidental over-firing during salt production in ceramic
containers (the sal cocida method) is one possibility;
alternatively, if mangrove wood ash generated either in
salt or ceramic production was added purposely (e.g., to
promote deflocculation) or accidentally to slip clay, levels of
soda and potash could have been elevated to the point that
vitrification occurred within the normal firing range. Either
way, since unusual raw materials had to be combined with a
special pyrotechnology, re-discovery of Plumbate technology
and duplication of a Plumbate pot outside its production
region would have been difficult if not impossible.

In fact, no other glazed ware was ever invented in
Mesoamerica, and Plumbate surfaces were never dupli-
cated. Since Plumbate pots were impossible to fake, the
reliability of the signal would not have been undermined in
the same way as in the Olmec and Teotihuacan cases.
Because of this added stability of the signalling system, it
would be expected to persist.

In light of the evidence that reliability of Plumbate as a
prestige symbol was never undermined, what might
account for its disappearance by around 1100 AD? Costly
signalling systems are maintained by selection, because
signallers gain from the attention paid by the audience
(possessors of Plumbate gain prestige in this case), while
receivers gain because they learn about important qualities
of the senders (Neiman 1997; Zahavi and Zahavi 1997;
Bliege Bird and Smith 2005). For such a system to
disappear (as Plumbate did during the Early Postclassic),
the selective pressures that created and maintained the
costly signalling system would have to be disrupted in some
way. One possible disruption, viable local imitations, has
already been ruled out. Other possibilities include
innovations in transport technology (which reduce the
cost added by long-distance exchange) or disruption of the
interaction of signallers and receivers, for example by
population loss and migration (as Neiman [1997] has
argued for Classic Maya monument dedication). However,
no transport innovations are suspected for Postclassic
Mesoamerica, and disruption of the interaction between
senders and receivers of signals seems unlikely to have
occurred simultaneously in all of the various regions where
fancy Tohil Plumbate arrived as a trade good.

Still another alternative explanation for the disappearance
of Plumbate interregional exchange is that the ability to
make the signal (the supply of Plumbate pots) disappeared
for reasons unrelated to the selective pressures that
maintained the signalling system. That is, demographic
shifts or political upheaval within the eastern Soconusco

source region (see Fig. 1) eventually eliminated the
population of Plumbate potters. This hypothesis is, of
course, testable through archaeological investigation
within the Plumbate source region. The basic prediction
is that the archaeological and paleoenvironmental records
should show a demographic collapse within the region
sometime around 1100 AD.

The pots-as-signals framework thus makes different
predictions about the historical trajectory of Plumbate
production than it does about the Olmec and Teotihuacan
tradewares. The differences arise from differences in the
technological sophistication of the wares. Olmec and
Teotihuacan tradewares could be duplicated with a little
effort invested in finding adequate raw materials (e.g., the
clay source used for Tiquisate ware). Plumbate, the
pinnacle of the potter's craft in Precolumbian Mesoamerica,
required raw material properties and technological
processes discovered only once and never duplicated. As
a result, Plumbate's reliability as a signal of cost added by
long-distance transport could not be undermined. Plum-
bate production and interregional exchange is thus
predicted to show greater stability and longevity than the
lower-tech Olmec and Teotihuacan cases.

The pots-as-signals framework also points the way toward
future research on Plumbate. As noted, the prediction that
Plumbate trade disappeared because of demographic
disruption in the source zone is subject to straightforward
archaeological testing. Further tests of the alkaline glaze
hypothesis are also possible; for instance, experimentation
with raw materials from the production region combined
with further analytical work could be used to reproduce the
evolutionary process through which Plumbate technology
was discovered and refined and to show what made it so
difficult to duplicate. Finally, improved chronological
control both within the source zone and in the assemblages
in which the tradewares appear would permit more
convincing tests of the prediction that Plumbate trade
was more stable and long-lasting than the more easily
copied Olmec and Teotihuacan tradewares.

5. Conclusion
I draw the following conclusions from reviewing and
thinking about the results of chemistry-based ceramic
provenance research in Mesoamerica. First, a number of
studies over the past 40 years demonstrate conclusively
that ceramics did, in fact, circulate widely within and even
beyond Mesoamerica (a Plumbate vessel has been reported
from Panama [Dutton 1943]). Countering expectations
based on the ease of ceramic manufacture coupled with the
difficulty of transporting ceramics, many widespread
ceramic traits were the result at least partly of movement
of materials rather than movement of ideas. As I have
argued, interregional transport is difficult to explain under
a ‘pots-as-tools’ understanding of ceramics and ceramic
production.

However, if we conceive of pots as signals, long-distance
circulation is predictable because the cost added by
investing in transport ensures reliability of the pots as
signals of hidden qualities of the producers, exporters, or
consumers. The high cost of long-distance transport could
only be borne by individuals or groups with superior access
to resources.
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The ‘pots as signals’ perspective does not just explain long-
distance circulation of ceramics; it also serves as a fruitful
source of hypotheses about the design and distribution of
pots and about the evolutionary history of pots designed as
signals. As any good theory should do, it makes different
predictions for different historical-ecological contexts, the
example here being the different predictions for Olmec and
Teotihuacan tradewares versus the technologically more
sophisticated Plumbate.

Finally, an objection might be raised here that archae-
ologists routinely discriminate between ‘luxury’ or ‘elite’
wares (signal-pots) and utilitarian wares (tool-pots), so
there is really nothing new in the ‘pots as signals’
framework. The problem is that these categories are
normally defined by common sense and empirical
generalisation, with no theoretical justification given for
why such categories should exist. The principle that costly
features are engineered by evolution to ensure signal
reliability provides the theoretical basis for defining these
categories. This is a common feature of organisms shaped
by natural selection (Zahavi and Zahavi 1997). My claim
here (and see Neiman 1997) is that selection operating on
culturally inherited information produces convergent
adaptations that are observable in the archaeological
record.

Notes
1. The ubiquity of clay, the relative simplicity of ceramic

technology, and the high transport cost of pottery, have
often led archaeologists to assume that ceramics would
rarely have been moved much distance through space
and that specialisation in ceramic production should be
infrequent. This assumption is especially clear in the US
Southwest, where Kidder (Kidder and Shepard 1936,
xxiii) once suggested that “[it] has always been assumed
that potting was one of the regular household tasks of
every Pueblo woman; that each town was in this regard
self sufficient…” and Abbott (2009, 531) more recently
asserted that, up until just two decades ago, “most
analysts believed that ancient Southwestern households
were largely self sufficient for pottery manufacture…”
We know from ethnographic cases, of course, that

pots do circulate in regional markets (e.g., Arnold
1985), and archaeological evidence affirms the exist-
ence of ceramic exchange in prehistory as well. In
Kidder's (Kidder and Shepard 1936) Pecos study, for
instance, the initial hypothesis of local self-sufficiency
was rejected on the basis of petrographic study by Anna
O. Shepard, which demonstrated the presence of fabrics
that originated 25 or more km from the Pueblo.

2. To be clear, ‘cost’ here refers not to any monetary cost
but to investment of energy and time. In biological
terms, any investment of energy and time should always
promote reproductive success, i.e., fitness. Making
ceramics always has a cost, but these costs can be
outweighed by the fitness benefits of cooking foods to
enhance their nutritional value or the benefits of local
storage of grain, clean water, etc. The enigma of long-
distance exchange arises when the costs of transport
exceed any conceivable direct fitness benefit of this
kind. The problem addressed in this paper, then, is what
fitness benefit could outweigh the very high cost in terms
of time and energy of long-distance ceramic exchange.
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Lessons from the Elephant's Child: Questioning
ancient ceramics
Clive R. Orton
UCL Institute of Archaeology, 31–34 Gordon Square, London, WC1H 0PY, UK

Abstract - This paper presents a brief overview of the present state of the scientific study of ancient
ceramics, focussed through six key questions –what, why, when, how, where and who. The relative
importance of each question is assessed by means of a brief literature search. The overview is
preceded by a summary account of developments over the last 50 years or so, and is followed by a
discussion of the role of sampling in such studies, and of the need for good communication between
the field and the laboratory.

1. Introduction
While looking for a way into the session topic of
“Methodological developments” for the tenth anniversary
European Meeting on Ancient Ceramics (EMAC'09),
I re-encountered Rudyard Kipling's Just-So Story of the
Elephant's Child. The Elephant's Child, you may remember,
was characterised by his “insatiable curiosity”, and this
seemed to me to be a good paradigm for our work.
However, we need more focus for our curiosity, and this
was provided by a rhyme in this story:

“I keep six honest serving men
(They taught me all I knew);
Their names are What and Why and When
And How and Where and Who.”

This rhyme provides a useful alternative typology for our
questions and hence our methods – we can group them
according to the questions that they seek to answer. We can
then go further and examine the progress made in each
area, and whether there have been trends in the popularity
of the questions. My feelings before I started to look for
evidence was that there had been a considerable trend
during my working career, from ‘when’ questions, through
‘where’ and ‘how’, leading perhaps to ‘why’, so I made a very
selective literature search to see if this was in fact the case.

It seems useful to follow up this overview with an
examination of the applicability of our methods – which
methods can be applied to all relevant ceramics, and which
(for reasons of cost or time) can only be applied to a sample?
A more difficult, but perhaps more important, question, is
whether they should be applied universally, or whether
there are good reasons for sampling, over and above sheer
necessity? Finally, there is the link back from sampling to
interpretation, a link which can easily be overlooked or
over-simplified, and what this implies for communication
between different branches of our discipline.

2. Historical perspective
When I started working on archaeological ceramics in the
late 1960s and 1970s, pottery tended to be seen primarily
as dating evidence, at least by field archaeologists and at
least for the historic periods. Paul Tyers once characterised
this view as “never mind all that trendy tagspeak stuff, just
give me the dates”; the fact it was contemporary with the
Theoretical Archaeology Group (founded in 1979) shows
the persistence of this view, at least in some quarters. Yes,
we had radiocarbon dating, which seemed rather vague for
the historic periods, yes, we had coins, which had an
annoying habit of being residual (one that I remember was
residual by 1000 years!), and we sort of knew about
dendrochronology, but no-one in London had done
anything useful with it yet (that was to come in the late
1970s and the 1980s). So “when” was the predominant
question, and “give me the dates” was the order of the day.

Paradoxically, this position was already being undermined
by work that had been done in the 1950s. Anna Shephard
(1956) showed (amongst many other things) that pottery,
and in particular coarse pottery, had moved around more
than people had thought (my simplified paraphrase), thus
making “where” a more potent but more difficult question.
The methodology was provided at one level by thin-
sectioning and low-power microscopy, popularised in the
UK by Peacock (1977) and at another level by the
introduction in 1957 of Instrumental Neutron Activation
Analysis (INAA) to archaeological ceramics (Speakman and
Glascock 2007).

Along with this, and again owing much to Anna Shephard,
was a new emphasis on ceramic technology and production
– the “how” question. Clues to the production processes
were sought, often involving experimental archaeology (for
example, Mayes 1961) as a way of replicating possible
conditions of preparation and firing. It also became clear
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that sourcing the temper, glaze, and paint was as important
as the raw clay itself. The “how” question was broadened
out from “how was it made” to “how was production
organised”, with for example Peacock's (1982) work on
modes of production and several studies of craft speciali-
sation (e.g. Costin 1991; Feinman 1999; Hagstrum 1985).

Studies of the function of pottery, which had traditionally
been based on the shapes of vessels and the uses that such
shapes might imply, received a boost from the introduction
of organic residue analysis on the 1950s (Evershed
2008). Here was a more objective way of asking “what
(for)” than simply looking at a pot and what might feasibly
be done with it.

This was all brought together in a holistic ‘cradle to grave’
approach by the ‘Ceramic Ecology’ movement of the 1960s
and 1970s (Matson 1965), which sought to track the life-
time (trajectory) of pottery from, literally, dust to dust.

Until the ‘post-processual’ movement of the 1980s and
later, potting had been seen as a very rational activity – pots
were made to fulfil certain functions, and were designed to
(for example) resist thermal shock, or absorb (or not
absorb) liquids (Tite 2008, 223–224). One can almost see
the potter setting out with his ‘design specification’ to
create the perfect functional vessel. This was challenged by
the realisation that some pots were not actually that good
at their supposed functions (for example, badly-attached
handles on drinking jugs, see Orton 1982, 82) and that
other factors, such as their symbolic importance, or craft
conservatism, might be at play. With this came the
recognition that ‘progress’ was not inevitable, and that
the pattern was sometimes one of regression (ibid.). The
characteristic question of this phase is “why”, including
“why not” (e.g. why didn't something happen, such as the
establishment of a stoneware industry in London before the
late 17th century).

There is in some sense a logical progression to these
questions – we cannot ask “why” until we have a fair grasp
of the “when” and “where” – but at the same time there are
theoretically-based trends in archaeological questioning.

3. Where are we now?
To try to answer this question, I have looked at the
abstracts of the other papers in this session, and in recent
volumes of two journals dedicated to our methodology:
Journal of Archaeological Science (for 2005 and 2006) and
Archaeometry (for 2007, 2008 and part of 2009). As usual
with typologies, it is not as easy as it seems. Some papers
set out to answer more than one type of question, while
others answer one question in order to provide a firmer
basis from which to answer another. So some element of
double-counting is inevitable, and my number of ‘questions
asked’ is more than the number of papers included in the
study. The outcome is shown in Table 1.

Where?
The primary question is clearly “where” (over 40%), in
which the 50-year dominance of INAA (Speakman and
Glascock 2007) is being challenged by a growing range of
analytical techniques (Tite 2008). In my brief review, INAA
is still the front-runner, with ICP-MS and ICP-OES and

various SEM-based techniques leading the challenge. It is
not my place to discuss the relative merits of various
techniques, but I will try to draw out some more general
points. First, there is an inherent conservatism in the choice
of technique, in that large existing databases, particularly
of INAA data (Speakman and Glascock 2007) and PIXE
data (Grave et al. 2005) mean that users of new techniques
will be, for a while at least, ‘on their own’, as their data may
not be strictly comparable with earlier data, this is
unfortunate as archaeology is in the business of compari-
son. This mirrors a larger and unresolved problem of
archaeological data: changes (e.g. in terminology) have to
occur if the discipline is to make progress, but such changes
create ‘fault lines’ between datasets, making the task of
comparison that much more difficult.

Another point is the increased emphasis on the portability
of equipment (Morgenstein and Redmount 2005). This
may be in part a response to political solutions, making the
removal of material from its country of origin more
difficult. “If the sherd won't go to the equipment, then the
equipment must go to the sherd.” It is clear that, as
scientists, we must see our work in the wider social,
economic and political context, to judge what is possible
and where methodological advances need to be made.

How?
The second most frequent question is “how” (about 25%).
The long-running interest in firing conditions (e.g.
temperature, heating and cooling rates, atmosphere)
(see section 2) continues, supported by a growing range
of analytical techniques (Botti et al. 2006; Capel et al.
2006; Montana et al. 2007). Sometimes the question is
more specific, relating to the achievement of a particular
effect, for example blue-and white decoration
(Wood et al. 2007), aspects of glazing (Fortina et al.
2008; Pace et al. 2008), sgraffito decoration (Brianese et al.
2008) and red/black gloss (Walton et al. 2009). It's
interesting to note that, despite our methodological
advances, the production of lustre ware remains
something of a mystery (Roqué et al. 2007). The links
between the selection of raw materials and the technology
of production still features seriously, showing that
this approach is not yet exhausted.

Table 1. Summary of the main questions addressed by
papers in the EMAC'09 session on Methodological
Developments, the Journal of Archaeological Science (for
2005 and 2006) and Archaeometry (for 2007–2009).

EMAC J. Arch. Sci Archaeometry Total

What 1 2 3

What for 5 4 9

Why 2 6 8

When 2 1 3

How 3 3 9 15

Where 2 15 15 32

Total 8 27 35 70

Orton
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Broader questions can be seen in the use of the chaine
opératoire concept to examine production sequences
(Hunt 2014) and in the discussion of how potting skills
are acquired and transmitted. These questions lead on to
issues of how production is organised – is it, for example,
centralised or decentralised (Vaughn et al. 2006), and, one
might add, what do those terms actually mean? The topic
of craft specialisation is clearly still an issue (e.g. Orton
2012), even if not represented in the sample. Finally,
pottery can be used as a way to examine how units of
measurements were perceived and used in various societies
(Zapassky et al. 2006).

What (for)?
This question accounts for over 10% of the total questions
asked. The use of organic residue analysis dominates, as
one might expect from this maturing sub-discipline (see
section 2) (Evershed 2008). The majority of the current
work seems to focus on dairying, from its origins in the
Neolithic (Copley et al. 2005a; Spangenberg et al. 2006) to
its continuation in the Bronze and Iron Ages (Copley et al.
2005b; 2005c). Other residues recently identified include
fish products (Ribechini et al. 2009) and aromatic or
medicinal substances (Marangou and Stern 2009). More
general studies, often based on form, continue alongside
(Skibo 1992; Tite 2008, 228).

Why?
This question too accounts for just over 10% of the total
questions. Like the ‘how’ question, it divides into detailed
questions of technology and broader questions of organis-
ation. The former concentrate on issues of ceramic
performance and the fitness of ceramics for certain functions
(Sillar andTite2000). The choice of particular temper recipes
are important (Montana et al.2007;Müller et al.2014), as are
choices of surface treatment (Reber and Hart 2008; Stern
et al. 2008). Changes over time that are observed in the use of
rawmaterials, whether for body or glaze, also raise questions
of why that change occurred (Martineau et al. 2007).

When?
Despite popular belief, this question is well down our list, at
less than 5% of the total. Pottery is, of course, of immense
value fordatingdeposits andevents, but theevidencedoesnot
commonlycomefromscientific analyses.Theexception to this
rule comprises the various forms of luminescence dating,
which have been with us for over 50 years (Wintle 2008). As
one might expect in a sub-discipline of this maturity, work is
mainly concernedwith ‘dotting the i's and crossing the t's’, for
example by comparing the outcomes of TL on ceramics and
sediments (Yang et al. 2005) or by studying the effects of
burial conditions (Zacharias et al. 2005). However, this
approach remains both expensive and complicated.

A very promising new technique, rehydroxylation, has
recently been announced (Wilson et al. 2009). Although
still in its research phase, it appears to promise dates to
within a few years for ceramics (so far, apparently, only
brick) of up to 2000 years old, with the possibility of being
able to go back 10,000 years. The archaeologist in me says
“wonderful”, but the statistician in me says “it's too good to
be true”, and asks questions about inherent variability and
error modelling.

What?
Here, I have rather arbitrarily redefined “what” to cover
techniques of automatic capture of pottery forms and
decoration by various types of 3D scanning, separating
it from the “what for” questions mentioned above. On
this basis, this question constitutes less than 5% of the
total.

There is considerable interest in the use of 3D scanning to
capture the shapes of pots, sherds and other artefacts
(such as flints), with a view to replacing and refining hand-
drawing (e.g. Saragusti et al. 2005 amongst many others).
My experience at Novgorod (Orton and Malygin 2001)
suggests that hand-drawing can be unreliable, and that
even drawings made by skilled ceramicists may not be
strictly comparable. One major problem seems to be in
assessing the angle that a sherd makes with the horizontal;
this is particularly serious because a small angular
difference at the rim becomes magnifies the further one
proceeds down a rim sherd. There is no doubt that
automatic procedures can improve and standardise this
process.

Once captured, the data can lead us into very interesting
questions of shape analysis, and the discovery of real but
subtle differences that would escape detection by the naked
eye. One such example is the study of variation in ‘torpedo’
pots in Iron Age Israel (Gilboa et al. 2004).

Who?
This question did not feature in the survey, but is included
here for the sake of completeness. Traditionally regarded
as the territory of the historical archaeologist, dealing with
makers' marks or similar identifiers, it could nevertheless
be opened up to ‘anonymous’ potters if the shape analysis
mentioned above lives up to its promise. We may not be
able to give potters names, but we may be able to
distinguish their products.

4. Where might we go from here?
I have no track record for predicting technological
development in archaeology, so I will not try here. It
seems likely that ICP-MS will continue to replace NAA for
provenance studies, although NAA will not disappear
altogether. To make best use of the large and growing
bodies at data, ways to integrate them should be sought,
though this is likely to be a very difficult task.

Rehydroxylation will need to be watched closely, to see if
its use can be extended from brick (for which it seems to be
ideally suited) to various types of pottery (for which it may
prove to be less well suited). Whether it will be able to cope
with a wide range of bodies and surface finishes will be an
interesting challenge.

Automatic capture of shape data is likely to expand, and we
may see specialist service organisations set up to provide it
to the discipline as a whole. Certainly, its use will have to be
organised to ensure maximum and continuous throughput
for what is likely to remain very expensive equipment.
I hope that archaeologists will be able to ask the sorts of
questions that will make the generation of data on this scale
worthwhile.
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5. Sampling and selection
If I have hinted that future issues may be organisational
rather than technological, thatwas deliberate. It is clear that
we have the ability and the equipment to generate and store
vast amounts of data, at relatively low cost. However,
“Science is built up of facts, as a house is with stones. But a
collection of facts is no more a science than a heap of stones
is a house” (Poincaré 1902). This raises the question – dowe
need all the data that we could (potentially) collect? Are
some data now so cheap that we could (if we wish) collect
them from all archaeological ceramics? If “no”, how do we
select, and if “yes”, do we need to do so? The question splits
into two parts: selection (which variables do we measure?)
and sampling (on which objects do we measure them?).

I do not have the data, either in terms of cost per technique
or number of units (sherds) to answer quantitatively, so I
shall have to stick to general principles. My guess is that the
answer will almost always be “no”, although it has been
claimed that total capture of shape data is now possible, at
least on a national basis (Smilansky, pers. comm.). Two
factors that militate against total data capture are (1) the
opportunity costs – the true cost of doing something is often
the loss of other activities that it precludes us from doing
(whether for reasons of time or money) and (2) the law of
diminishing returns – in a statistical sense, to get twice as
much information requires four times as much data, and so
on (it is a ‘square law’). Further, collecting a relatively small
amount of data, well, may lead to a more satisfactory
outcome than collecting more data, badly. For such
reasons, I usually advocate the collection of enough data
(but no more) to answer the question(s) in hand, while
admitting that this may cause severe problems in the
formulation of questions in an appropriate way.

This leads on to the widely misunderstood topic of sample
design. The first issue is that of sample size. There is a
widespread myth that what matters when it comes to
sample size is the percentage that it is of the population
(know as the ‘sampling fraction’). In fact, the crucial factor
is the absolute size of the sample, as this defines the
standard deviation of the outcome (the ‘margin of error’).
Second, we need to look beyond simple sampling to
(slightly) more complicated sample designs, such as
stratified sampling, which can yield serious improvements
in performance (Orton 2000). To take full advantage of
such schemes, it is likely that one will need to use different
sampling fractions in different strata (e.g. types), which
may be counter-intuitive to some but which follow logically
from the first point.

Perhaps most important is the point that the sample must
be representative of its population. Neither a large sample
size nor a sophisticated design can compensate for an
unrepresentative sample (it can even make matters worse).
This is mainly a matter of exactly how the sample is chosen
– asking a field archaeologist to choose ‘typical’ examples
may quite innocently open the way to all sorts of bias. In my
experience (based on asking students to select ‘typical’
objects from a collection), a ‘typical’ sample tends to cluster
too closely round the ‘average’, and not to encompass the
full range of variation present in the population. It is
surprisingly difficult to achieve a truly representative
sample, and a formal random process may be the only
practical way.

6. Communication and interpretation
It follows from this that there must be good communication
between the field and the laboratory if sensible interpret-
ations are to be made. For example, in the Novgorod
project I had to select a very small sample of sherds to be
sent for thin-sectioning. Some were intended to be ‘typical’,
representing many thousands of sherds, while others were
rarer, or even ‘oddities’, selected simply because they
looked different to me, and I wanted to know if they were
‘really’ (petrographically) different, or had perhaps under-
gone different firing conditions. Unfortunately, I did not
explain this properly when submitting the samples, and the
report that came back treated each example as of equal
weight and importance. Communication needs to be two-
way: the fieldworker needs to explain the process and
rationale behind the selection of the sample, and the
labworker needs to take this on board and to reflect them
fully in their report.

7. Conclusion
We have much to learn from the Elephant's Child: we
must focus our ‘insatiable curiosity’ around one or more
specific questions, and consider carefully how much data,
and of what sorts, we need in order to be able to answer
them.
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Inferring provenance, manufacturing technique,
and firing temperatures of the Monagrillo ware
(3520–1300 cal BC), Panama’s first pottery
Fumie Iizukaa,b, Richard Cookeb, Lesley Framea,c and Pamela Vandivera,c
aSchool of Anthropology, The University of Arizona
bSmithsonian Tropical Research Institute, Panama
cDepartment of Materials Science and Engineering, The University of Arizona

Abstract - Monagrillo (3520–1300 cal BC) is Panama’s oldest pottery. Archaeologists assumed it
was a low-fired expedient ware made with any available clay. We studied 1) clay sources
(thin sections; DTA; shrinkage, porosity, and plasticity tests), 2) manufacturing techniques
(xeroradiography; thin sections; visual inspection), and 3) firing temperature (SEM-EDS; porosity
tests). We identified two clay types, one restricted to the Pacific coast, one widely distributed.
Vessels were made by layering slabs and occasionally lumps. Rim- and lip-finishing is variable.
Firing temperature (>800–950°C) is relatively high for open firing. Porosity is quite low.
These aspects indicate that Monagrillo is not an experimental or expedient ware.

1. Monagrillo, Panama's first pottery
In the Americas, the earliest known pottery becomes
progressively younger along the Central American isthmus
and into Mexico. Therefore, some archaeologists have
reasonably assumed that diffusion was the primary
mechanism for the dispersal of ceramics northwards from
South America (Ford 1969; Fonseca Zamora 1997;Meggers
1997). Others have argued that independent invention is as
plausible an explanation, as there are geographical gaps in
the distribution of the earliest known wares in Central and
Mesoamerica which differ stylistically and technologically
from each other and from contemporary South American
wares (Cooke 1995; 2005; Hoopes 1995). Clark and Gosser
(1995) propose that invention was ‘dependent’ – i.e., that
people adopted the technology from other groups but
manipulated style and function for their own purposes.

The Monagrillo ware (Willey and McGimsey 1954) is the
earliest known pottery in Panama. It was produced
between 2600 and 1200 BC (3520–1300 cal BC) over an
area of 5600 km2 in the central part of the country,
between Parita Bay on the Pacific coast and the Coclé del
Norte drainage in the Caribbean foothills (Fig. 1; Cooke
1995, Fig. 14.1; Griggs 2005). It has not been reported
elsewhere in Panama. It appears stratified directly above
Preceramic layers at two rock-shelters (Cueva de los
Ladrones (Cl1) and the Aguadulce Shelter (Ag13)). This
fact supports the hypothesis that it was the first pottery
made in central Panama.

Current evaluations suggest that the Monagrillo pottery is
typologically coherent, showing little evidence for diachro-
nic change during its long period of manufacture. Vessel
shapes are limited to bowls and restricted collarless vessels
(Cooke 1995, Fig. 14.2). No handles, lugs, or feet have
been found. Decoration consists of red- painted bands and
daubs, and rare incised decoration using lines and volutes.
Towards the end of the tradition, short collars are added to
jars, and the variety of incised, impressed and modelled
motifs increases. These developments, however, are poorly
dated (Cooke 1995, Fig. 14.3; Cooke and Sánchez-Herrera
2004).

Previous assessments of Monagrillo pottery have relied on
comparing data obtained from visual (usually non-
instrumental) inspection of manufacturing processes,
intuitive typological studies and regional site surveys
supported by radiocarbon chronologies. Our study of the
Monagrillo ware uses rigorous analytical methods derived
from materials science and geology, focusing on the
production process, with particular attention to raw
material selection and firing temperatures.

2. Subsistence economy, settlement patterns
and social interactions of the Monagrillo
potters
Data about the subsistence economy, settlement patterns, and
social interactionsof theMonagrillopottershavebeenprovided
by (1) archaeological surveys (Cooke and Ranere 1992),
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Craft and science: International perspectives on archaeological ceramics. Doha, Qatar: Bloomsbury Qatar Foundation
http://dx.doi.org/10.5339/uclq.2014.cas.ch3

UCL Qatar Series in Archaeology and Cultural Heritage



Figure 1. Geological map of Panama with Monagrillo sites The map, modified from del Giudice and Recchi (1969), was
produced with the assistance of Natalia Hoyos.
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(2) excavations at stratified sites (Willey and McGimsey
1954; Bird and Cooke 1978; Ranere and Hansell 1978;
Cooke 1984), (3) archaeobotany (Dickau 2005, 2010;
Piperno and Pearsall 1998; Perry et al. 2007), (4) zooarch-
aeology (Hansell 1979; Carvajal Contreras and Hansell
2008; Cooke and Jiménez 2008; Cooke et al. 2008), (5)
geomorphology (Clary et al. 1984), and (6) vegetation
history derived from a lake sediment record at Laguna La
Yeguada, located within the Monagrillo pottery production
zone (Piperno and Pearsall 1998; Piperno 2006).

Like their Preceramic predecessors in central Panama,
Monagrillo potters were farmers who by 3500 cal BC had
cleared extensive tracts of forest on the Pacific watershed
for planting early forms of New World staple crops, e.g.,
maize (Zea mays), manioc (Manihot esculenta), sweet
potatoes (Ipomoea batatas), squash (Cucurbita spp.) and
peppers (Capsicum spp.). They were not hunter-gatherers
and ‘incipient’ agriculturalists bound to the marine littoral –
as formerly believed (Willey 1971). However, the degree
and duration of sedentism at individual sites, and the
seasonality of their occupations, are difficult to gauge from
the existing record.

On the Pacific watershed of Panama under present-day
climatic conditions, rain-fed farming is only possible
between May and December. Domestic refuse at the largest
Monagrillo site (Zapotal [Pr32]) covers ca. 1 ha. This site,
located near prime agricultural soils, produced a large
number of plant-processing tools. The remains of a small
dwelling were also found here. It is likely that it was a
village (Cooke and Ranere 1992; Perry et al. 2007). Ag13
and Cl1 – two rock-shelters located 18 and 25 km from the
present-day shore of Parita Bay – were probably occupied
for long periods at a time (i.e., during the farming season).
Game was regularly brought back to each site. Shellfish,
crabs, and fish from the marine littoral, also regularly
consumed, would have been obtained by making trips to
the coast or through exchange. Palm nuts were processed
intensively at the Ag13. The primary species – the
Neotropical oil palm, Elaeis oleifera – requires swampy
habitats, and is most productive in rainy season months.
The processing of palm fruits (Atallea alenii) and balsam
seeds (Humirastrum diguense) is in evidence at the only
Monagrillo site known on the Caribbean watershed:
Calaveras (Lp8). This shelter's inhabitants consumed

maize and may well have lived year round in this
perennially humid habitat.

Hansell's (1979) preliminary growth-ring study of marine
shells found in middens at the Monagrillo (He5) type site
suggests that this settlement, dated between 2400 and 1300
BC (2800–1400 cal BC) and located then on the active
marine shore of Parita Bay, was occupied mostly in the dry
season (non-farming) months by people who spent the rest
of the year elsewhere. Fishing in in-shore marine habitats
was an important activity here and at Pr32. The high
number of small shoaling fish in the middens, e.g, thread-
herrings (Opithonema spp.), small jacks (Carangidae spp.),
and sea catfish (Ariidae spp.), suggests the use of gill-nets
and/or inter-tidal weirs. Inland-coast seasonal transhu-
mance is still practised in this region in the dry season. He5
and Pr32 may have provided the inland shelters with dried
and salted fish – another practice that persists in the region
(Zohar and Cooke 1997). Smaller rock-shelters in the
foothills and mountains where Monagrillo pottery is scarce
are likely to have been occupied intermittently or irregularly
as hunting-and-gathering camps or as rest stations on paths.

These data allow us to infer that Monagrillo communities
interacted regularly, exchanging or transporting foodstuffs
and other produce from many different habitats in an
environmentally heterogeneous interaction zone. It can be
assumed that pottery was one of these products.

Theprimarygoal of this study is touse a detailed examination
of the production processes and circulation of theMonagrillo
pottery in order to improve knowledge about residential and
interactive behaviour and pottery use before the appearance
of those better -known regional societies that archaeologists
consider to be chiefdomswithwell-defined social classes and
extensive trade connections (e.g., Linares, 1977; Helms,
1979; Drennan 1996; Isaza-Aizuprúa, 2007; Haller, 2008).

3. Materials and methods

Sample inventory
Analyses were conducted on 110Monagrillo sherds obtained
through excavations conducted at sites in four environmental
zones, and also on 12 raw clay samples collected near Cl1
and He5. Sample details are provided in Table 1.

Table 1. Inventory of Monagrillo sherd samples (samples for each analysis were chosen from this inventory).

Environmental Zone Site River Drainage Abbrev.
Number of
sherds

Number of clay
samples

Pacific Coast Monagrillo Parita He5 30 3

Zapotal Santa María Pr32 20

La Mula-Sarigua Parita Pr14 3

Pacific Plains Aguadulce Santa María Ag13 20

Pacific Foothills Cueva de los Ladrones Grande Cl1 31 9

Carabalí Santa María Sf9 2

Caribbean Foothills Calaveras Coclé del Norte Lp8 4

Provenance and manufacture of Panama’s Monagrillo ware (3520-1300 cal BC)
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Pottery provenance
In order to ascertain the locations where Monagrillo
pottery was made, we studied the physical properties of
archaeological sherds and raw clays deemed suitable for
pottery production according to the results of Iizuka and
Vandiver (2006). The mineralogical analysis used petro-
graphy (He5, 9 sherds and 2 modern clay samples; Pr32,
5 sherds; Pr14, 3 sherds; Ag13, 4 sherds; Sf9, 2 sherds; Cl1,
7 sherds and 4 modern clay samples). The manufacturing
techniques of archaeological sherds were identified using
visual and petrographic analysis in conjunction with
xeroradiography.

Physical clay properties including shrinkage, plasticity, and
porosity were tested using three samples of clays gathered
from He5 and nine clay samples from Cl1. The plasticity test
was carried out by determining the minimum radius of
curvature that could be made with 1 cm diameter coils of
hydrated clay before the clay began to crack. For the
shrinkage test, we measured the linear drying shrinkage
comparing wet and dry states for three days. The porosity
test was conducted by firing the clays in 1008C increments
from 5008C to 8008C using a rapid ramp and 15 minute soak
sequentially at each temperature. After each firing, the
sample was weighed and then boiled in distilled water for
1 hour. The samples then sat in water for 24 hours before re-
weighing. The percentage of increased weight was directly
related to the amount of water taken up by the pores of the
ceramic. This method is useful for measuring open porosity,
but does not work for closed porosity.

The composition of the ceramics and raw clay samples was
determined using a variety of techniques. Because illitic
and smectitic clays have very distinctive thermal decompo-
sition characteristics, differential thermal analysis (DTA)
on one sample from Cl1 and one sample from He5 provides
a good indication of the clay type (Mackenzie 1970).
Petrographic examination of the sherds and sample clays
fired to 750°C for 15 minutes in an electric furnace was
useful for identifying the mineral constituents of the
ceramics. The mineral determinations were compared to
the geological map of Central Panama. Based on
mineralogy and morphology, we were able to identify
both intentionally added temper and natural inclusions
present in the clays. Natural mineral inclusions tend to be
rounded, well integrated with the clay matrix, and often
weathered. Intentionally added inclusions are often
angular and have fresh (non-weathered) minerals,
including feldspars.

Pottery manufacturing techniques
Detailed visual analyses allowed us to identify butt and
bevel joints, cracks, thickened body parts, and indentations.
Petrography and xeroradiography were used to examine
elongation and direction of pores, and ultimately identify
manufacturing lines in the sherds.

Firing temperature
Microstructural changes in pottery occur with the
progressive sintering and vitrification of the clay matrix
due to increased temperature (Tite and Maniatis 1975;
Kingery 1987; Tite 1995, 37). Original firing temperatures
were estimated by examining the microstructural features
of sherds using scanning electron microscopy (SEM) and

energy dispersive spectroscopy (EDS) on a Hitachi S-2460.
Archaeological sherds were reheated at 100°C increments,
and the original microstructure was compared to the
reheated specimens. The point at which the microstructure
changes marks the upper boundary of the original firing
temperature range. A requisite of this experiment is that the
sherd composition undergoes no changes during burial.
For example, additions of soluble salts can cause changes to
the thermo-physical properties of a pottery sample, e.g.,
melting at a lower temperature. In order to meet this
requirement, the sherds selected for this experiment were
screened so that no salts were present on their surfaces.
EDS measurements ensured that the composition of the
examined area was representative of the clay and not
nearby mineral inclusions or salt accretions. Sherd
fragments were imaged at x10,000 magnification. In
addition to the microstructural analysis, the porosity of
Monagrillo sherds was measured and compared to the
porosity of clays fired at 100°C intervals, as described
above.

4. Results

Geological setting and the provenance of
Monagrillo pottery
A principal objective of this study is to relate petrographic
thin sections of Monagrillo pottery to the extremely complex
geology of Central Panama. Ongoing research by others
(e.g., geologists of the Smithsonian Tropical Research
Institute Geology Program; Wörner et al. 2009) is rapidly
modifying the current knowledge of regional geology. The
following summary highlights salient features that should
enable us to differentiate clay sources across the region.

The clearest petrographic differences – and therefore the
ones most relevant to identifying the sources of clays used
in the Monagrillo pottery – exist between the geologically
older Azuero Peninsula to the south and the younger
Cordillera Central to the north (Fig. 1). The Azuero
Peninsula is itself divided into four zones: (1) the Azuero
Plateau, which contains the oldest rocks in Western
Panama, e.g., Mesozoic pillow basalts, diabase, and
occasional gabbroic intrusives (Okaya and Ben-Avraham
1987, 794; Buchs et al. 2010), (2) the Ocú Formation (Fig. 1,
K-CHAo) including Late Cretaceous formations of deep
ocean hemipelagic limestones, (3) Proto-Arc igneous rocks
including basaltic to basaltic trachyandesitic lava flows and
Late Cretaceous dykes (Buchs et al. 2010, 20, 23, 28), and
(4) the mature arc of the Azuero Arc Group, which includes
igneous rocks with felsic intrusives and mafic to felsic
volcanic rocks of Late Cretaceous-Middle Eocene age (del
Giudice and Recchi 1969; Fig. 1, TK-LM, K-VE; Buchs et al.
2010, 22–4).

Ceramics which used clays and geological tempering
materials from the Proto-Arc and Azuero Arc should be
distinguishable using petrography. The subophitic, intersertal
and porphyritic igneous rocks of the Proto-Arc contain
minerals such as clinopyroxene, plagioclase, orthopyroxene,
amphibole, alkali-feldspar, and glass (Buchs et al. 2010, 20,
24). On the other hand, the Azuero Arc outcrops contain
granodiorites with zircon and amphibole minerals. While the
lavas have inter-granular to porphyritic texture, the porphyri-
tic rocks contain zoned plagioclase, alkali-feldspar, greenish

Iizuka et al.

22 Craft and science: International perspectives on archaeological ceramics



clinopyroxene, amphibole, and quartz (Buchs et al.2010, 21).
The rocks of these zones can also be distinguished
geochemically (Buchs et al. 2010, 16).

The Cordillera Central consists mostly of Miocene and
Pleistocene-Holocene rocks (de Boer et al. 1988, 278;
Lissinna 2005, 51–2, 73; Wörner et al. 2009, 192). The
subduction-related calc-alkaline volcanism from the Late
Tertiary comprises: (1) the Cañazas group (Fig. 1, TM-CA)
containing basaltic to andesitic lavas and tuffs, (2) the La
Yeguada Formation (Fig. 1, TPLM-Y) containing dacitic to
rhyolitic volcanic rocks, and (3) the El Valle Formation (Fig. 1,
TPL-VA) containing dacitic lavas, breccias, ignimbrites, tuffs,
and some basalts/andesites (Lissinna 2005, 51). In the
Cordillera Central, eruptions occurring between the El Barú
Volcano in the west and the El Valle Volcano in the east
resulted in the presence of orthopyroxene phenocrysts,
amphibole, and clino-pyroxene, but at El Valle, not olivine. In
addition,K2Ovalues relative toSiO2decreaseeastwards from
ElBarú toElValle (deBoer et al.1988, 280–1). Thenumerous
recent eruptions – up to about 13,000 years ago (Bush and
Colinvaux 1990; Defant et al. 1991; Knutsen 2010) –
complicate ceramic sourcing by petrography within the
Cordillera Central. We believe, however, that combining
petrographywithgeochemistry couldpotentially be effective.

Rivers deposit sediments from entire drainages. Therefore,
the mineral signatures of clays obtained in the lower
stretches of rivers will reflect the basal geology from nearby
areas and from farther upstream, where different kinds of
rocks may be found. The River Parita rises in the mountains
of the Azuero Peninsula. Thus, we predict that Monagrillo
pottery produced at He5 and Pr14, in the lower stretches of
this river, will contain clays derived from igneous intrusive
and sedimentary rocks found along the course of the river.
On the other hand, pottery made near Cl1 in the River
Grande drainage is likely to use materials derived from the
Cordillera Central, where igneous extrusive rocks
predominate.

To sum up, the geology of the production zone of Monagrillo
pottery is sufficiently differentiated to enable us to
distinguish pottery made with raw materials from either
the Azuero Peninsula or the Cordillera Central. As our study
progresses, it is likely that we will be able to identify the
provenance of some clays and tempers within these two
areas. Sites located along the lower stretches of rivers on the
Pacific side will provide greater challenges because of the
mixed geological signatures of the alluvial zone.

Petrographic analysis
The results of our petrographic analyses of Monagrillo
sherds (Iizuka, 2013) show that some sherds contain only
natural mineral inclusions, while others have both natural
and added inclusions. The added inclusions are mono-
mineralic cracked igneous intrusive rocks or monomineralic
angular sands from a similar geological context. He5 sherds
are classified into six types, Pr32 sherds into two types,
Pr14 sherds into three types, Ag13 sherds into three types,
Sf9 sherds into two types, CL1 sherds into four types, and
Lp8 sherds into one type. In addition, raw clays collected
near He5 and Cl1 were classified into two types. We
grouped together the pottery paste types with the same
mineralogical characteristics, regardless of site provenance.
These groupings are summarised in Table 2.

Group 1 consists of clays with extrusive felsic natural
inclusions and intentionally added temper of cracked
intrusive igneous felsic rock or monomineralic angular sand
with igneous felsic rock constituency. Pottery types
belonging to Group 1 are found at six sites (He5, Sf9,
Pr32, Ag13, Cl1 and Lp8) located near the Parita, Santa
María, Grande, and Coclé del Norte rivers. The next most
frequent type (Group 2) includes clays whose natural
inclusions are igneous felsic extrusive and intermediate
extrusive rock fragments. Igneous felsic intrusive cracked
rock fragments or monomineralic angular sand with
igneous felsic constituency have been added as temper.
Sherds with these characteristics were found at five sites
(He5, Pr32, Ag13, Sf9 and Pr14) located near the Parita
and Santa María rivers. They were not identified at sites in
other drainages, Cl1 along the Grande river, or Lp8 along
the Coclé del Norte river.

Granitic rock natural inclusions in clays were only found at
He5 and Pr32, which are both located near the Pacific coast,
in the Parita and Santa María drainages, respectively.
However, He5 granitic clays (Groups 9, 10, 11) have granitic
rocks as the major natural inclusions, whereas Pr32 clays
(Group 5) have granite in addition to igneous extrusive felsic
and intermediate rocks as the natural inclusions. Some He5
granitic clays (He5-Type 1 and 2) contain tourmaline,
a distinctive mineral which was not found at Pr32. One
He5-Type 1 sherd has a sandstone inclusion.

To sum up, our petrographic analyses revealed that all river
drainages in which Monagrillo sites are found produced
sherds with clays derived from igneous felsic extrusive
rocks, regardless of whether mineral temper was added
intentionally to the clay. Raw clay samples gathered from
both Cl1 and He5 (and fired to 750°C) contained clay with
similar igneous felsic extrusive rock inclusions. Archae-
ological sherds found at He5 were the only ones that had
granitic rock-based clays, indicating a local origin.
A combination of both felsic and intermediate igneous
extrusive rock fragments was only present in sherds from
sites in the Santa María drainage basin, including He5,
located by the Parita river but close to the mouth of the
Santa María river. None of the Cl1 sherds contained
intermediate extrusive rock inclusions.

We do not know whether the absence of intermediate
extrusive rock inclusions in the Cl1 clays is due to: (1) the
weathering away of previously existing potassium-rich
feldspars in intermediate extrusive rocks in the clays; or (2)
people gathering clays from areas where there were no
intermediate extrusive rocks, although the vicinity of Cl1
can geologically contain these rock types. At this point, it is
difficult to conclude whether the discrepancy between the
geology surrounding Cl1 and Lp8 and the ceramic pastes of
the sherds from these sites – that is, the likely presence of
intermediate extrusive rocks in the area, with the pottery
not containing intermediate extrusive rock inclusions – is
due to the movement of pottery or the movement of raw
materials into these regions, or to the preferential selection
of weathered clays that are local to these sites. Bulk
compositional analyses of the ceramic pastes and raw
materials using a portable X-ray fluorescence (XRF) unit,
inductively coupled plasma mass spectrometry (ICP-MS),
and electron probe micro-analysis (EPMA) may allow us to
distinguish between these regions chemically.
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Manufacturing technique
Iizuka and Vandiver's (2006) clay suitability test for pottery
production of clays collectednearCl1 andHe5 indicated that,
at Cl1, clays have to be carefully selected, while at He5, clays
are workable and can be readily used for pottery production.
DTA showed that both areas contained illitic clays.

Visual inspection, xeroradiography, and petrography
showed that most Monagrillo sherds were constructed by
overlapping slabs of clay. However, a few sherds at Pr32
(n=5) and Ag13 (n=3) combined slabs at their seams with
small clay lumps. Lips and rims are finished in many
different ways. Some have lips folded on top of slabs or
consist of two clay pieces attached to a slab. The
radiography in Figure 2 (top image) shows elongated
pores in sherd Cl1-45-F13, indicating joints in the ceramic
fabric. The bottom image in Figure 2 shows the thin section
of He5-76-F1, with elongated pores aligned parallel to the
vessel surface.

Porosity test
The porosities of clays suitable for pottery production
(5 samples) were all above 27% (the minimum porosity
was 26.84% [He5-DO-1, fired at 800°C]). On the other
hand, the porosity of Monagrillo pottery (8 samples)
ranged between 26.19% (He5-63-F12) and 9.77%
(Cl1-3-F120). The porosities of the archaeological sherds
were much lower than porosities obtained for the clay
samples collected near Cl1 and He5 after they were fired to
800°C. We interpret this characteristic to signify that all
archaeological sherds must have been fired above 800°C
if the clays were gathered locally.

Firing temperature
The re-firing experiments corroborate the conclusion
reached from the porosity tests. The results of our
microstructural study using SEM-EDS (Fig. 3) are the
following:

Table 2. Pottery groups according to added inclusions and clay types.

Added inclusion types and clay types

Group 1 [Igneous felsic intrusive temper] þ [igneous extrusive felsic natural inclusions]
Lp8-Type 1, Cl1-Type 1, Sf9-Type 1, Pr32-Type 1, He5-Type 7, Ag13-Type 3, He5-Type 3

Group 2 [Igneous felsic intrusive temper] þ [igneous intermediate extrusive þ felsic extrusive natural
inclusions] He5-Type 5, Pr32-Type 1, Ag13-Type 2, Sf9-Type 2, Pr14-Type 2

Group 3 [Igneous felsic intrusive temper] þ [igneous felsic extrusive þ mafic natural inclusions] He5-Type 6

Group 4 [Igneous intermediate intrusive temper] þ [igneous felsic extrusive natural inclusions] Cl1-Type 2,
Cl1-Type 3

Group 5 [Igneous intermediate intrusive temper] þ [igneous felsic extrusive þ igneous intermediate extrusive
natural inclusions þ igneous felsic intrusive natural inclusions] Pr32-Type 2

Group 6 [Igneous intermediate intrusive temper] þ [igneous felsic extrusive þ intermediate extrusive þ mafic
extrusive natural inclusions] Pr14-Type 1

Group 7 [Cracked igneous mafic intrusive rock temper or sand] þ [igneous felsic extrusive natural inclusions]
Pr14-Type 3

Group 8 [Igneous mafic intrusive temper] þ[igneous felsic extrusive þ intermediate extrusive and/or mafic
extrusive natural inclusions] Ag13-Type 1 ((?) extrusive inclusions are heavily weathered)

Group 9 [Natural inclusions with granitic rock fragments with tourmaline and minor amounts of igneous
extrusive rocks and sedimentary sandstone without added inclusions in clay] He5-Type 1

Group 10 [Natural inclusions with granitic rock fragments with tourmaline and minor amounts of igneous
extrusive rocks without added inclusions in clay] He5-Type 2

Group 11 [Natural inclusions with granitic rock fragments without tourmaline and with minor amounts of igneous
felsic extrusive rocks without added inclusions] He5-Type 4

Group 12 [Clays with major inclusions that are igneous felsic extrusive rocks]
– He5-Clay 1, Cl1-Clay 1, Cl1-Type 4
– Clays (excluding added inclusions) of Lp8-Type 1, CL1-Type 1, SF9-Type 1, Pr32-Type 1, He5-Type 7,
Ag13-Type 3, Cl1-Type 2, Cl1-Type 3, Pr14-Type 3, Ag13-Type1

Group 13 [Clays with igneous felsic extrusive and intermediate extrusive rock inclusions]
– He5-Clay 2
– Clays (excluding added inclusions) of He5-Type 5, Pr32-Type 1, Ag13-Type 2, Sf9-Type 2,
Pr32-Type 2, Ag13-Type 1 (?)

Group 14 [Clays with biotite and felsic extrusive rock inclusions] Cl1-Clay 2
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Cl1-3-F137
Microstructure remains unchanged up to 900°C. Slight
rounding of clay particles becomes visible at 1000°C and
continues up to 1100°C. We conclude that the firing
temperaturewas slightly lower than1000°C, probably950°C.

Cl1-45-F26
No change occurs in this re-fired sherd up to 900°C, but a
drastic change takes place at 1000°C. We infer that the
original firing temperature was a little over 900°C. Figure 3
shows the SEM-EDS images and data of Cl1-45-F26.

He5-63-F12
The microstructural analysis of this re-fired sherd revealed
that there is no detectable change between 500°C and 800°C.
Some rounding of the pores in the clay matrix and
smoothing of the pore walls is visible at 900°C. A similar

sintering stage continues at 1000°C. A major microstruc-
tural change occurs at 1100°C as the sherd deforms
plastically, losing its original shape. We infer that this
vessel was originally fired at approximately 850°C.

He5-76-F1
The clay matrix of this sherd shows intensified rounding of
the pore edges at 900°C as compared to the images taken at
800°C. We infer a firing temperature slightly above 800°C,
although, unlike for He5-63-F12, microstructural changes
at 1000°C are more pronounced.

5. Conclusions

Raw material selection
Archaeologists have assumed that Monagrillo pottery was
crude and expedient, made with any available local clay,
and fired at low temperatures (500°C). This opinionwas not
based on instrumental or microscopic analyses (Cooke and
Ranere 1992; Cooke 1995). A petrographer (Hill 2002)
who analysed 20 samples sent to him by John Griggs from
four sites (He5, Ag13, Cl1, and Lp8) deduced that local
clays were used and that no temper was added. However, in
contradiction to Hill's (2002) results, our study suggests
that a temper of freshly crackedmonomineralic coarse rocks
or angular monomineralic sands were added to some
Monagrillo vessels. In the future, we plan to compare the
petrography and geochemistry of the intentionally added
mineral temper with those of rocks gathered from zones of
igneous intrusive rocks in Central Panama.

Geological studies of Central Panama show that the Azuero
Peninsula and isthmus proper have different formation
histories. Azuero is older than the Cordillera Central. Our
project analysedMonagrillo sherds obtained from seven sites
located in four distinct drainages (Coclé del Norte, Grande,
Santa María, and Parita) and in four different environmental
zones (Pacific coast, Pacific plains, Pacific foothills, and
Caribbean foothills). Our results to date suggest that,
mineralogically, the most ubiquitous pottery fabric (from six
sites) incorporates natural inclusions of igneous felsic
extrusive rock and temper of igneous felsic intrusive rocks.
This type is found at sites from every major river drainage.
Sites located in the Santa María and Parita drainage basins
(He5, Pr32, Ag13, Sf9, Pr14) all have pottery with igneous
felsic intrusive characteristics, and clays based on igneous
extrusive felsic and intermediate rocks. However, this fabric
type was not found in Cl1 or Lp8, located in the Grande and
Coclé del Norte drainages, respectively. Geochemical
analyses are necessary to further classify the above clay
types. Pottery made with clay containing natural granitic
inclusions that appear to contain tourmalinewere only found
at He5. In addition, a sherd with sandstone inclusion was
only found at He5. He5 is located on the coast of the Azuero
Peninsula, at the mouth of the Parita River and near the
La Villa River, both of which receive alluvial deposits from
igneous intrusive and sedimentary (limestone and sand-
stone) host rocks. This suggests that the pottery found atHe5
likely has a local signature that is distinct from that of the
pottery found in Cl1 and Lp8.

Manufacturing technique
Willey and McGimsey (1954) proposed that Monagrillo
vessels were made using the coil building technique.

Figure 2. (top) Radiograph of a Monagirllo sherd (Cl1-45-
F13) from xeroradiography. The radiograph shows
locations and alignment of pores, indicators of joints
created during manufacturing. (bottom) Image of a
ceramic thin section under plane polarized light. The thin
section shows alignment of elongated pores parallel to the

vessel align with the left margin.
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Figure 3. SEM examination of sherd CL45-F26 after refiring experiments. The ceramic microstructure remains uchanged
at 900°C but appears more sintered at 1000°C, indicating an original firing temperature between those two thresholds.
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Our research indicates that most Monagrillo pottery did not
resort to this technique, but rather used layered slabs.
Some vessel bodies from Pr32 and Ag13 were made by
combining slabs and small lumps of clay. In general terms,
there is very little variation in the techniques employed for
building vessels. The finishing of rims and lips exhibits the
greatest variability.

Porosity
Our porosity tests suggest that the porosity index of
Monagrillo vessels was always lower than that of clays
gathered near Cl1 and He5, fired at 100°C intervals
between 500°C and 800°C. This means that if potters from
these sites gathered nearby clays and fired them, they
would have fired the pottery above 800°C to reach the
porosity of the archaeological sherds.

Firing temperatures
It has been proposed that Monagrillo pottery was crude and
fired at very low temperatures (Cooke and Ranere 1992;
Cooke 1995). Although our sample size is still small, our
results contradict this hypothesis, indicating that pottery
from Cl1 and He5 was fired at 950°C and between 800°C
and 850°C, respectively. Experimental and ethno-archaeo-
logical studies suggest that temperatures attained with the
open firing method normally range between 500 and 900°C
(Tite 1995), and occasionally reach 950°C (Gosselain
1992) to 1000°C (Colton 1953; Shepard 1980; Rye 1981).
Thus, it is likely that the Monagrillo pottery was fired at the
higher end of the open firing temperature range. We thus
conclude that Monagrillo pottery is more expertly made
than it was previously suggested.

Regional interpretations

Mobility of the Monagrillo population
The techniques we have employed so far have only
identified two clay types within the samples of Monagrillo
sherds: (1) clays with mostly granitic rock-based natural
inclusions that contain tourmaline, and (2) clays with
natural inclusions that consist of igneous extrusive rocks.
The fact that the former is found only at He5 suggests that
some of the pottery used by this site's inhabitants used
nearby sources of raw materials. Since the second clay type
is so ubiquitous, we cannot identify its precise provenance.
The granitic-based ceramic paste with tourmaline has not
yet been found outside He5. Therefore, it is reasonable to
infer that Monagrillo people did not carry or exchange
locally made pottery far from this site. It is hoped that
further investigations will enable us to identify additional
evidence for local production, and thus improve our ability
to determine how Monagrillo pottery was circulating.

Manufacturing methods
Despite previous arguments to the contrary, this study has
shown that the manufacturing methods of the Monagrillo
ware were relatively homogenous. Regardless of the
archaeological sites from which they originated, all of the
sherds were produced in similar ways, using layered slabs
or slabs joined with lumps of clay. Firing temperatures were
relatively uniform for the entire collection and clustered at
the upper range of temperatures attainable by open-firing.
The main difference in manufacturing methods seen with
this collection is that some ceramics show additions of

mineral temper, while others contain only natural temper.
Such skill and attentiveness reflect a well-established and
carefully performed craft.

We propose that the Monagrillo potters prioritised
impermeability and resistance to breakage. High firing
temperatures enhanced their vessels’ suitability for holding
liquids and for being transported over long distances.
Vessels whose primary functions are serving, cooking, and
storage can perform these functions even if they are fired at
low temperatures (500–800°C). However, the addition of
temper does increase thermal shock resistance and
therefore optimality for cooking.

Future directions
Our research has shed new light on the Monagrillo pottery
of the Central American isthmus, providing support for the
argument that this was not an experimental or hastily
produced ware. Raw materials were carefully selected, and
vessels were manufactured to fit specific performance
criteria. This interpretation contradicts the previously held
notion that the Monagrillo ware was crude and roughly
made. Future research will address the outstanding issue of
trace element compositional differences in Monagrillo
pottery, focusing on identifying additional meaningful
geochemical signatures of clays and firing tempers across
the entire production zone.
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Abstract - Using ceramic petrography, a fabric of Cuzco Inca pottery is compared with those of two
pre-Inca wares, Killke and Lucre. Andesite temper is identified in the Lucre and Cuzco Inca fabrics.
This is compared with andesite from the Rumicolca Formation and a match is found for some of the
material. Lucre is identified as a technological precursor to Cuzco Inca. The possibility that the
temper and Inca building stone came from the same source is mooted but cannot be confirmed
based on the present evidence.

1. Introduction
Amongst the pre-Conquest pots from the Cuzco region of
Peru (Fig. 1), there is a group made from a distinctive clay
body. In thin section, the predominant inclusions are
identified as andesite, and the evidence suggests that this is
temper, introduced by the potters to the clay in order to
create an artificial body, or fabric, from which to make their
pots (Ixer and Lunt 1991).

This andesite-tempered fabric (hereinafter ‘ATF’) was used
to make Cuzco Inca pottery, as defined stylistically by John
Rowe (1944, 47-9). Although other fabrics were also used
for these wares (Ixer and Lunt 1991, 152, 162), the
conjunction of the ATF and Cuzco Inca pottery is
noteworthy: the standardisation of the fabric and the very
high quality of the wares mark a step-change in the ceramic
production of the region.

Although in these respects the pottery is highly innovative,
some of its decorative, formal, and technical features can
be identified in the pre-Inca wares of the south-central
Andes. Killke pottery, in particular, has long been
considered a precursor to the pottery of the Incas.
However, there are important elements of Cuzco Inca
wares that are not found in Killke, including the very large
size of some of the vessels (Chatfield 2007, 75), and, most
significantly here, the exclusive use of one specific rock
type, andesite, as temper.

To examine this issue, this paper presents two groups of
evidence. These indicate, first, that another pre-Inca ware,
Lucre, also contributed to the development of Cuzco Inca
pottery. Secondly, one of the sources of andesite temper in
Inca and Lucre pottery can be broadly identified. Andesite
from an outcrop in the same geological formation was
used for Inca buildings in Cuzco. Although the evidence

presented here cannot confirm that the sources of temper
and building stone were the same, it raises the possibility of
an interesting relationship between two state-controlled
activities, which should be pursued in future work.

2. Pre-Inca and Inca pottery in the
Cuzco region
The production of Killke pottery began in the Late
Intermediate Period (c. 1000-1400 AD). Stratigraphically,
it occurs in deposits underlying Inca contexts, sometimes
continuing through them, and there is some evidence that
production continued into the colonial period (Chatfield
2007, 334 ff). It is the dominant ceramic of the pre-Inca
period in the valley of Cuzco, and both Killke itself and an
entire family of ‘Killke-related’ wares, are distributed
throughout the Cuzco region.

The relationship between Killke and Cuzco Inca pottery
was discussed by John Rowe in an influential paper
(Rowe 1944), in which he identified the ‘Killke Series’ as
‘Early Inca’ on the basis of stylistic similarities, distribution
and relative date (Rowe 1944, 61). Although this view
can be challenged based on good evidence (Chatfield
2007, 70ff, 334ff), it still has currency, underpinning
recent work on the significance of Killke for studying the
emergence of the Incas (summarised in Bauer 2004, 74-5)
and providing the starting-point for the technological
comparison between Killke and Cuzco Inca wares in Ixer
and Lunt (1991).

The Killke fabric technology, as described by Ixer and Lunt
in 1991, was based on the use of clean clay, tempered with
a limited range of medium-grained, feldspathic rocks,
similar in appearance to one another; there was no
andesite. The fabrics form a fairly coherent group (Ixer and
Lunt 1991, 156), although there are variations, suggesting
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that Killke was produced in a number of workshops, albeit
all working within a common tradition. The Killke fabric
preparation technique - the use of a clean clay and the
addition of plentiful temper from a limited range of rocks -
is comparable to that of the ATF. It is notable that an early
Cuzco Inca sub-style, previously identified as Ware 29, was
made from a fabric identical to the Killke fabric (Ixer and
Lunt, 152, 162-3). Killke wares were coil-built. The forms
include open bowls and jars, some of constricted form.
They were painted in red, black and, very occasionally,
white, in freely-executed rectilinear motifs built into
patterns arranged vertically and diagonally on the body
of the pot, and then polished. They were sometimes
modelled, the ‘face-neck’ type. They were fired in oxidising
conditions (Ixer and Lunt, 140-1).

Cuzco Inca pottery (also called ‘Imperial Inca’, ‘Classical
Inca’, or ‘Inca Fine Wares’) was made during the Late
Horizon Period (c. 1400-1532 AD). It was probably made in
or around Cuzco, the capital of the Inca Empire, to judge by
the quantity found there and the occurrence of shapes and
designs unknown elsewhere. The pottery is highly
recognisable, very standardised in technology, form and
design, and of excellent quality. This is all in marked
contrast to earlier wares and to other Late Horizon wares of
the region, and suggests a unique level of production
control. The sudden appearance of these wares, fully-
formed, in the archaeological record of the Late Horizon,
and the nature of many contexts in which they occur, give
credence to the widely-held view that Cuzco Inca pottery
was a political artefact, created by the Inca state for the
benefit of the Inca elite and their favoured clients, and that
its production was state-controlled. The Cuzco Inca style
was influential in the development of pottery-making
across the Inca Empire, where ‘provincial Inca’wares, based
on a selection of Cuzco prototypes, were produced in state-
controlled potteries.

Rowe’s descriptions of Cuzco Inca pottery (1944, 47-9) are
the standard guide. He identified seven stylistic sub-groups,
which together he called the Cuzco Series (Rowe 1944,
60). The fabric (‘paste’) was also described (Rowe 1944,
47). This fabric, the ATF, has been subsequently studied in
detail (Ixer and Lunt 1991, Ware 13), and its salient
features identified. It is highly standardised, based on very

clean clay with few accessory minerals, and tempered with
andesite in uniform sizes, shapes and quantities throughout
the samples. Although other fabrics were also used to make
Cuzco Inca pottery, the ATF predominates. The pottery was
coil-built. The forms are standardised in a range of modular
sizes and include the pointed-based, long-necked aryballus,
wide-mouthed storage vessels and small open bowls. It was
painted, predominantly with small rectilinear motifs, in the
same colours and shapes that occur in Killke, built into fine,

Figure 2. A large Lucre style face neck jar with conical base,
870 £ 600mm diameter. (Photograph courtesy of Melissa

Chatfield and the Chokepukio Project)

Figure 1. Classic Inca pottery displayed in the Museum of the Universidad de San Antonio Abad del Cuzco. The largest
vessels are over one metre high.
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precise and richly-textured patterns across the body of the
pot; the surfaces were highly burnished to a smooth,
sometimes mirror-like, finish. In cross-section, sherds have
a uniform grey core, revealing a pyrotechnology consistent
with a final phase of oxidation, to display the colours and
decorative detail.

Lucre pottery is by far the leastwell-knownof the threewares
described here (see Bauer 2004, 75 and references). It has
been found in high concentrations at the site of Chokepukio,
25km south-east of Cuzco and close to Rumiqolqa (see
below); sherds also appear elsewhere, as at Cusichaca, 80km
north-west of Cuzco, but they are very rare and their
identification is hampered by the lack of a comprehensive
published account. The potterywas producedduring the Late
Intermediate Period (and possibly later): at Cusichaca, it
occurs in the same pre-Inca deposits as Killke.

There is no comprehensive published account to date of the
fabric of Lucre pottery. However, the few sherds found at
Cusichaca, examined in the field in hand-specimen,
contained a temper unique in the pre-Inca collections. This
closely resembled the andesite of the ATF. The overall
appearance of the ATF and the Lucre fabric was extremely
similar (Wares 13 and 15, Lunt 1987, 163): in unstratified
and undecorated material, they were difficult to distinguish
from one another. The Lucre designs have their roots in the
earlier Middle Horizon Period, and, although they share the
pallet and rectilinearity, they differ in execution and
arrangement from Killke designs, being boldly set four-
square on the pot (McEwan 1987, 80,102-4; Chatfield 2007,
260; Fig. 3). The shapes include very large, pointed-based,
face-neck jars and Chatfield likens their paste technology to
the one used for the Cuzco Inca aryballus (Chatfield 2007,

75), making the valuable point that large vessels benefit
from certain paste (fabric) characteristics (Chatfield 2007,
81; see also Ixer and Lunt 1991, 160); (Fig. 2).

Cuzco Inca wares are generally perceived not as technical
products or functional objects, but as vital chronological and
cultural markers in provincial stratigraphies, their value a
function of their identity as the Inca state ceramic. For our
purposes here, however, it is important to identify the
various ceramic traditions that contributed to the creation of
these wares and thereby to place them in a developmental
sequence. Killke pottery offers several significant compar-
anda in its technology and style, but we should note that
Rowe and Bauer, inter alia, use this evidence, as well as
distribution and stratigraphy, to identify the makers of Killke
as ‘early Incas’, suggesting that there may be more at stake
here than tracing ceramic traditions. One of themost notable
aspects of the Cuzco Inca potting technology, the exclusive
use of andesite temper, is absent in Killke but is characteristic
of Lucre. We now turn to the sources of andesite in the
geology of the Cuzco region.

3. Andesite in the Cuzco region
The volcanic andesites of the Rumicolca Formation are dated
to the late Pleistocene. The nine principal outcrops lie to the
south-east of Cuzco (INGEMMET 1999), and there is also a
small number of outcrops to the north. The south-eastern
outcrops are all within 40km of Cuzco and are the nearest
and most accessible sources of andesite to the Inca capital.

Two of the Rumicolca Formation outcrops supported
ancient quarries. At Rumiqolqa (we follow Ogburn’s
spelling to distinguish the quarry from the geological
formation: Ogburn 2004, 439, n.3), there is plentiful and

Figure 3.Map of the Cuzco region, showing the location of the Rumicolca Formation andesite sources and sites mentioned
in the text.
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dramatic evidence of Inca quarrying; some scantier
evidence survives at Huaccoto. Other andesite outcrops
were also quarried in the Inca period, at Ollantaytambo and
Pisaq (Hunt 1990, 30-1), although these are far more
difficult to access from Cuzco (Fig. 3).

The Incas’ knowledge and use of the Rumiqolqa and
Huaccoto quarries has focused much attention on these
sites. Amongst the more recent papers, Protzen’s study of
Inca stone-masonry was based on Rumiqolqa (Protzen
1985). He described the different qualities of andesite at
various locales across the outcrop and then concentrated
his attention on one quarry area, the Llama Pit, where
extensive evidence of Inca working survives, commenting
that one of the three qualities of andesite found there
‘seems to correspond to . . . .(one) . . .used in Cuzco’
(Protzen 1985, 168). Ogburn (2004), in his extraordinary
work identifying the Rumicolca Formation as the source of
the carved andesite found at Saraguro in Ecuador,
characterised the Rumiqolqa and Huaccoto andesites
geochemically. His results confirmed that the formation
as a whole is chemically distinctive and, as could be
expected, that the andesites from the two sites could not be
distinguished geochemically (Ogburn 2004, 432).

Hunt (1990) provides the most recent published petro-
graphical descriptions. He describes the Rumiqolqa
samples as hornblende andesite, with primary phenocrysts
of plagioclase feldspar, basaltic hornblende, and biotite;
there is a little pyroxene and occasional xenoliths of apatite
and ilmenite. The Huaccoto samples are described as
biotite andesite, with phenocrysts of plagioclase feldspar
and biotite; hornblende is present but infrequent (Hunt
1990, 26-7). Hunt matches these petrographical differ-
ences with differences in colour and physical properties,
which serve to distinguish between the products of the two
quarries in the buildings of Cuzco and to confirm the
Rumiqolqa origin of the imperial building stone. These are
influential descriptions, which have been quoted
subsequently (e.g. Bauer 2004, 157).

4. Methods and aims of the study
The study of pottery fabrics is one of the classical
archaeological approaches to understanding and classifying
ancient pottery, its value lying in the unique relationship that
exists between a suite of techniques used tomake pottery and
a potting community. The use of ceramic petrography to
identify the non-clay components and the technological
features of a pottery fabric is a long-established and effective
technique. Here, petrography is used to characterise and
compare the three principal fabrics used tomakeKillke, Lucre,
and Cuzco Inca pottery. The petrography of the tempering
materials is then compared with that of geological samples
from theRumicolca Formation,with the aimof identifying the
source of the andesite temper in the Cuzco Inca and Lucre
fabrics. Although largely outside the scope of this paper, this is
the essential evidence on which to base ideas about how the
temper was obtained and why it was chosen; and for
discussing the transmission of a ceramic technology through
time and between different production systems.

The samples
The origins of this study lie in an adventitious comparison
made between the petrography of a sample of andesite from

an imperial building in Cuzco and a sample of the ATF. This
gave weight to an earlier idea, i.e., that the andesites of the
ATF originated in the basalt-andesites of the Cuzco area
(Ixer and Lunt 1991, 160); and it also provided a context for
studying the similarities between the Lucre fabric and the
ATF. The samples of Lucre pottery and Rumicolca Formation
andesite are far fewer compared with those of Killke and
Cuzco Inca, and they were not collected primarily with this
study in view; but they are sufficient to construct a
hypothesis, which can be tested more fully in the future.

The pottery samples
The pottery samples discussed here are from two groups,
those that were studied as part of an earlier work to
characterise the petrography of Killke and Inca wares (Ixer
and Lunt 1991); and new material, added to provide data
from other contexts/areas and to provide the data on Lucre,
which was not included in the earlier study. As part of this
work, all of the 1991 samples have been re-assessed and
some lithological designations altered. The numbering of
samples from the earlier work has been retained, and the
numbering of the new samples follows the same procedure,
being the original excavation or collection designations.

Killke samples

27 thin sections are considered here. From the 1991 study,
there are 19 samples: F7AG; S162; S162A; Ware 45 (F14-
S99; S99; S209); Ware 46 (S312); Ware 47 (47-1; 47-2;
47-3; 47-4); Ware 48 (S48-1; 48-1-1; 48-2; 48-2-1; 48-2-2;
48-3); and Ware 49 (S49, 49-1). F4 is now missing. Each
group represents a decorative sub-style of Killke. All are
from the pre-Inca deposits at Cusichaca.

To these have been added 8 further samples:Ware 47 (47-1-
3; 47-3-1; 47-3-2); Ware 48 (48-2-3; 48-2-4); Sample 312-2
(all from Cusichaca); and Samples CO129B and CO149
(from Brian Bauer’s surface collections in the Cuzco area).

Cuzco Inca samples

34 thin sections of the ATF have been studied or re-studied
for this paper. These include eight samples from the earlier
study, all Ware 13: F12; W13; W13-1; W13-2; S127;
S129A; S229; and S306. Excluded are S205 (nowmissing);
and 14 other samples (Ware 26, Ware 27 and Ware 29),
none of which are the ATF. The groups sampled here
represent all of the form/style variations within the ATF -
Cuzco Inca collection from the Inca levels at Cusichaca.

To these have been added 26 further samples: S109; S123;
XRF 1 to 6, XRF 11; XRF 12; CUZ 99-2 to CUZ 99-10 (all
from Cusichaca); CUZ 99-11; CUZ 99-12 (collected by one
of the authors, SL, from surface material at Limatambo);
AN 337; CO 270; CO 31-1008; CO 241B; and CO 6B (from
the Bauer surface collections in the Cuzco area).

Lucre samples

11 thin sections of Lucre pottery have been studied for this
paper. These are: AN 36B; AN 235B; CO 97; CO 129A; CO
242; CHOQ 1; CHOQ 2; (from the Bauer surface
collections); 95; 100; 108; and 120 (from Choquipukio,
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donated byMelissa Chatfield). The Choquipukio samples are
from layers below those dominated by Inca sherds and above
the Middle Horizon layer. These samples represent the
dominant fabric of Lucre, used for the whole range of wares.

Andesite samples

15 thin sections of andesite from two outcrops of the
Rumicolca Formation were studied for this paper. From
Rumiqolqa, there are nine samples: INKA 11; INKA 12
(collected by one of the authors, BS); AND 10A; AND 10B
(collected during the Bauer surface collection project); RQ-7;
RQ-10; RQ-11; RQ-18 and R21 (donated by Dennis Ogburn
from the samples used in his own work: Ogburn 2004).

From Huaccoto, there are six samples: AND 12A; AND 12B;
AND 12C (Bauer); H2; H3; and H4 (collected for
Ogburn 2004 by Jose Gonzales, Universidad Nacional San
Antonio Abad del Cuzco).

5. Results
The details of the results, including the individual thin-
section data, the macro-descriptions and the provenance
data, are held in archive.

The andesites
All of the samples from Rumiqolqa and Huaccoto carry
abundant biotite and plagioclase phenocrysts. They carry
hypersthene in their groundmass, together with distinctive
quartz xenocrysts and pleonaste/hercynite-corundum-
bearing xenoliths. No amphibole (namely hornblende/
basaltic hornblende/oxyhornblende) was identified, and
apatite phenocrysts were also absent (Fig. 4a).

There is no significant petrographical difference between
the samples from the two sites: this is consistent with
Ogburn’s (2004) geochemical results. Most significantly
here, no amphibole or apatite has been recognised. This
is in contrast with Hunt’s results, where hornblende
phenocrysts were identified as being more abundant than
biotite in the Rumiqolqa samples, pyroxene was uncom-
mon, and apatite phenocrysts were present. He contrasted
this with the samples from Huaccoto, where he stated that
hornblende was rare.

The Killke fabric
(In re-assessing the 1991 samples, ‘syenite’ is now
re-defined as ‘altered diorite’ and ‘arkose’ as ‘arkose-
litharenite’.)

Figure 4. (a) Rumiqolqa Formation Andesite, sample R21: biotite- and biotite-pyroxene-bearing andesite, with distinctive
pleonaste-bearing xenolith. (b) Inka Andesite Tempered Fabric, sample CUZ 99-4: restricted size-range of sub-rounded to
sub-angular biotite andesite within a clean clay. (c) Inka Andesite Tempered Fabric, sample CUZ 99-3: showing
hornblende. (d) Lucre Andesite Tempered Fabric, sample CO97: tempered with angular to sub-angular biotite andesite,

andesite with amphibole (hornblende), and a large sandstone clast.
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The re-assessment has confirmed the lithologies but reveals
more variation in the tempering practices. The principal
lithologies are altered diorite and arkose/litharenite, both
highly feldspathic; the largest group (14 samples) is
tempered with either or both of these materials, angular to
sub-rounded in form, with irregular surface topographies;
the mean size of the temper and its quantity are consistent.
Much of the fine-grained material in the groundmass is
from the same rocks as the temper. Microporphyry (one
sample) and sand (two samples) were also used as temper.
Four samples may be untempered. Grog (see below) occurs
as temper, with other material in four samples and alone in
two samples.

The character of the grog (fired clay fragments) is variable.
Some pellets resemble the parent sherd in their non-
plastics, but others are very different and there can be wide
variation within a single sample. Grog is identified as
temper on the basis of its prevalence in six samples; it also
occurs in small amounts in a further six samples, where
most of it matches the main paste and is probably
adventitious.

Although not the focus of this paper, it is noteworthy that the
variations in the tempering practice show some co-variance
with decorative sub-style. Thus, F7 and all the samples of
Wares 45, 46 and 47, which together represent the principal
decorative sub-style of Killke at Cusichaca, are tempered
with the same rock types, although they display a varied use
of grog. The samples of Ware 48, a distinctive and unusual
sub-style, vary markedly from one another, being tempered
with arkose (1 sample), microporphyry (1), and grog (1);
three samples are polylithic and may be untempered. Ware
49, another unusual sub-style, is grog-tempered. The
evidence is generally consistent with the idea that Killke
was made in a number of workshops, all employing a similar
technology but using a variety of (local?) materials.

Andesite occurs in two samples of Ware 47. However, this
is not temper but part of the groundmass. It is a distinctive
spherulitic clinopyroxene-hornblende-biotite andesite,
which was not recognised in the Rumicolca Formation
samples from Rumiqolqa or Huaccoto.

The Cuzco Inca fabric
The ATF samples are tempered with sub-rounded to sub-
angular/angular andesite in very clean clay. Most samples
carry only trace amounts of chert/rhyolite, single quartz
grains, fine-grained sandstone/arkose, and mud clasts
within the groundmass of the clay. All other rock types are
extremely rare (Fig. 4, b-c).

Within a single sample, only one type of andesite occurs.
The whole group is dominated by the use of hornblende-
bearing andesites (27 samples; Fig. 4c), in which there is
petrographical variation. The remaining 7 samples are
tempered with biotite and biotite-pyroxene andesites
(Fig. 4b), again with some petrographical differences.
There is no co-variance with size or shape of the parent
vessel, context or provenance.

The hornblende-bearing andesites have not been recognised
in the samples from Rumiqolqa or Huaccoto studied here.
The biotite and biotite-pyroxeneandesites can all bematched
to samples from both of the sampled andesite sources.

The Lucre fabric
The fabric is tempered with fresh, angular andesite. The
clay groundmass varies quite considerably, most samples
containing weathered/altered feldspars, some clasts being
as large as the temper. Microporphyritic felsite and
mudstone/siltstone also occur (Fig. 4d).

Only one type of andesite occurs in any one sample. Across
the group, two andesites occur: hornblende (5 samples)
and biotite (6 samples), both displaying some petro-
graphical variations. The hornblende-bearing andesites
have no equivalent in the Rumiqolqa or Huaccoto quarry
samples; the biotite-bearing andesites can all be matched
to samples from both sites.

The sample is too small to identify any meaningful
co-variance with decorative sub-style, size or form of pot,
or context.

6. Discussion
Considering the Cuzco Inca fabric, the ATF, the fabric is
highly standardised in its preparation, regardless of the
type of andesite (hornblende-bearing, biotite, or biotite-
pyroxene) or the other petrographical variations. These
petrographical differences are not detectable in hand-
specimen. No differences can be recognised in provenance,
context, form, size or decorative sub-style of the pots
containing the dominant, hornblende-bearing andesites
compared with those containing biotite or biotite-pyroxene
andesites. This suggests that the properties of all the
andesites used to temper the ATF were identical from a
potting point of view and therefore, for our present
purposes, we consider the ATF to be a single entity.

The ATF was used for the entire range of Cuzco Inca forms,
from the smallest bowls to the largest serving and storage
vessels. There is some indication that, through time, some
of the finest wares were made from a fabric with a more
delicate texture, although andesite remained the temper-
ing material (Lunt 2000); and it is important to note that
other fabrics were also used for these wares, although they
are far less common (Ixer and Lunt 1991; Lunt 2000). The
ATF has not been firmly identified in pottery made outside
the Cuzco region and, within the region, it was used
exclusively for Cuzco Inca pottery. For the major
production of these wares, the potters followed an identical
technological blue-print for their fabric.

Using a standardised fabric in a workshop guarantees
consistency in working and finishing properties and in
firing behaviour, all of which would be important if, as the
visual appearance of Cuzco Inca wares suggests, uniformity
was one of the goals of production. This could have been
achieved with other tempering materials, provided that
they were available in sufficient quantity, and with a
different texture: but it is clear that the specific
characteristics of the ATF were of value.

The texture of the ATF is relatively coarse, although not
uniquely so: it shares this trait with other fabrics from the
Cuzco region. It has been suggested that firing pottery at
high altitudes, in open fires, may have necessitated an
open-textured fabric for successful oxidation (Lunt 1987,
49). Andesite itself has particularly valuable properties that
contribute to the serviceability of large vessels: the sharp-
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edged, angular grains and their irregular surface topo-
graphies make strong bonds with the clay (Ixer and Lunt
1991, 160).

ATF, then, could be described as a ‘dream fabric’, one that
promoted manufacturing and firing consistency; could be
used for a range of forms and sizes; was appropriate for the
traditional firing techniques and local conditions; and was
especially suitable for the largest, and therefore most
demanding, pots in the repertoire.

The fabric preparation technology of Cuzco Inca pottery
existed in the region before the Late Horizon Period. It can be
identified inKillke;andalthough the rocksused in theATFand
in the Killke fabric are entirely different, the use of clean clay
and the introductionof plentiful rock fragments froma limited
repertoire were common to both. Ware 29, an early non-ATF
Cuzco Inca ware discussed above, was tempered with the
same rock types as Killke, suggesting that it was transitional.
However, for the major production of Cuzco Inca wares, the
use of andesite temper seems to have been essential; and
therefore the case for identifyingKillke as a direct precursor to
Cuzco Inca wares rests far more persuasively on its decorative
style, relative date, and distribution than on its choice of
temper. In identifying a specific precursor for this, we must
turn to another pre-Inca ware.

Considering Lucre, the sample is extremely small, which
limits our inferences. It is not possible to distinguish in
hand-specimen between the hornblende-bearing and the
biotite andesite temper; both types were used in the same
way, the grains being extremely similar in size, shape, and
quantity. There is no evidence of discrimination in the use
of the two andesites for particular kinds of pots or through
time. Consistent with the approach to the ATF, therefore,
we will treat the Lucre fabric as a single entity. The outcrop
of Rumiqolqa lies very close to Choquipukio, the principal
finds-place of Lucre pottery. All of the biotite andesite in the
Lucre fabric samples can be matched to samples from this
local source; the provenance of the hornblende-bearing
andesite has not been identified.

The comparison between the Lucre fabric and the ATF
shows that the Lucre clays are less clean than the ATF, the
degree of cleanness varies, and much of the accessory
material is absent from the ATF. However, the similarities
in temper are extremely striking. The Lucre fabric contains
either hornblende-bearing or biotite andesites, identical to
those in the ATF: this is persuasive evidence that the
sources of andesite were the same (albeit an unknown one
for the hornblende-bearing andesite). In both fabrics, the
temper is used in exactly the same way: the grains are
similar in size, shape, and prevalence, and there is only one
type of andesite per sample. It seems clear, based on this
evidence, that the Lucre technique of sourcing andesite and
using it in the pottery fabric was a significant element in the
creation of Cuzco Inca pottery.

The viability of an andesite-tempered fabric was proven by
its successful use for a wide range of Lucre wares, especially
in the manufacture and serviceability of the large jars. From
the view-point of technological pragmatism, it is suggested
therefore, following Chatfield (2007), that it was the desire
to produce similar vessels that encouraged the transfer in
fabric technology from Lucre to Cuzco Inca pottery.

In seeking a source for the andesite used in the ATF and
in Lucre, the quarry of Rumiqolqa was seen as a likely
candidate. This site has much to recommend it. The quarry
is adjacent to Choquipukio, the provenance of Lucre pottery
(see above); and it was known and used by the Incas for
building stone. Another quarry, Huaccoto, was also used by
the Incas. An earlier work (Hunt 1990) had distinguished
petrographically between samples from the Rumiqolqa
and Huaccoto quarries, which suggested the possibility of
a fine discrimination in sourcing the andesite tempers.

The analysis of our samples shows that the biotite and biotite-
pyroxene andesites in the Lucre and Inca ceramics can all be
matched to the rock samples from Rumiqolqa and Huaccoto.
However, the samples from these two andesite sources are
petrographically identical; therefore, contrary to Hunt’s
claim, it is not possible to distinguish between Rumiqolqa or
Huaccoto as the source of the temper based on this evidence.

It has not been possible to characterise either outcrop
comprehensively, and we have no samples from the rest of
the Rumicolca Formation. Therefore, although we can be
confident that the biotite and biotite-pyroxene andesite
temper used in the Lucre fabric and the ATF both originate
in the Rumicolca Formation, we cannot attribute all of it to
the same locality, or be certain that Rumiqolqa and
Huaccoto were the only possible sources. Most signifi-
cantly, we cannot identify a geographical provenance, even
in the broadest terms, for the hornblende-bearing andesites
in the ceramic samples.

For both the ATF and the Lucre fabric, the exclusive use of
one type of andesite per sample suggests a deliberate
selection, most marked in the overwhelming use of
hornblende-bearing andesite in the ATF. As discussed
above, this selection has no corollary, which makes it hard
to explain on the evidence of these samples alone. The
different andesites may be widely separated geographi-
cally, their locales offering different ease of access, and they
may look different in their natural state: this would be
consistent with Protzen’s identification of differences in
colour and working properties in the andesites of
Rumiqolqa (Protzen 1985). Clarifying these issues, and
perhaps locating the elusive hornblende-bearing andesites,
requires a comprehensive sampling programme of the
Rumicolca Formation, particularly of the andesite outcrop
most adjacent to the site of Choquipukio.

7. Conclusion
Cuzco Inca pottery is a hybrid. Two distinct elements can
now be identified, each contributed by wares that are
dissimilar to one another in form and decorative style,
although they share a pre-Inca date, some distributional
overlap, and a Cuzco-centric location. There are also other
features of Cuzco Inca wares that are not part of the Lucre
or Killke repertoires and that may derive from other
pottery-making traditions. Identifying a precursor to Cuzco
Inca pottery is hardly new - Killke has long held that
position - but recognising the complexity of its origins is an
advance, and, whilst not refuting the Killke contribution, it
does make the idea of a single strand of evolution, from
Killke pottery to Inca pottery, untenable. There is now a
clearer idea of what ‘Cuzco Inca’ comprises, which will
illuminate how, where and when the creative process
took place.
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As to why it should have occurred: the identification of
Cuzco Inca wares as the Inca state ceramic is well-
supported by the visual appearance of the pots and by the
chronological evidence. If Cuzco Inca wares were political
artefacts, then perhaps the selections of elements employed
to create them were also political statements, the ceramic
representations of the subjugations and alliances that
formed the Inca state. As to how the mechanism of state
control of the production actually worked - this has been
well-studied elsewhere but not here, at the centre of the
empire. Who, for instance, were the potters?

Turning to the andesites of the Rumicolca Formation: it is
clear that a comprehensive sampling programme is needed,
to identify the specific sources of the Lucre and Cuzco Inca
temper. Depending on the results, there may be more to
consider than ceramic pragmatism: one possible scenario is
presented below.

The Rumiqolqa outcrop lay in the territory of the Pinahua, a
significant polity whose principal settlement was Choqui-
pukio. These were the makers and users of Lucre pottery.
They were subjugated by the Incas in c. 1430 AD (see Bauer
2004, 84-6), and thereafter, the andesites of Rumiqolqa
came under Inca state control. Judging by the extensive
quarrying evidence at the site, the use of this rock in the
most prestigious imperial buildings of Cuzco, and its
exclusive use for state projects, the Incas valued their prize
highly. The idea of ‘value’ may have resided in the physical
properties of the andesite, its accessibility and, perhaps, in
its political significance following the subjugation of the
Pinahua: an idea that has a familiar ring here.

If a Rumiqolqa source for all of the ATF temper were
established, then this would provide, first, a date (albeit
an estimate) ante quem for the introduction of the ATF into
the manufacture of Cuzco Inca pottery. Secondly, more
significantly, it would provide a cultural context for this
introduction: the subjugation of the Pinahua and the
building of imperial Cuzco.

Finally, we would be presented with a unique scenario: a
liaison between two state-controlled crafts. We might view
this as pragmatism - the availability of abundant, effective
temper with a proven track record - and also, maybe,
something more nuanced, reflecting an Inca perception of
‘good stone’, perhaps. Or was the use of andesite in imperial
buildings and imperial pottery a political flaunting of
exclusivity?

References
Bauer B.S., 2004, Ancient Cuzco, University of Texas Press,

Austin.

Chatfield M., 2007, From Inca to Spanish Colonial:
Transitions in Ceramic Technology, Unpublished PhD
thesis, University of California, Santa Barbara.

Hunt P.N., 1990, Inca volcanic stone provenance in the
Cuzco Province, Peru. Papers from the Institute of
Archaeology, University College London, 1, 24-36.

Instituto Geologico Minero y Metalurgigo (INGEMMET),
1999, Mapa Geologico del cuadrangulo de Cusco, INGE-
MMET, Lima.

Ixer R.A. and Lunt S., 1991, The petrography of certain pre-
Spanish pottery from Peru. In Recent Developments in
Ceramic Petrology, (eds. A. Middleton and I. Freestone),
137-164, British Museum Occasional Paper 1, British
Museum, London.

Lunt S., 1987, Inca and pre-Inca pottery: Pottery from
Cusichaca, Department of Cuzco, Peru, Unpublished PhD
thesis, Institute of Archaeology, University of London.

Lunt S., 2000, A study of the Inca pottery in the Museo
Arqueologico, Cuzco, Unpublished archive of descriptions
and photographs of the Inca pottery in the Museum
collections and a summary of the Museum Catalogue
entries.

McEwan G.F., 1987, The Middle Horizon in the Valley of
Cuzco, Peru: The Impact of the Wari Occupation of the
Lucre Basin, British Archaeological Reports, Oxford.

Ogburn D.E., 2004, Evidence for long-distance transpor-
tation of building stones in the Inka Empire, from Cuzco,
Peru, to Saraguro, Ecuador. Latin American Antiquity,
15, 419-439.

Protzen J.-P., 1985, Inca quarrying and stone-cutting.
Journal of the Society of Architectural Historians, 44,
161-182.

Rowe J.H., 1944, An introduction to the archaeology of
Cuzco, Expeditions to Southern Peru Report No. 2,
Papers of the PeabodyMuseum of American Archaeology
and Ethnology, University of Harvard 27, The Museum,
Cambridge (MA).

ACKNOWLEDGEMENTS
We extend our thanks to the following: Museo Inka,
Universidad de San Antonio Abad del Cuzco, for allowing
Sara Lunt and Bill Sillar to research and photograph their
collections; Brian Bauer, for providing pottery samples from
his survey work in the Cuzco region and for including the
collection of rock samples in his work programme; Melissa
Chatfield and the Choquipukio Project, for supplying four
samples of Lucre pottery, for providing the context data, and
for permission to use the illustration of a Lucre jar; Ann
Kendall, Director of the Cusichaca Archaeological Project,
under whose auspicesmost of the pottery discussed here was
collected; Dennis Ogburn, for providing the Huaccoto and
Rumiqolqa andesite samples; and Andy Tindle, for his
mineral identification of the exoticawithin the xenoliths. The
uses we make of their contributions do not necessarily
represent the donors’ own views. For their generosity and
support, we are very grateful.

Ixer et al.

38 Craft and science: International perspectives on archaeological ceramics



50 left feet: The manufacture and meaning of effigy
censers from Lamanai, Belize
Linda Howiea, James Aimersb and Elizabeth Grahamc

aThe University of Western Ontario and HD Analytical Solutions, London, Canada, lhowiela@uwo.ca
bState University of New York at Geneseo, Geneseo NY, USA, aimers@geneseo.edu
cInstitute of Archaeology, University College London, London, U.K., e.graham@ucl.ac.uk

Abstract - Elaborate human effigy censers are widely distributed at sites across the Maya lowlands
in the Late Postclassic period (ca. 1250-1540 AD). These censers represent people dressed in
costumes, combining martial and supernatural elements. They may have been broken at various
sites as part of rituals associated with pilgrimage, but details of their production, movement across
the landscape, and meaning remain unclear. A stylistically varied assemblage of fragmented
censers of this type has been recovered from Lamanai, Belize, and has been subjected to detailed
stylistic, iconographic, and petrographic examination. The results of this study have revealed a
higher level of variability in visual and compositional characteristics than has been recognised
previously, demonstrating connections to both local and foreign producers, and to several
geographically distant production localities. These results have important implications for the
current understanding of the nature and meaning of these vessels, specifically as concerns
associated patterns of production and deposition.

A central focus of our paper is to discuss methodological issues relating to the integration of
extensive data sets characterising compositional and stylistic/iconographic attributes, including the
interplay of variability in technological and provenance characteristics and style. We also explore
the significance of such integrated approaches to understanding Maya interregional interaction
just prior to the Spanish conquest.

1. Introduction
Effigy censers stylistically similar to those that are the
focus of this paper (Fig. 1) are best known from the site of
Mayapan in northern Yucatan, Mexico, where they have
been given the type name Chen Mul Modeled (of the
Unslipped Panaba Group of Mayapan Unslipped Ware) in
the type-variety system of pottery classification used to
delineate the ceramic sequences at most ancient Maya sites
(Smith 1971, 210-2). At Mayapan, Chen Mul Modeled
sherds represented 49.5% of the ceramic samples from the
Tases ceramic complex (1250/1300-1450 AD) (Milbrath
et al. 2008, 105), and are thought to have emerged as a
particular censer style asearly as 1300AD(Milbrath2007,2).
This style of censer can best be described as a large
pedestal-based vase with a modelled humanoid figure
attached to its side. The individuals wear elaborate
costumes with widely varying costume elements, and
some are thought to represent gods or people dressed
as deities. The figures occasionally hold items in one
outstretched hand (or both hands), which have been

interpreted as balls of maize dough, beehives, lumps of
incense, and other unidentified objects (see e.g., Smith
1971, Fig. 32). Of the 65 censers from Mayapan reported
by Smith (1971), no two were identical (see also Sidrys
1983, 245). The censers were well-preserved in the
relatively dry environment of Mayapan, and their
polychrome painted stucco surfaces often survived.

Effigy censers that resemble the Mayapan examples occur
at sites across the Yucatan peninsula and beyond, and have
often been given the type name Chen Mul Modeled, despite
stylistic differences. Aimers (2009) (see also Milbrath et al.
2008) has suggested, however, that censers at other sites
that display variations not characteristic of the Mayapan
examples should be placed in the Chen Mul Modeled
system, a more general type-variety category than type, but
that they should also be given their own type name, as has
been done with Kol Modeled censers from Santa Rita
(Chase 1984), Patojo Modeled and Idolos Modeled at
Macanche (Rice 1987), and Maculis Modeled: Human
Effigy Variety at Altar de Sacrificios (Adams 1971).
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ceramics. Doha, Qatar: Bloomsbury Qatar Foundation http://dx.doi.org/10.5339/uclq.2014.cas.ch5
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Origin, regional variation and archaeological
contexts
Effigy censers have a long history in the Maya area (Rice
1999), but the origin of the Chen Mul style is unclear.
Proposals include: 1) the east coast of Yucatan (Smith
1971, 205, 256); 2) the Peten region of Guatemala (Smith
1971, 205); 3) the Gulf Coast of Tabasco and Campeche
(Masson 2003, 197); 4) sites such as Cacaxtla and Cholula
which were associated with the hybrid Mixteca-Puebla
tradition; 5) Mayapan itself in Hoal Modeled of the pre-
Tases Hocaba Phase (1100-1250/1300 AD) (Smith 1971,
135-6); 6) the widely traded Tohil Plumbate effigy forms
produced on the Pacific coast of present-day Mexico and
Guatemala (Milbrath and Peraza Lope 2003b, 7); and even
7) Lamanai itself (Pendergast 1981, 53). At Mayapan, this
particular style of censer is closely associated with the
Cocom, an Itza Maya group who claimed descent from
the god Kukulkan and built architecture reminiscent of the
earlier Itza centre of Chichen Itza (see Masson 2000, 261;
Milbrath and Peraza Lope, 2003b, 40-1).

The Chen Mul style censers that occur at sites in the Maya
lowlands show substantial stylistic variability (Milbrath
et al. 2008; Milbrath and Peraza Lope 2013). There are
differences in iconography (for example, costume elements
which refer to Central Mexican deities are more common
on censers from Mayapan than at other sites), style (e.g.,
presence or absence of nails when representing toes and
fingers; differences in sandal styles), as well as the size of
censers and the overall quality of execution. The style and
iconography of individual censers could be considered a
form of costumbre, or ‘custom’, a term which is sometimes
used to refer to the well-documented regional stylistic
variation among living Maya groups in terms of their
clothing and adornments. Investigation of this issue,
however, is complicated by the fact that even at individual
sites, the style and iconography of the censers often vary.

The contexts within which ChenMul style censers occur are
also varied (Milbrath et al. 2008, 106; Milbrath and Peraza
Lope, 2013), but, to our knowledge, the contexts of full
or partial censers are always ritual in nature. Censers or
censer fragments are found in burials, middens and caches
associated with ceremonial structures, and with altars. In
domestic contexts, they occur in burials. Isolated fragments
are, however, found in domestic middens. This may suggest
that fragments were retained by participants involved in
rituals and ceremonies in which the censers were used
and broken.

Manufacture
Little has been written about the manufacture of Chen Mul
style censers. However, the humanoid figures appear to
comprise a combination of hand-modelled (e.g., hands)
and mould-made (e.g., face) components. Once fired, the
censers were often stuccoed and painted. While there are
numerous ethnohistoric accounts of the confiscation of
effigy censers by colonial authorities, as well as their
widespread use in rituals (see Chuchiak 2009 and Tozzer
1941), descriptions relating to their manufacture are very
rare. Particularly noteworthy is an account written in 1588
by Captain Martin Ruiz de Arze, who, with the commission
of the Bishop and governor, had confiscated and destroyed
a great quantity of effigy censers. Ruiz de Arze wrote: “The
idols were broken by Your Lordships fiscal and their dust
and ashes were thrown into to a near-by cenote so that the
Indians could not make new ones out of their dust and
leaven like they used to do in the past . . . ” (1588, as cited
and translated in Chuchiak 2009, 146). In this passage,
“dust and leaven” undoubtedly refers to crushed pottery,
or grog. The account, therefore, is describing the practice
of tempering new censers with grog deriving from censers
used in previous rituals.

The widespread geographic distribution of effigy censers as
documented in both the ethnohistoric and the archae-

Figure 1. Chen Mul system censers and censer fragments; a) censer from Mayapan (www.famsi.org); b) reconstructed
censer from Lamanai; c) censer fragments and feet recovered from structure P8-35 at Lamanai.
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ological record suggests that they were likely produced
at multiple locations. The only compositional study
conducted to date (Bishop et al. 2006) indicates that
censers from Champoton are chemically similar to clays
from the Rio Candelaria region, and consequently that they
were manufactured locally.

Use
Incense was burned in the containers to which the effigy
figures were attached, and supernatural symbols and icons
were incorporated into the iconography of the figures,
an aspect which reflects the vessels’ ritual association. Their
close association with ritual practices is also indicated
by the contexts in which they tend to occur. Milbrath
(see Milbrath and Peraza Lope, 2003b; Milbrath, 2007, 3;
Milbrath et al. 2008) and Thompson (1957, 601) have used
the term ‘idol’ to describe Chen Mul style censers, but
‘idol’ was a term introduced by the Spaniards to discredit
Maya representations as false spirits and gods and hence
demonic (Graham 2011, 263-284). Therefore, employing
such a term is highly problematic. Did the images represent
local or regional deities, or ancestors, or spirits? This is
certainly possible, and there is compelling evidence at some
sites (e.g, a nearly intact Monkey Scribe effigy from
Mayapan [Milbrath and Peraza Lope 2003a]) that Chen
Mul style censers were the focus of calendrical ceremonies
related to the new year or katun endings (see also Chase
1982; Chase and Chase 1988).

Pilgrimage (i.e., intentional visits to sacred places) has also
been evoked to explain the widespread distribution of
deposits of smashed censers on ruined buildings, and such
journeys may have also fostered or facilitated trade and
economic interaction (see discussion in Milbrath et al.
2008, 108-9). In fact, Freidel and Sabloff (1984, 185)
suggest that ‘traders’ might be more rightly thought of as
a particular group of ‘pilgrims’, since they travelled
between villages and cities under divine sanction and
with the express purpose of participating in festivals,
visiting shrines and performing appropriate rituals, perhaps
involving effigy censers, during their stay in different
communities. It has also been suggested that, in some
cases, the censers may have been smashed in one place
and some of their fragments carried to and deposited at
other locations, perhaps as part of a processional ritual
programme (Milbrath 2007; Smith 1971, 111-2; Chase
and Chase 1988). Certainly at Lamanai, we could
reconstruct so few complete censers that it seems likely
that some fragments were removed from the site where
they were smashed.

2. Effigy censer deposits at Lamanai
Lamanai, ca. 3.5 km2, is a medium-sized Maya city centre
situated on the New River Lagoon in northern Belize
(Fig. 2). The site is perhaps best known for its lengthy and
continuous history of occupation, which extends from the
Middle Preclassic through to the Spanish Colonial period
(roughly 600 BC - 1700 AD) (Pendergast 1981; 1985;
1986; 1990; Loten 1985; Graham 1987; 2004; 2006). It is
also one of the few Maya settlements for which the ancient
name is recorded, appearing on early maps and in early
Spanish documents regarding the mission community that
was established there in the 16th century (Graham et al.
1989; Pendergast 1981; 1988; Pendergast et al. 1993).

During the time period when Chen Mul style censers were
being produced (as early as 1350 AD to as late as 1700 AD),
Lamanai appears to have been a thriving centre oriented
toward the lagoon and presumably riverine traffic and
trade. The Late Postclassic (1350 - 1544 AD) ceremonial
building or temple that was razed in the construction of the
first Spanish church was situated on a rise overlooking the
lagoon, as were buildings associated with it that were also
destroyed. Residences in the area of the church settlement
zone show continuity of occupation from earlier times, and
it is clear that the community extended well beyond this
specific sector of the settlement, as indicated by the
scattered evidence of Late Postclassic and Spanish Colonial
occupation in other areas of the site (Graham 2011;
Pendergast 1981, 42; 1986, 226).

As with most other Maya sites that were occupied during
the Late Postclassic period, a conspicuous characteristic of
the material record at Lamanai is the occurrence of deposits
that can best be described as ‘surface scatters’, consisting
almost entirely of fragments of Chen Mul style censers. The
extent of these deposits, which are generally unstratified,
ranges from a handful to hundreds of fragments, most often
of multiple vessels that cannot be reconstructed owing to
the absence of often substantial portions of the vessel. At
Lamanai, fragments of effigy censers have been recovered
from a range of archaeological contexts, and include
individual fragments deposited in refuse heaps and burials;
small, isolated surface scatters associated with residential
structures and altars; and large surface scatters associated
with renewed activity in the vicinity of previously
abandoned ceremonial structures (Pendergast 1982; 1984).

3. Research questions and methodology
A central objective of our study of the ChenMul style censer
assemblage from Lamanai was to investigate the extent,
nature, and meaning, in behavioural terms, of the stylistic
and compositional variation and their inter-relationship.
Our approach combines stylistic analysis using the type-
variety method with a petrological analysis of compo-
sitional variation. In addition to characterising the range
of observed variation with regard to these two indices of
similarity and difference, the study sought to answer the
following questions:

1. Where were the censers manufactured, and were the
majority made locally, as Bishop et al. (2006) have
shown for effigy censers at Champonton?

2. Are the Lamanai censers grog tempered, as Captain Ruiz
de Arze’s (1588) account suggests?

3. Do stylistic similarities and differences relate to
provenance, thereby reflecting regional or local prefer-
ences and tastes?

4. What new insight can be gained into effigy censer
deposits through the use of multiple techniques of
analysis to investigate different aspects of ceramic
variation?

Stylistic analysis
Type-variety is the most common method of pottery
classification in the Maya area (see Smith et al. 1960). The
type-variety method organises ceramics hierarchically into
wares, groups, types, and varieties based on combinations
of attributes of surface treatment (e.g., slipped or
unslipped, modelled, etc.) and paste at the macroscopic
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level (e.g., carbonate tempered). Information on shape is
sometimes subsumed within type descriptions (e.g., types
include jar and bowl forms) or treated in a separate modal
classification (e.g., incurving bowls are found in types X,
Y, and Z). The system works well to organise the great
variation of Maya ceramics into named taxa which facilitate

communication among analysts. It follows that inter-
analyst inconsistency in the criteria used to designate
wares, groups, types, and varieties is critical. ‘Chen Mul
Modeled’ has served analysts well as a designation of a
particular range of Late Postclassic effigy censers that
share certain stylistic features, as described above, but the

Figure 2.GeologicalmapofnorthernBelize, followingHowie(2006, 136-61;2012,69-85), showing the locationof Lamanai.

Howie et al.

42 Craft and science: International perspectives on archaeological ceramics



designation also masks substantial variation, and this has
hindered our ability to address questions related to their
production and distribution. Systems assignments, as
suggested by Aimers (2009), recognise ambiguity in new
samples while detailed analysis progresses. The analysis
presented here also attempts to address the problem of the
great variation in ceramics that have been called Chen Mul
Modeled (type), through the integration of compositional
and stylistic evidence of similarity and difference.

Petrological analysis
The censer assemblage at Lamanai comprises 1637
fragments and three partial censers (Fig. 1). To assess
stylistic variation, the fragments were separated into
groups according to the vessel part of the anatomical part
of the effigy. The result was that one pair of feet and 42
individual (unpaired) feet displayed a distinctive, and thus
unique, constellation of morphological, decorative and
macroscopic paste/fabric attributes. Since the feet con-
stituted the only fragment type for which it was possible to
distinguish different vessels with an acceptable level of
certainty, these were the fragments that were selected to
investigate compositional variability at the microscopic
level, within the censer assemblage. Samples were taken
from 43 feet, including all individual feet and one foot from
the pair that was identified. Thin sections were prepared
from these samples according to standard procedures, and
were analysed under a polarising microscope at various
magnifications to examine similarities and differences in
textural, mineralogical, and a range of other geological and
compositional characteristics, and to discriminate vessel
bodies made using different sets of raw material
ingredients.

Although thin section petrography is well-established as an
effective means of investigating compositional variation
among ceramic vessels and of differentiating and char-
acterising them according to the geological characteristics
of the raw materials used in their production (e.g., Shepard
1956; Peacock 1970; Bishop et al. 1982; Freestone 1991;
Whitbread 1995), its application in Maya ceramic studies
has been comparatively rare. Only a handful of published
ceramic studies have incorporated this method of analysis
as an independent means of examining the nature and
meaning of ceramic variation (e.g., Shepard 1948; Jones
1986; Iceland and Goldberg 1999; Bartlett and McAnany
2000; Bartlett et al. 2000; Howie 2006; 2012). The more
common application of this method has been to provide
supplementary information regarding the general miner-
alogy or temper found in specific stylistic types that have
already been defined according to type-variety criteria or
through chemical compositional analysis (particularly
NAA) (e.g., Rands and Bishop 1980; Rice 1987; Kepecs
1998; Bishop 1994; 2003).

The current paucity of problem-oriented petrographic
studies of compositional variability is at least partly due
to the on-going misconception that the geological
homogeneity of much of the lowland area, being underlain
by limestone, precludes the differentiation of fabrics/pastes
based on their microscopic compositional characteristics,
particularly as concerns their mineralogy (e.g., Bishop
1991). However, recent studies (e.g., Bartlett et al. 2000;
Howie 2006; 2012) have demonstrated for northern Belize
that considerable observable compositional variation does

exist among the soils and rock formations that characterise
particular regions or localities, even between clays
separated vertically by as little as one metre (see Howie
2006, 136-61). Once this geological variation is delineated
and understood, it can provide a basis for differentiating
fabrics/pastes that share the same general mineralogy.

Our on-going research on microscopic compositional
variation in the pottery assemblage from Lamanai has
sought to overcome the inherent limitations of the
‘mineralogy-centred’ approach that has dominated petro-
graphic studies of Maya pottery in two fundamental ways.
First, our study of local patterns of ceramic production and
consumption has incorporated a detailed systematic study
of rawmaterial resources available for pottery manufacture
in the area surrounding the site. Secondly, we have
employed the system of petrographic analysis and
description developed by Whitbread (1989; 1995; 1996)
specifically for ceramic thin sections, which takes into
consideration a broad range of features and characteristics
of ceramic fabrics. An important advantage of this approach
is that it permits investigation of not only geological but
technological characteristics, such as the treatment of raw
materials, paste recipes, forming techniques, and firing
methods (Whitbread 1989; 1995; 1996; Freestone 1991;
Tomkins et al. 2004). Such information tells us not only
about production methods, but also variation in technical
practices, providing an additional basis for differentiating
ceramic fabrics on technological grounds. Another advan-
tage is that it permits examination of the association of
minerals (e.g., whether they are associated with the clay
component of a fabric or an added constituent, such as
crushed rock temper) and, as a visual technique, textural
criteria, enabling fabrics to be subdivided or discriminated
even when they are mineralogically similar.

The comparative geological baseline developed for
Lamanai, which includes over 40 clays from different
geological and environmental contexts and over 20mineral,
rock, and sand samples, has enabled: 1) discrimination of
pottery manufactured using local raw materials from
pottery produced elsewhere; 2) discrimination of local
pottery produced using different sets of raw material
ingredients; and 3) the identification and characterisation
of local traditions of pottery manufacture, particularly as
concerns their first appearance within the ceramic
sequence and their developmental history, which in some
cases spans several, temporally specific, stylistic complexes.
Our definition of what we identify as ‘local’ pottery includes
pottery with fabrics that are consistent with and can be
linked geologically to raw material resources that occur in
the local area, based on multiple shared compositional
features and characteristics. Our conceptualisation of
‘local’, therefore, reflects a demonstrable geological
connection to raw material resources that occur within a
defined geographic area surrounding the site, which in this
case is within 3 km of the site’s epicentre. We acknowledge
that this geographic definition of ‘local’ does not consider
ancient potters’ own perceptions of their social connection
to the community at Lamanai, whether they lived in the
near vicinity or not. Nor does it consider the relationship,
real or perceived, of the person or people who left the
pottery behind at Lamanai, or whether the Late Postclassic
Maya cared about differences in origin of manufacture.
It does, however, allow us to study the movement of
pottery vessels across the landscape, from the area in which
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they were manufactured to their final resting place in
different contexts at Lamanai, which is the central objective
of this study.

4. Modal variation
As noted above in reference to shape, modal classification
in the Maya area is typically an aspect of type-variety
classification. Whereas wares, groups, types, and varieties
are typically based on combinations of attributes, modes
usually refer to single attributes of form (e.g., outflaring
lip), surface treatment (e.g., slip colour, incision), or
macroscopic attributes of paste (e.g., presence of calcite
inclusions). In the sample of effigy censer fragments
discussed here, we examined the following modes: 1)
presence/absence of paint; 2) presence/absence of foot-
wear; 3) sandal style; 4) presence/absence of an ankle
adornment; 5) style of the ankle adornment; and 6)
presence/absence of toe nails.

This comparative study of the stylistic characteristics of the
foot fragments revealed that there were no easily
discernible modal patterns in our sample. Chen Mul
Modeled censers at Mayapan are typically stuccoed and
painted. While we do have a few sherds with remnants of
stucco and paint at Lamanai, the vast majority have no
traces of either. Given the wet environment of Lamanai and
the fact that the fragments derive from exposed surface
scatters, this may be due to poor preservation. Feet
typically showed evidence of sandals, which varied in style.
Ankle adornments, when present, also varied, as did
toenails (presence, absence, style of execution) (Fig. 1).
Comparison of the patterning of these attributes within and
among the different archaeological contexts examined
revealed no appreciable differences among the foot
fragments comprising different deposits.

5. Compositional variation

Geological context
The geology of northern Belize, extending into adjacent
inland and coastal areas of the Yucatan Peninsula, is
characterised by a series of limestone formations and
associated deposits that decrease in age from the
Cretaceous formations of dense marine limestone that
occur immediately to the north of the Maya Mountains and
at a few specific locations in the central part of the region,
to the Pleistocene-Holocene formations of the northeast
coast and off-shore cayes (Fig. 2). Apart from the specific
localities where these Cretaceous Formations occur, the
central part of the northern region is underlain by Early
Tertiary (Palaeocene to Eocene) limestones of the Cayo and
Dubloon Bank Groups (Flores 1952; Wright et al. 1959;
King et al. 1992). The older Cayo group contains limestone
and dolomite, and this is the common rock type found in
areas west of the New River drainage system. The bedrock
in these areas, whether Cretaceous or Tertiary in age, is
overlain by a horizon containing limestone at various stages
of weathering, and often by deep deposits of calcareous
clays (King et al. 1992, 222). The Dubloon Bank group,
which contains limestone with chert, is more typical of the
areas adjacent to the coast in the eastern part of the region.
The overlying sandy clays characteristically contain a
substantial amount of chert (King et al. 1992, 28, 244-7).
The younger Pleistocene-Recent limestones and dolomitic

limestones that are found around the northern coast and on
Ambergris Caye are dense coral limestones (Flores 1952;
King et al. 1992, 29). In the vicinity of Chetumal Bay, these
limestones are often gypsiferous and weathered (King et al.
1992, 213). The mainland limestones are overlain by
shallow fine-textured calcareous deposits that are charac-
terised by high levels of sodium and magnesium (King et al.
1992, 188), or calcareous sands, which mainly consist of
cryptocrystalline grains composed dominantly of micrite
(Pusey 1975; Reid et al. 1992). The Pleistocene limestones
of the offshore cayes are overlain by deep deposits of
fossiliferous sand in most cases.

Associated with the mainland limestone formations are
unconsolidated calcareous deposits, commonly referred to
as sascab, which were formed through in situ weathering
of limestone (Darch 1981; Darch and Furley 1983). The
compositional characteristics of the deposits that occur in
different geographic areas reflect those of the underlying
limestone.

Scattered throughout the northern landscape are alluvial
deposits comprising siliceous sand that consists mainly of
quartz. In most cases, these deposits appear to constitute
reworked and redeposited old alluvium that was trans-
ported during the late Pliocene to mid-Pleistocene (Wright
et al. 1959; King et al. 1992). The parent material is
thought to originate in the quartz-rich crystalline or
metasedimentary rocks of the Maya Mountains. Chert and
chalcedony are more prevalent in the deposits situated east
of the New River drainage and derive from the chert-rich
underlying limestone that occurs in this area.

The ages, characteristics, and approximate geographic
distribution of the deposits and formations that occur in
northern Belize are summarised in Figure 2, which serves
to highlight the regional differences in mineralogical
composition and character. Such variability provides a
basis for differentiating fabric types according to their raw
material ingredients, and enables the linking of fabric types
to particular geological zones.

The archaeological specimens
Petrographic analysis revealed a high level of compo-
sitional variability among the 43 censer feet, with 21 fabric
types differentiated on the basis of their distinctive
compositional, textural, and mineralogical characteristics
and features. Half of the fabric types (N ¼ 11) are
represented by a single foot. Despite the inherent variation
in fabrics, six general temper types were distinguished:
1) grog (crushed pottery); 2) coarsely crystalline calcite;
3) limestone geologically consistent with formations that
occur in the immediate vicinity of Lamanai; 4) limestone
geologically consistent with formations that occur in inland
areas of the western part of northern Belize; 5) fossiliferous
limestone deriving from formations that occur along the
Caribbean coast; and 6) sascab geologically consistent with
deposits of weathering limestone that occur in north-
eastern northern Belize and in association with fossiliferous
limestone. The interpretation of these inclusion com-
ponents as representing constituents intentionally added to
a base clay by the potter was based on the following
criteria: 1) the bimodal size distribution of inclusions with
one or specific inclusion type(s) predominating in the
upper mode and rare to absent in the lower mode; 2) the
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roundness of these inclusions (predominantly subangular
to very angular); 3) the occurrence of carbonate aggregates
and mosaics along with their terminal grades and spar
fragments (all angular), often with an uneven distribution
of terminal grades in the groundmass; and 4) the
occurrence of non-naturally occurring aplastic inclusions
- e.g., pottery fragments (see Whitbread’s [1986] criteria
for identifying grog). With the exception of the fabrics
containing local limestone temper, which correspond to a
known local fabric type previously documented for
Lamanai (Table 1; Howie 2006; 2012), all of the temper
types identified were found to occur in at least two to
several compositionally distinct fabric types (Table 2).
Distinctions among fabric types containing the same kind of
tempering material relate to differences in the geological
and textural characteristics of the clay component,
including the composition and nature of naturally-
occurring aplastic inclusions and amorphous and textural
concentration features, and clay matrix properties. In many
cases, fundamental mineralogical differences among
fabrics types containing the same tempering material
indicate different and, quite likely, geographically separ-
ated clay sources, and, thus, different production localities.
Comparison of the fabric types that occur in the different
censer deposits revealed no appreciable differences among
deposits.

Local fabric types
Of the 21 fabric types that were distinguished based on
their compositional characteristics and features, three are
geologically consistent with raw material resources
available in the immediate vicinity of Lamanai, which
suggests that the associated censers were produced by
potters working within the settlement or in the surrounding
area. The characteristics of these local fabric types, which
are characterised by the presence of either grog, crystalline
calcite, or local limestone temper, as well as a range of
other distinguishing attributes, are summarised in Table 1.
Since these fabric types correspond to local fabric groups
identified and described by Howie (2006; 2012) in her
study of the Terminal Classic to Early Postclassic pottery
assemblage at Lamanai (geological connections to specific
raw material resources are discussed in detail in that
study), a local provenance for these fabric types is
proposed. In fact, in many cases, the fabrics observed in
the censer feet are virtually indistinguishable from
examples deriving from a range of ceramic forms, including
table wares and utilitarian vessels, that date to earlier time
periods. Accordingly, other research has shown that the
production of effigy censers at Lamanai is connected with
three different traditions of pottery manufacture, as
reflected in the long-term use of particular and distinctive
sets of raw material ingredients. In the case of the
crystalline calcite and limestone tempered fabric types,
their occurrence in pottery spanning the Preclassic to
Spanish Colonial period (at least 300 BC - 1641 AD)
documents the persistence of these paste recipes for more
than a thousand years. Although not as long-lived, the grog
tempered fabric type reflects an approach that first
emerged during the Terminal Classic period (773-962
AD), roughly 400 years before the production of Chen Mul
style censers began. Another interesting characteristic is
that censer production occurred within manufacturing
traditions in which both serving wares (e.g., grog tempered

tradition) and utilitarian vessels such as storage jars (e.g.,
crystalline calcite tempered tradition) were produced.

Local fabric types were found to occur in 11 feet, or 25% of
the sample set. The majority of the feet exhibit either
limestone tempered or grog tempered fabrics (Table 1).
The comparatively small quantity of locally made vessels
represented in the censer assemblage is unusual for
Lamanai. Within most other depositional contexts at the
site, including burials and middens dating to the Late
Postclassic to Spanish Colonial period, locally manufac-
tured ceramics dominate the assemblage and represent
between 85 and 90 per cent of the vessels analysed (Howie
2006; 2012; Wiewall and Howie 2010). The comparatively
low frequency of locally made vessels in deposits consisting
exclusively of fragmented effigy censers, therefore, points
to a significant difference in the provenance patterns
associated with the censer deposits and other types of
pottery deposits at the site.

Non-local fabric types
Several fabric types can be linked geologically to raw
material resources (clayey soils and rock formations) that
occur in other geographic areas, most often at some
distance from Lamanai. These non-local fabrics are also
geologically incompatible with rock and clay resources that
occur in the immediate vicinity of the site, most often with
respect to several compositional attributes. The distinguish-
ing characteristics of the non-local fabric types are
presented in Table 2, along with their suggested
provenance associations and the geological criteria upon
which these judgments were based. As can be observed, the
non-local censer feet derive exclusively from manufactur-
ing areas situated within northern Belize and the Yucatan
Peninsula of Mexico. Geological linkages to production
localities situated within both coastal and inland areas are
indicated, and inland areas include: 1) the interior region
of northern Belize bordering and west of the New River
drainage system underlain by Eocene limestone; 2) areas
adjacent to the Caribbean coast to the east of Lamanai
where formations and deposits are characterised by a
prevalence of chert and chalcedony; 3) areas adjacent to
the coast in north-eastern northern Belize, underlain by
dolomite and dolomitic limestone; and, possibly, 4) interior
regions of Yucatan. The provenance of fabric types
tentatively linked to interior regions of Yucatan remains
to be confirmed through comparison with clay samples
from this area. Our attribution to this particular area is
based on geological similarities to fabrics that occur in
distinctive stylistic types of earlier time periods (e.g., slate
ware), which are known to have been manufactured in this
geographic area.

Several of the non-local fabric types are linked geologically
to coastal areas of north-eastern northern Belize and the
southern portion of Yucatan. This is suggested by the
presence either of fragments of fossiliferous limestone,
which occurs exclusively along the coast; carbonate sand,
as indicated by a prevalence of rounded to well-rounded
inclusions of microcrystalline calcite and calcite spar; or
both. Coastal fabrics comprise nearly half of the sample set,
occurring in 19 of the 43 feet that were analysed; seven
different fabric types were identified. Since each of these is
petrographically distinctive, we suggest that they represent
different and, quite possibly, geographically separated
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production localities within this broad geological coastal
zone. The majority of the coastal fabrics occur within two
specific types. One of these types, which was found to occur
in five of the feet, can be characterised as a clay containing
carbonate sand that was tempered with fossiliferous
limestone temper. The other type, represented by seven
samples, comprises a sandy clay tempered with sascab
which contains grains of dolomite. This fabric type also
contains fragments of fossiliferous limestone. Basic miner-
alogical differences between these two fabric types suggest
that they represent geographically separated production
localities within the coastal zone.

6. Conclusion
Based on the results of the stylistic and petrographic
analyses of censer feet at Lamanai, several statements can
be made regarding the questions posed at the beginning of
this paper.

Are Chen Mul style effigy censers grog tempered, as is
implied by ethnohistoric sources? The answer is ‘not
always’, and in fact only a minority of the censers at
Lamanai are grog tempered. Considering the high level
of compositional variation that exists within the censer
assemblage, it is significant that grog constitutes only one
of several temper types that were observed. Furthermore,
less than one quarter (N ¼ 9) of the feet were found to
contain grog. Clearly paste technologies and approaches
to paste-making varied to a greater extent among Post-
classic Maya potters than has been previously recog-
nised. Ethnohistoric descriptions of technical practices
deriving from specific situational contexts (e.g., a specific
community) must also be used with caution.

Where were the censers manufactured? The majority
(ca. 75%) were manufactured elsewhere. Clay and temper
constituents derived from multiple production localities
in different inland and coastal areas of northern Belize and
Yucatan. Comparatively few censers were manufactured
by potters working at Lamanai or in the surrounding area,
and the evidence suggests that potters who habitually
used different sets of raw material ingredients and who
also made other kinds of pottery made these vessels.
These findings are significant considering that Bishop et al.
(2006) found that the majority of Chen Mul system censers
at Champoton were manufactured locally. The obvious
implication is that patterns distinguished at one site
cannot be assumed to apply to other sites where censer
deposits occur. Differences in the activities associated with
censer deposition are a critical factor and represent an
important avenue of inquiry which needs to be followed in
future research.

What is the relationship between style and provenance?
The assemblage is characterised by a high level of stylistic
and compositional variation, with no significant differences
between the deposits of censers that were analysed. In
addition, stylistic differences cross-cut compositional
differences, so that there are no direct relationships
between stylistic characteristics and fabric types. This
evidence suggests that stylistic variation in the censer
assemblage does not relate to the preferences or
conventions of potters working within different manufac-
turing traditions or at different production localities. The
lack of correlation between style and composition could be

interpreted as reflecting a pan-regional sharing of certain
cultural conventions with regard to the rendering of figures
and their iconography (which could symbolise group
identity or represent historical, ancestral, or supernatural
figures), but with local variation in both production and
aspects of execution.

Our study has introduced new information on the Chen
Mul system of censers based on their occurrences at
Lamanai. One result is the emergence of a question which
we cannot answer based on the data at hand: Does the
presence of Chen Mul system censers at Lamanai reflect the
movement of pots, with some censers made in the vicinity
but many others imported? Or does the presence of Chen
Mul censers at Lamanai reflect the movement across the
landscape of pilgrims who brought their censers with
them? To discover whether the Lamanai contexts reflect
either pilgrimage or the widespread circulation of censers
through trade, market systems, or some mechanism of
exchange awaits a better understanding of the scale and
frequency of the ritual acts that led to the accumulation of
large deposits of censer fragments. We also need to know
how the patterns at Lamanai compare with the patterns
distinguished at other sites.
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Molding the ‘collapse’: Technological analysis of
the Terminal Classic molded-carved vases from
Altun Ha, Belize
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UCL Institute of Archaeology, London, United Kingdom, carmen.k.ting@gmail.com

Abstract - Technological analyses by visual examination, thin-section petrography, INAA and SEM-
EDS of an assemblage of elite serving vessels from the site of Altun Ha, Belize, provide important
data on technology and organization of production. According to the manner in which they were
decorated, these vessels are referred to in the literature as ‘molded-carved’, but prior research has
also shown that they share a distinctive iconographic program. Evidence so far indicates that they
constitute a ceramic tradition that is reflective of social and political changes that characterized the
Terminal Classic period in the Maya lowlands. The results of the technological analyses described
here combined with prior research on contexts, iconography and glyphic texts suggest that
alterations in political and social systems during the Terminal Classic stimulated changes not only
in the type of elite pottery being produced but also in the manufacturing technology and
concomitantly in the organization of production.

1. Introduction
Despite more than a century of excavations and research
conducted in the Maya Lowlands, the nature of the Classic
Maya collapse remains a source of speculation and debate
(Aimers 2007; Rice et al. 2004). What Mayanists call the
‘Maya collapse’ is the end of the Classic period, or the
Terminal Classic (A.D. 750-1050), in which drastic
changes in the sociopolitical order took place in the Maya
Lowlands. Among these changes were the disintegration of
divine kingship and the discontinuation of cultural traits
that had been widespread in the Southern Lowlands in
Classic times. One of the more noticeable changes that
takes place during the Terminal Classic period is the virtual
disappearance in the archaeological record of polychrome
vessels circulated by elites and their apparent replacement,
at least in some areas, by vases decorated by molding and
carving rather than by polychromatic painting (Aimers
2004, 80; Chase and Chase 2004, 343-345; Forsyth 2005,
11; Rice and Forsyth 2004; Smith 1955, 37-48; Willey et al.
1967, 311). The research described below comprises a
technological analysis of the molded-carved assemblage
from the site of Altun Ha, Belize. The aims are threefold: to
distinguish the potential production groups; to reconstruct
the manufacturing technology; and to characterize the
organization of production. Based on these data, we are
able not only to assess the impact of changes in the
sociopolitical order but also to piece together the kinds of

changes that occurred in the Maya Lowlands during the
Terminal Classic period.

2. Classification
Molded-carved vases, which occur in various forms and
iconographic designs, were widely distributed in the Maya
Lowlands during the Terminal Classic. All are considered
part of what is known as the Pabellon System, a loose but
useful category based on commonalities in decorative
technique and molded-carved execution but not on details
of design or pastes (Aimers 2009; Henderson and Agurcia
1987). At present, three types or traditions of molded-
carved vases have been named in the literature, although
the bases for the names are not the same in the three cases.
In only one type, Ahk’utu’ Molded-carved (Helmke and
Reents-Budet 2008), is the name based on a distinctive
iconographic program and dedicatory glyphic phrases
which indicate that the vases might be produced for a
single patron (Helmke and Reents-Budet 2008, 41-43).

Pabellon Molded-carved and Sahcaba Molded carved —
both originally described as ‘modeled-carved’ before the
evidence accumulated for the use of molds — were
established as ‘types’ in the assemblage from Uaxactun, a
site in the central Peten region of Guatemala (Smith 1955,
34, 43-45, 95, 192, 194, 195; Smith and Gifford 1966,
160, 162). Pabellon Molded-carved as a type is charac-
terized not only by a consistent set of iconographic imagery
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but also by a highly distinctive fine-orange paste
(see Helmke and Reents-Budet 2008, 37 for references,
e.g., Sabloff and Willey 1967; Smith 1958). The paste of
Sahcaba as described in the literature is neither fine nor
orange (Helmke and Reents-Budet 2008, 39) but its fabric
is distinctive enough to have been included by Smith and
Gifford (1966, 162) in the Teabo Ceramic Group as Puuc
Red Ware; indeed Sahcaba was originally described by
Smith as ‘Carved Ferruginous Ware’ (Smith 1955, Fig. 86),
which suggests a paste dark red in color. Sahcaba has been
identified at Caracol by Arlen Chase and Diane Chase, but
apparently only on the basis of the absence of fine paste
(Chase 1994, 173, 175, Figs. 13.11d and m; Chase and
Chase 2001, Figs. 16b and 16m). Thus far, no distinguish-
ing iconographic or glyphic characteristics have been
defined as particular to Sahcaba at Caracol that are not
shared by Ahk’utu’ (see Helmke and Reents-Budet 2008,
39). The Sahcaba example from Uaxactun, illustrated in
Smith (1955, Fig. 86 i,m,o), has a scene that appears to
depict interacting elite individuals in a style roughly
comparable to that of Pabellon and Ahk’utu’, but scene
details and the style of execution are different.

We have assigned the sherds analysed in this research to
the Ahk’utu’Molded-carved type as defined by Helmke and
Reents-Budet (2008). We base this assignment on the fact
that where moulded-carved decoration is preserved on
Altun Ha vessels, the iconographic program and/or the
glyphs can clearly be seen to fall within the Ahk’utu
tradition (Graham et al. 1980, 164-165, Figs. 7, 8; Helmke
and Reents-Budet 2008, Fig. 6). We emphasize nonetheless
that this attribution is provisional, owing to the possibility
that pastes of some of the sherds without decoration may
turn out to connect them with a different tradition.

At one level, owing to the fact that courtly scenes continued
to be represented on the molded-carved vase exteriors as
they were on polychrome vases, these vases can be seen to
be a continuation of the great Classic polychrome tradition.
Themolded-carved vases have been said, in fact, to take over
“at least some of the functions of the polychromes during the
Terminal Classic” (Forsyth 2005, 18). Nonetheless, although
the vase form and the presence of courtly scenes are
common features, the mode of execution changes from
painting to the use of gouge-incision. The appearance of the
molded-carved ceramic tradition therefore marks the
beginning of a new era in the Maya Lowlands, and the
period of transition remains little known.

3. Background
Previously known as ‘imitation Pabellon’ or described
as ‘modeled-carved’ (Graham et al. 1980, 164-165; Graham
1987, 79), the molded-carved vases from Altun Ha display a
characteristic cylindrical or barrel shape with either flat or
concave bases supported by hollow tripod oven-shaped feet.
Each tripod support is perforated and contains a ceramic
rattler (Fig. 1a). The ceramic pastes are tempered withwhite
inclusions that are visible to the naked eye. Vessel walls are
covered with a thin layer of slip that ranges from dark red to
light orange in color. Where the molded-carving design is in
evidence, the exterior surfaces of the vases are decorated
with three stacked horizontal moldings which frame the
primary glyphic text and the iconographic scenes (Fig. 1b).
Interpretation of the glyphic texts suggests that these vases
were manufactured for an elite woman named Lady Olom,

who lived during the first half of the ninth century in the
eastern Peten region (Helmke and Reents-Budet 2008,
41-43). Interestingly, the distribution of these molded-
carved vases is restricted to an area that stretches from the
eastern Peten lowlands of Guatemala to the Caribbean coast
of central Belize, where their presence is reported from
23 sites located along the Belize River and its tributaries. The
site of Altun Ha and the Marco Gonzalez site on Ambergris
Caye seem to be outliers, but their inclusion may reflect
interaction between the inland sites and the coast.

Some archaeologists propose that the molded-carved vases
were used in competitive feasting during the Terminal
Classic period, a time of intensive jockeying among Maya
elites for positions, power, and tribute rights (Helmke 2001;
LeCount 1999; 2005; Pohl and Pohl 1994, 140). Feasting
here not only refers to the sharing of an elaborately prepared
meal but also includes acts of giving and receiving prestige
goods, such as the molded-carved vases, which would have
served to symbolize and maintain social ties (Clark and
Blake 1994, 26-27; LeCount 2001). Within a local context,
the liberal distribution of gifts served the purpose of binding
leaders through indebtedness; on the regional level, gift
exchange aided the building of alliances (Brumfiel 1994,
10). The molded-carved vases, therefore, functioned as both
social and political currency. They served as symbols in
validating hierarchies, consolidating support, and amassing
tribute, but as a result they also encouraged the develop-
ment of factionalism during the Terminal Classic period in
the Maya Lowlands (Helmke 2001, 74-75).

4. Geological and archaeological settings
of Altun Ha
Altun Ha yielded one of largest molded-carved assem-
blages, with approximately 200 sherds. The site is situated
on the north-central coastal plain of Belize and was
excavated from 1964 to 1970 (Fig. 2) (Pendergast 1979,
1982, 1990). Altun Ha is underlain by flinty siliceous
Eocene and Miocene limestone, which serves as the parent
material for clay loam and sandy loam in some areas
(Pendergast 1979, 7; Wright et al. 1959, 77). The leaching
and eluviation of limestone leaves the topsoil mottled
black, yellow, and dull red color, with frequent flints.

Figure 1. An Ahk’utu’ molded-carved vase: a) vessel
profile; b) panel showing the iconographic design.
Illustration by Christophe Helmke and photograph by
Reents-Budet (Helmke and Reents-Budet 2008, 38-41).
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In fact, the presence of limestone as underlying bedrock
dominates the geology of Northern Belize which is
described as a low-lying shelf, as opposed to the
predominance of igneous (e.g. granite) and metamorphic
rocks (e.g. gneiss, shales) as underlying bedrock in the

mountainous southern region (Howie 2005, 120-135;
King et al. 1992, 26).

As a small but important, and in fact staggeringly wealthy,
urban centre in the central Maya Lowlands, Altun Ha had

Figure 2. Map of Belize showing the site of Altun Ha (Pendergast 1979, 6)
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a long history of development. Early occupation dates to
the Preclassic period, but the community reached its
pinnacle during the Late Classic. Like many sites in the
Southern Lowlands, Altun Ha experienced decline and
eventually was to “descend into the dust” (Pendergast
1992, 71) toward the end of the 9th century. Yet the process
of ‘collapse’ was unlikely to have been either sudden or
massive, as is evident in the considerable quantity of
Terminal Classic materials, including the molded-carved
vases, retrieved through excavation. The majority of the
molded-carved sherds were found in terminal occupation
debris of the vaulted masonry (Structures C-6, C-10,E-7,
E-14, E-44, E-51) and plazuela group residential structures
(Structures J-1, K-32, K-34). The C- and E-Group structures
are believed to have been residences of non-royal lineage
elites whereas the J- and K-Group structures may have been
the homes of extended families of the royal lineages.

5. Methods
A variety of archaeometric techniques, coupled with
systematic sampling and statistical methods were employed
to examine the molded-carved assemblage. Twenty-one
molded-carved sherds were chosen for analyses employing a
stratified sampling framework. The strata were created by
visual examination based on variations in color, texture or
‘feel’, size and frequency of tempering materials, and the
presence or absence of slip. Although the sherd abundances
are not equal across these sampling strata, the selection
procedure ensured a more balanced representation of paste
variability within the assemblage (Drennan 1996, 237-41;
Orton 2000, 26-30). Macroscopic examination of sherd
color with reference to the Munsell color system was also
useful in the preliminary assessment of firing conditions
(Rice 2005, 343-345; Shepard 1976, 107-113). With the
aid of a stereomicroscope, visual examination also helped
to determine the decorative forming and surface finishing
techniques.

Instrumental neutron activation analysis (INAA) was
chosen because it allows the detection of a large number
of elements, in particular trace elements, which are useful
in discriminating production-related compositional groups
with a high degree of precision and accuracy (Blackman
and Bishop 2007, 321; Glascock 1992, 12; Pollard et al.
2007, 132; Speakman and Glascock 2007, 180). The
samples were prepared according to the analytical protocols
of the Smithsonian Institution (Blackman and Bishop
2007); samples were then activated by the 20MW research
reactor housed at the National Institute of Standards
and Technology (NIST) Centre for Neutron Research. 29
elements were detected: Na, K, Ca, Sc, Cr, Fe, Co, Zn, As, Br,
Rb, Zr, Mo, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta,
Th, U and W. After experimentation with numerous
bivariate plots to identify those elements with clearest
grouping tendencies, 23 elements were selected and
processed statistically using hierarchical cluster and princi-
pal component analysis (PCA) (Baxter 2003; Bishop and
Neff 1989; Shennan 1997). These elements were those
named above except for Co, Mo, Sb, Hf, U and W. An
additional PCA was conducted on all minor and trace
elements (excluding Na, K, Ca, and Fe) which are useful in
discriminating the differences in the clay sources themselves.

Thin-section petrography was used to identify mineralogi-
cal constituents. This procedure helped in assigning sherds

to fabric groups in the absence of access to information
on raw material sources (Freestone 1991). Petrography is
particularly useful in this case because the predominance of
limestone as parent material in northern Belize, Yucatan
and Peten homogeneous the chemical composition of
disparate clay sources and thus increases the difficulty in
discriminating among local sources (Howie 2005, 128-136).
The application of thin-section petrography, therefore,
serves to confirm and even refine the compositional
groupings identified by INAA. The samples were studied by
using Whitbread’s ceramic thin-section descriptive system
(1995). Whitbread’s system allows the qualitative and
semi-quantitative analyses, and its focus on the textural
characteristics of the samples is useful in identifying
manufacturing technology. For instance, the shape and
orientation of voids are indicative of forming techniques
whereas the optical states and color of the clay matrix are
influenced by the general firing condition.

Scanning electron microscopy energy dispersive spec-
trometry (SEM-EDS) was chosen because this microanalyti-
cal technique allows the analysis of a specific spot or small
area on the sample by directing the electron beam precisely
on the area to be analyzed. High-resolution images can
also be produced with the use of the secondary electron
and backscattered electron detectors that are attached to
the system. In this way, the SEM-EDS enables detection of
the presence of a slip layer and the determination of slip
composition. Firing temperature can also be estimated by
focusing on the micromorphology (Maniatis and Tite 1981;
Tite and Maniatis 1975; Tite et al. 1982; Wolf 2002).
Analyses were conducted on polished cross sections using a
Hitachi S-3400N SEM with an Oxford Instruments EDS,
housed at the Wolfson Laboratories at the UCL Institute of
Archaeology. Each sample was analyzed at a fixed working
distance of 10 mm with the accelerating voltage set at
20kV. The process time of each analysis was set to 5 with
deadtime ranging from 26% to 34%. Calibration with
cobalt was conducted at the beginning and at regular
intervals throughout the analysis of each sample. The
results presented here are presented as stoichiometric
oxides and have been normalized to 100% to account for
sample porosity and small drifts in beam intensity.

6. Results

6.1. Compositional variability
Three chemically distinct groups were recognized and are
shown in the plot of the first three principal components
of the compositional data by INAA (Fig. 3; Table 1). These
three groups can also be recognized by plotting the first,
second and third components of the data of the minor and
trace elements only on the bivariate plot, which suggests
that the clay sources of these three groups are different.
Group 1 is the core group which comprises the majority
of the samples. These samples contain a significantly
high bulk calcium (Ca) concentration that ranges from
11.6% to 22.1%. Such high Ca concentration is clearly
caused by the addition of calcite as a tempering material,
as the ceramic matrices themselves, analyzed by SEM-EDS,
revealed relatively low CaO levels (Table 2). Thin-section
petrography shows that polycrystalline calcite inclusions
of medium- to fine-grained size predominate (Fig. 4a).
Monocrystalline and polycrystalline quartz inclusions
are common. Textural concentration features are also
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common. In termsof themicrostructure, planar voids,which
display a preferred orientation parallel to the margin, are
common in all samples. In terms of groundmass, all
samples exhibit fine matrices with poorly sorted inclusions.
The matrices are homogeneous throughout, varying from
light yellowish brown to brown under PPL, and from dark
brown to olive brown under XP, and are optically
moderately active to inactive. Thin layers of slip, which
appears to be red (2.5YR 5/8) in PPL and changes from dark
brown (7.5YR 3/4) to reddish yellow (7.5YR 7/8) upon
rotation in XP, can be identified in three samples.

Group 2 comprises only three samples, which contain bulk
Ca concentrations comparable to those in Group 1, with an
average of 17%. Group 2 is distinguished from Group 1 by

its relatively higher bulk concentrations of Fe, Cr, La, Nd
and Sm. Subtle variation between the two groups is also
noticeable under thin-section petrography. In particular,
although the mineralogy and groundmass of the samples
of the two groups are largely similar, the size and frequency
of inclusions vary (Fig. 4b). The polycrystalline calcite
inclusions of the samples in Group 2 are much coarser-
grained than those in the previous group. Textural
concentration features are more frequent, which explains
the higher Fe content because these concentrations are
rich in Fe as shown in the SEM-EDS data.

Group 3 consists of only two samples. This group is
completely different from the previous two groups in terms
of chemical composition and mineralogical constituents.
Bulk Ca concentrations are low and range from only 0.9%
to 4.5%, but the samples have higher bulk Na and K
concentrations. Thin-section petrography further confirms
that these samples belong to an entirely different fabric
group in which crystalline calcite is lacking. Instead, volcanic
ash is the predominant type of inclusion, recognizable in thin
section but also under the SEM due to their large and
abundant round pores (Fig. 4c & d). Polycrystalline and
monocrystalline quartz inclusions are common. Feldspar,
biotite, muscovite and chert are present but very rare. Only a
few textural concentration features are present. Planar voids
are common. All samples exhibit very fine matrices with
moderately to well-sorted inclusions. The matrices are
homogenous throughout and appear light brown to brown
under PPL to dark brown under XP, and are optically
inactive. A thin layer of slip, which appear to be yellowish
red (5YR 4/6) in PPL and brownish yellow (10YR 6/8) in
XP, can be identified in one sample.

6.2. Technological variability
Macroscopically, the samples of Group 1 and Group 2 share
similar physical attributes. The presence of a dark core in
most samples indicates that the vessels were fired in an
incomplete oxidizing atmosphere. The firing temperature
of the samples is estimated to have been below 800oC, as
evident in the presence of flaky structure of clay minerals in
the secondary electron images on SEM (Fig. 5a) (Maniatis
and Tite 1981; Tite and Maniatis 1975; Tite et al. 1982;

Figure 3. Scatterplot based on the principal component
analysis of the INAA data on the overall composition
(excluding Co, Mo, Sb, Hf, U and W) of the Ahk’utu’
samples from Altun Ha. Circles represent Group 1 samples,
diamonds represent Group 2 samples, and squares

represent Group 3 samples.

Table 1. Average chemical composition by INAA for the three groups of Ahk’utu’ vases from Altun Ha.

Group Na K Ca Sc Cr Fe Zn As Br Rb Zr Cs Ba La Ce Nd Sm Eu Tb Yb Lu Ta Th

1 Mean 588 5891 168500 11 52 24350 34 11 13 87 149 6 347 25 47 18 4 ,1 ,1 3 ,1 1 11

Max. 859 7460 221000 13 58 39700 47 17 23 118 261 8 457 33 64 32 6 ,1 ,1 3 ,1 2 13

Min. 344 3710 116000 9 41 20800 24 7 4 66 0 4 272 18 36 0 3 ,1 ,1 2 ,1 ,1 9

2 Mean 617 4060 176000 14 64 37333 73 16 6 66 55 4 357 55 75 54 12 2 2 6 ,1 ,1 11

Max. 671 4380 188000 14 66 38800 78 18 9 82 166 5 384 56 90 57 12 2 2 6 ,1 1 11

Min. 570 3850 165000 14 63 35800 70 15 5 51 0 4 318 54 58 49 11 2 1 6 ,1 ,1 11

3 Mean 13700 11500 27505 9 28 23850 73 9 7 123 187 6 595 24 52 21 4 ,1 ,1 2 ,1 ,1 15

Max. 14500 12600 45300 10 29 24300 80 11 10 167 216 8 700 28 62 25 5 ,1 ,1 3 ,1 1 18

Min. 12900 10400 9710 8 26 23400 67 6 4 80 157 4 489 21 42 16 3 ,1 ,1 2 ,1 ,1 11
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Wolf 2002). In contrast, signs of incomplete oxidation
are lacking in the samples of Group 3, which exhibit
homogeneous colour throughout the cross section with no
dark core; this suggests that the sherds are from vessels
fired in a relatively complete oxidizing atmosphere. Again,

the firing temperature of the samples cannot have been too
high judging from the flaky structure of the clay minerals
visible in the secondary electron images (Fig. 5b). The flaky
structure of clay minerals seems to be contradicting with
the observation of optical inactivity of the samples under

Table 2. Average composition by SEM-EDS for the ceramic matrices of the three groups of Ahk’utu’ vases from Altun Ha.
All figures are normalized to 100%.

Group Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 FeO

1 Average 0.2 0.4 26.7 60.9 0.3 1.6 3.8 1.0 5.0

Max. 0.4 0.7 35.0 66.4 0.6 2.1 5.2 1.2 6.7

Min. 0.1 0.2 22.9 51.1 0.1 1.1 2.8 0.6 3.7

2 Average 0.2 0.5 31.1 54.4 0.5 1.0 4.2 1.1 7.1

Max. 0.2 0.5 32.1 56.0 0.5 1.1 4.5 1.2 7.8

Min 0.1 0.4 29.1 53.1 0.5 0.9 3.7 1.0 6.4

3 Average 1.0 0.8 21.4 60.9 5.5 0.8 4.3 0.8 4.6

Max. 1.6 0.9 22.3 69.1 10.8 1.0 6.0 0.5 5.6

Min. 0.4 0.7 20.5 52.7 0.2 0.5 2.6 1.0 3.6

Figure 4. Photomicrographs of samples from a) Group 1; b) Group 2; and c) Group 3 under thin section petrography; and
d) the presence of volcanic ash in a backscattered electron image in the SEM. All thin-section photomicrographs were

taken at x40 in XP.
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petrography. One possible explanation is that the firing
atmosphere of the vessels from which these samples are
derived may have reached a high enough temperature to
initiate the process of vitrification, but the temperature at
which they were fired at was not high enough to effect
complete vitrification. It is also possible that the volcanic
ash temper may act locally as a flux, promoting vitrification
and then the overall hardness and homogeneity, but this
hypothesis requires further investigation.

Although, based on the appearance of the larger and better
preserved sherds, we believe that the exterior surfaces of
all molded-carved vases were once slipped, a slip layer was
preserved on only three samples from Group 1 and one
from Group 3. The slips on the samples from Group 1 were
applied before carving as evident in the absence of slip in
the troughs under the stereomicroscope, whereas the slip
on the sample from Group 3 was applied to the surface
after carving, as shown in the presence of slip remnants in
both the ridges and troughs of the carving lines. In all cases,
slip could be easily detected as a homogeneous layer, with
partially vitrified microstructure, attached to the surface
of the sherd in the backscattered electron images on the
SEM (Fig 5c & d). The slip layers do not exceed 20mm in
thickness. No apparent variations in brightness can be
distinguished between the slip layers and the rest of the
matrices in the backscattered electron images, a fact which

suggests that both slip and vessel body were made of clay of
similar composition. SEM-EDS analyses of the slips and their
associated matrices confirm that only slight variations in
composition exist between the two, although a general trend
of higher iron oxide (FeO) and relatively lower potassium
oxide (K2O) can be observed in the slip layers of three out of
four samples; such variation may be caused by the removal
of impurities from the clay during preparation of the slip.

7. Discussion

7.1. Discrimination of potential production
groups
The rationale behind the physiochemical analyses of
ceramic materials is that potters’ recipes for combination
of clay and non-plastic tempers are unique to these
production groups (Harry 2005; Reents-Budet et al. 1994;
Reents-Budet et al. 2000, 101; Rice 2009, 128). Therefore,
based on the results, we propose that the three distinct
compositional groups potentially represent three pro-
duction groups, each of which produced molded-carved
vases according to its own ceramic recipe. Group 1 vases
were tempered with a mixture of medium- and fine-grained
calcite; Group 2 vases were tempered with coarse-grained
calcite; and Group 3 vases were tempered with volcanic

Figure 5. Secondary electron images showing the flaky structure of a) a calcite-tempered sample from Group 1; and b) a
volcanic ash-tempered sample from Group 3. Backscattered electron images showing the slip layers (as indicated by

arrows) of samples from c) Group 1; and d) Group 3.
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ash. Although more detailed clay sampling is required to
determine the provenance of the production groups, the
mineralogy of the samples in Group 1 and 2 is consistent
with the local geology which is underlain by limestone,
thus suggesting that these two groups were local to the
area. On the other hand, the mineralogy of the samples in
Group 3 is consistent with the metamorphic and granitic
nature of the Maya Mountain, thus suggesting that Group 3
may have its origin in Maya Mountain area. Nevertheless,
the co-existence of three compositional groups within the
same assemblage from Altun Ha suggests the existence
of exchange mechanisms, either with regard to the pots
themselves or involving the materials used in manufacture.

7.2. Reconstruction of manufacturing technology
The manufacturing technology exhibited by the molded-
carved vases is largely the same across the three production
groups. Molding was the primary forming technique in
which the clay was pressed against concave molds. This
hypothesis is supported by the identification of planar voids
aligning with the margins of the thin sections at microscopic
level, as well as the recovery of concave ceramic molds and
matching sherds from the Terminal Classic site of Cerro
Palenque in Honduras (Lopiparo et al. 2005, 112).

For Groups 1 and 2, we suggest that thin layers of slip were
then applied to the exterior surface of the vessels, which
were dried to leather-hard before carving, as shown in the
presence of smooth beds and sharp margins along the
carving lines under the stereomicroscope in most samples.
Once the clay and the slip were dried, a plano-relief carving
method was used to produce a raised design, which created
a three-dimensional effect (Rice 2005, 146). This order of
slip application and carving was reversed in the case of
Group 3, with slip applied after plano-relief carving.

All groups reflect firing at temperatures below 800oC. The
Group 1 and 2 vases were fired in an incomplete oxidizing
atmosphere as indicated by the presence of dark core and
the moderately active matrix upon rotation in nearly all
thin sections. Group 3 vases are likely to have been fired in
an atmosphere that resulted in complete oxidation. Low
firing temperatures, varying degrees of oxidation and
uneven access to air suggest that the molded-carved vases

were fired in a non-kiln, open firing structure. Non-kiln
open firing method does not involve the construction of
permanent firing structure, thus making the identification
of the pottery production location or workshop in the Maya
areas more difficult (Rice 1997; Rye 1981, 96-98).

7.3. Characterization of the organization of
production
In the absence of archaeological evidence of production or
firing locales, the organization of production of the molded-
carved vases from Altun Ha can be assessed on the basis of
indirect evidence as proposed by Costin (1991). Costin’s
parameters include standardization, skill and efficiency.

Standardization refers to “the relative degree of homogen-
eity or reduction in variability in the characteristics of the
pottery” (Rice 1991, 268), and is measured on the basis of
the compositional and technological variability in this
study. Judging from the distance of coefficient between
samples on the dendrogram of INAA data by agglomerative
hierarchical analysis (Fig. 6), Group 3 is obviously
separated from the other two groups whereas the
difference between Group 1 and 2, noticeable in the
chemistry but also in the petrographic structure, is
sufficient enough to suggest the involvement of different
production groups. The small size of Groups 2 and 3 makes
it difficult to make any reliable assessment of the internal
fabric standardization. For Group 3 in particular (the ash-
tempered ware), there is a significant chemical difference
between the two samples, perhaps suggesting that they
represent different subfabrics. However, it should be noted
that SEM-EDS of one of these sherds showed unusually
high P2O5 contents (around 10%); given that this oxide is
easily subject to post-depositional alteration, the divergent
chemistries between these two sherds may just reflect
different degrees of contamination.

It is worth highlighting that, in spite of the technical
differences noted between the three groups (in temper,
order of slipping/carving, and firing regime), they all
broadly conform to the same technology in manufacturing;
thus resulting in similar style of the end-products. These
similarities indicate that some technological information
may have been shared by all producers, but more
importantly, they also suggest that all potting groups
aimed to manufacture pottery that would be recognized by
consumers over a broad area on the basis of color, shape,
and pictorial representation. Consumer demands can
therefore be seen to have influenced what could be said
to be the ‘type’ of the vessel. The co-existence of three
production groups reflects, however, localized community
traditions of resource use and manufacture.

Turning to the other two parameters to characterize the
organization of production, skill and efficiency, these are
influenced by the political, economic and social conditions
under which production is organized, and remain even
harder to access archaeologically (Costin 1991; Costin and
Hagstrum 1995, 622-623). It is generally assumed that the
levels of skill and efficiency are positively correlated with
degree of craft specialization, with the exception of objects
that have significant social or political value in which
case extra energy, time and resources are required in their
production. Although archaeological evidence suggests
that the molded-carved vases had significant social and

Figure 6. Dendrogram showing the presence of three
separate groups by using a hierarchical agglomerative
cluster analysis on the Ahk’utu’ samples from Altun Ha,

Ward’s method and squared Euclidean distance.
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political value, they were efficiently produced as evidenced
by the use of molds. The use of molds in the manufacture of
the Ahk’utu’ vases has the advantage of producing
standardized products (at least in terms of their physical
appearance) efficiently; reducing the level of skills
required; and thus reducing the risk and cost involved
(Arnold 1999). The apparent discrepancy between the
value of goods and the costs involved in their production
can perhaps be explained by political developments in the
Maya Lowlands during the Terminal Classic. We believe
that competing elites required the efficient production of
molded-carved vases as political and social currency to
build alliances and legitimize their precarious positions
during the relative political instability and reorganization
characteristic of Terminal Classic times.

Based on the above information, and with reference to the
eight-part typology of craft specialization created by Costin
(1991), we propose that the production of the molded-
carved vases from Altun Ha was organised as dispersed
corvée, which entailed the involvement of part-time labor
producing for elite or government institutions within a
household or community setting.

8. Conclusion
The results of this study in conjunction with earlier research
on molded-carved vases, cited above, suggest that these
vases were circulated among elites who were responding to
changes in the sociopolitical order during the Terminal
Classic period (Graham 1985, 227-228). Change was
clearly occurring both in the kinds of elite pottery being
produced and in methods of manufacture. Like in the
Classic period, consumer demand could be satisfied
regionally or inter-regionally depending on the type or
style of vase desired, a fact that suggests continued lowland
integration at the elite level (Chase and Chase 2005, 88).
Unlike the Classic period, however, the Terminal Classic
saw the disappearance of polychrome vases and their
replacement by the molded-carved vases.

As in the Classic period, there was a wide range of groups
producing pottery in the Terminal Classic throughout the
lowlands (Rice 1987, 79-80), but the case of the Ahk’utu’
vases as reflected in the Altun Ha samples demonstrates
greater variety in local production. One possible explanation
is that elites throughout the Southern Lowlands continued
to share a value structure but there existed greater flexibility
and fluidity in the way the material that reinforced this
structure could be produced.With regard to social hierarchy,
this situation may reflect a lower pyramid in which more
individuals had access to means of accumulating status and
wealth than had existed in Classic times. Helmke and
Reents-Budet (2008, 47) suggest that molded-carved special
service wares were not associated with the highest royal
segment of Maya society. They propose that what wemay be
seeing is a restructuring of social negotiations from
paramount royalty during the Late Classic to lesser nobles
during Terminal Classic times (Helmke and Reents-Budet
2008, 47; see also Graham 1985, 228). With regard to the
distribution zone of Ahk’utu’ vases in particular, they suggest
that this reflects the spatial extent of a particular Terminal
Classic social network. We concur but add that the social
network may have had an economic basis, in which case it
may also map out tribute relationships.

Although further analyses of a greater number of vessels
are essential, our results nonetheless show clearly the
distinctive contribution that can be made from techno-
logical studies. From a study of style, iconography and
epigraphy, Helmke and Reents-Budet (2008) were able to
distinguish the limits of an area encompassing the eastern
Peten and parts of Belize in which the vessels with the
Ahk’utu’ scene and reference to a particular patron
occurred. This commonality might at first suggest the
existence of a single production source. The Altun Ha
technological evidence alone, however, indicates that the
efforts of different production groups were marshalled to
produce such vessels, which in turn suggests that the
relationship between consumers (elites) and producers was
different from the Classic period when polychromes were
circulated and producers are believed to have been
attached to elite households. We might even ask if molds
were traded to stimulate production over a wide area in
response to elite demands. As analysis proceeds, we hope to
have answers to such questions, and to shed more light on
the dynamics of the changing relationships of the period of
‘collapse’ and the Classic to Postclassic transition.
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Abstract - Romita Ware is a unique ceramic found in Colonial archaeological contexts throughout
Mexico. The ceramic features a white slip and a very thin transparent lead-silica glazed outer
coating on top. The characterisation of the technological choices adopted in the production of
Romita ware is assessed by means of scanning electron microscopy.

1. Introduction
Romita Ware, also known as Indígena ware or Loza
Indígena, has been considered by many scholars to be an
indigenous imitation of Spanish tin glazed ceramics in
colonial Mexico. The pottery is found in abundance in
colonial contexts in Mexico City, and, as such, it has
interested scholars for decades (Lister and Lister 1982).
Because this ware is believed to be most likely an
indigenous imitation of European tableware, it is con-
sidered important in the study of technological change in
colonial situations, the adoption of European aesthetics
among indigenous people, and competition between
colonisers and indigenous people in the colonial market.

In an effort to identify the origin of this ware, scholars have
variously assigned it to Italy (Lister and Lister 1976),
Mexico (Lister and Lister 1982, 1987; Maggetti et al. 1984;
Fournier et al. 2007; Iñañez et al. 2010), and Spain
(Rodríguez-Alegría 2002; Rodríguez-Alegría et al. 2003).

Romita ware is an earthenware covered with a white
glazed coating, found in many typological forms, such as
porringers with leaf-shaped handles, compound-silhouette
plates, bowls, and other forms similar to those of European
and Mexican majolica. Lister and Lister (1976) named the
two main variants of this ware after Rome: Romita Plain for
the undecorated variant, and Romita Sgrafitto for the
decorated variant, since they first believed that the origin of
this ceramic had to be sought in Italy (Lister and Lister
1976). Romita Sgrafitto has decoration outlined probably
by carving through the white slip to expose the red colour
of the paste, and then filling the areas of the glaze with
green and orange pigments, giving the ware its character-
istic bright colours. Decorations visible on the Romita
Sgraffito vessels include characteristic decorative elements

that may derive from pre-Hispanic indigenous traditions,
such as corn or eagles, as well as others more similar to the
European Renaissance style, including wavy valances,
spirals, and circular motifs (for further discussion of the
decorations and images of these ceramics, see Lister and
Lister 1982; Rodríguez-Alegría 2002; Rodríguez-Alegría
et al. 2003; Fournier et al. 2007; Iñañez et al. 2010).

Archaeological and historic evidence suggest a prolonged
period of production and consumption for these ceramics
that would have begun in the 16th century and continued
until the middle or even the end of the 17th century
(Fournier et al. 2007). The geographical distribution of
these ceramics is not restricted to Mexico City, where Lister
and Lister found mostly the plain variant (Lister and Lister
1982). This ware shows a wide distribution throughout
central and northern Mexico and the southern United
States, especially of the Sgraffito variant (see Fournier et al.
2007, and references therein).

2. Archaeometric background
An archaeometric study conducted by Maggetti et al.
(1984) provided the first chemical and petrographic
analyses of the ceramic pastes of Romita ware. Although
limited in the number of samples, this research concluded
that the petrography exhibited by these samples was
compatible with a volcanic geology contrasting with the
most common sedimentary tempers used in Spanish
majolica, and suggesting that the production area could
be a location outside the Valley of Mexico (Maggetti et al.
1984) (Fig. 1). More recently, Rodríguez-Alegría con-
ducted a stylistic analysis and a chemical characterisation
study of the ceramics from the Metropolitan Cathedral in
Mexico City and concluded that it was a European import
(Rodríguez-Alegría 2002; Rodríguez-Alegría et al. 2003).
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The chemical composition of the 94 Romita Ware sherds
that were analysed by INAA did not match the composition
of more than 4,000 samples from Mesoamerica that had
been analysed at the Research Reactor of the University of
Missouri (MURR). However, Rodríguez-Alegría's study also
failed to match the composition of Romita Ware to any
European ceramics that had been previously analysed by
INAA; nevertheless, the aesthetic features of this ware led
him to the conclusion that it had to be European, most
likely from Spain. More recently, Fournier et al. (2007)
carried out an INAA study that included numerous Romita
Ware specimens from the Michoacán region, not only
archaeological, but also from ethnographic contexts. The
authors concluded that the Romita Ware chemical
fingerprint identified by INAA suggested the existence of
two different groups, very similar in their chemical
composition, that were likely produced in the Pátzcuaro
Basin area (Fournier et al. 2007). Additionally, the
statistical reassessment of the Romita Ware INAA data
and the comparison with the fingerprint of the main
majolica and glazed ware manufactured in the Iberian
Peninsula and Western Mediterranean during the colonial
period allows ruling out such a provenance (see Fig. 2).
Lastly, Iñañez et al. (2010) provided the last piece of
evidence supporting the hypothesis of a Mexican origin for
Romita Ware ceramics after assessing the provenance of
the lead sources employed for their glazed coats, following

a study of their glazed coatings by Lead Isotope Analysis
(LIA). This study confirmed that multiple lead ore sources
were exploited in relation to the manufacturing of this
ware, all exclusively located within the borders of present-
day Mexico. Therefore, after a consideration of all the
archaeometric evidence available to date from both INAA
and LIA, we can conclusively argue that Romita pottery is a
Mexican ware that was likely produced at multiple sites in
the Michoacán area.

In the present paper, we bring together evidence pertaining
to the chemical composition and the technological features
of these ceramics as assessed by SEM-EDS, in order to
address a previously unexplored aspect of Romita Ware: the
interesting characterisation of the glazing technology of this
ceramic. Revealing the technological characteristics of
Romita Ware is of paramount importance for assessing the
degree of technological ‘influence’ of European potting
traditions to indigenous societies during the first periods of
contact. Surely, as identified in the studies of other aspects of
life under contact situations in other regions and by other
populations, from food to social relationships, the struggles,
dominations, and cultural influences occurring during these
contacts resulted in many new expressions that agglutinated
to various extents cultural and technological influences from
the different agents that took part in them (e.g., Deagan
1996; Ortiz 2002 [1940]; Armstrong and Hauser 2009).

Figure 1. Map showing the main locations mentioned in the text and purportedly the Romita Ware production area,
represented by a dashed-lined circle.

Iñañez
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Along these lines, indigenous pottery production also seems
to have been affected by these transculturation processes,
since, according to the current archaeological knowledge,
these pots probably began to be produced around the mid-
16th century in West Mexico. Therefore, the Spanish
colonisation of this area may have represented an important
cultural and technological influence, which might be
traceable by analytical means.

3. Analytical methodology
Chemical analyses of RomitaWare and Spanishmajolica and
utilitarian ware ceramic pastes were conducted by neutron
activation analysis (NAA) at the Archaeometry Laboratory
of the University of Missouri Research Reactor (MURR)1.
Exterior surfaces of the ceramics weremechanically removed
using a silicon-carbide abrader to remove slip, glaze, and
other surface contamination. Samples were then ground and
homogenised in agate mortars or using an automatic mill
with a tungsten carbide cell, and the resulting powdered
material was transferred to into glass vials. Prior toweighing,
the powdered pottery samples were oven-dried at 100 °C for
at least 24 h. Approximately 150mg of samplewereweighed
in small polyvials used for short irradiations. At the same
time, 200 mg of each sample were weighed into high-purity
quartz vials used for long irradiations. Alongwith the ceramic
samples, reference standards of SRM-1633a (coal fly) and
SRM-688 (basalt rock) were prepared, as well as quality

Figure 2. Dendrogram resulting from the cluster analysis of INAA data of the ceramics from the main majolica and glazed
ware production centres in the Iberian Peninsula and Western Mediterranean compared to the Romita Ware ceramics
using square Euclidian distance and the centroid algorithm on the sub-composition: La, Lu, Nd, Sm, U, Yb, Ce, Cr, Cs, Eu,
Fe, Hf, Sc, Ta, Tb, Th, Zn, Zr, Al, Ca, Dy, Mn, Ti, and V, after central log-ratio transformation. Dashed area represents the

group formed by Romita Ware.

Table 1. Average, standard deviations, and range
concentrations for SEM-EDS data obtained for the glazes
and slips of the Romita Ware ceramics.

wt%

Average St.dev. Average St.dev.

Glaze Slip

Na2O 0.6 0.3 1.3 0.6

MgO 0.2–1.0 0.5 0.3

Al2O3 9.9 4.4 36.8 7.4

SiO2 31.6 5.2 52.2 5.6

PbO 56.0 8.6 0.0–7.9

K2O 0.0–0.6 0.8 0.4

CaO 0.1–0.9 0.1–4.0

Fe2O3 0.0–5.1 4.4 2.7

TiO2 0.4 0.2 1.2 0.2

SnO2 0.0–0.8 0.0–0.4
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control samples of SRM-278 (obsidian rock) and Ohio Red
Clay. At MURR, the NAA of pottery consists of two
irradiations and a total of three gamma counts. Short
irradiations involve a pair of samples being transported
through a pneumatic tube system into the reactor core for a 5
s neutron irradiation using a thermal flux of 8x1013 n cm−2

s−1. After 25min of decay, the samples are counted for 720 s
using a high-resolution germanium detector. This count
yields data for nine short-life elements: Al, Ba, Ca, Dy, K, Mn,
Na, Ti, and V. For the long irradiation, bundles of 50 or 100 of
the encapsulated quartz vials are irradiated for 24 h at a flux
of 5x1013 n cm−2 s−1. Following the long irradiation, samples
decay for sevendays, and thenare counted for 1800 s (known
as ‘middle count’) on a high-resolution germanium detector
coupled to an automatic sample changer. This middle count
yields determination of seven medium half-life elements: As,
La, Lu, Nd, Sm, U, and Yb. After an additional two-week
decay, a second count for 9000 s is carried out on each
sample. This final measurement allows quantification of 17
long-life elements: Ce, Co, Cr, Cs, Eu, Fe,Hf, Ni, Rb, Sb, Sc, Sr,
Ta, Tb, Th, Zn and Zr (for a detailed discussion of the
analytical conditions, see Glascock et al. 2007).

Scanning electron microscopy (SEM) with energy disper-
sive spectroscopy (EDS) was conducted on a subset of 10
Romita Ware ceramics. Samples were cross-sectioned using
a Buehler Isomet slow speed saw before casting and
embedding them in epoxy resin. Metallographic polishing
was conducted using diamond paste and alumina in

different steps in order to achieve an optimal specular
surface for SEM microanalysis. After each polishing step,
specimens were sonicated in distilled water baths for 30 s in
order to remove any adhering polishing compound.
Polished specimens were subsequently mounted on
aluminum stubs and carbon coated for SEM examination.
SEM examinations were conducted at the Conservation
Institute of the Smithsonian Museum using a Hitachi S-
3700N variable pressure SEM and Bruker EDS. Chemical
microanalyses were acquired for 200 live seconds in areas
of interest (ca. 50 mm or larger at 500x magnification). The
operational conditions were kept at an optimal working
distance for microanalyses of 10 mm, and an acceleration
voltage of 20 kV under full vacuum.

4. Results and discussion
The characterisation of the glazing technology is of great
importance for the study of Romita Ware, in order to assess
technological features that this pottery may or may not
share with European majolica. Therefore, SEM-EDS
examinations appear crucial to understanding the materials
and technical traditions that potters used to manufacture
Romita Ware ceramics.

SEM-EDS examinations reveal the nature of the technology
employed by ancient Mexican potters for achieving a
certain degree of opacification in Romita Ware glazes. The
purpose of opacifying the intrinsically transparent lead

Figure 3. Extended Depth of Field (EDF) microphotography of a Romita Ware ceramic sample.

Iñañez
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glaze is to achieve a white ‘canvas’ where chromatic
decoration could be subsequently applied, and also to block
the colour of the paste. This latter aspect is of high
significance, since it may introduce an undesired darker
coloration in the glaze. Tin is typically the agent used in
European majolica for achieving opaque glaze coatings,
given that it recrystallises in the vitreous matrix of the glaze
during firing, forming small-size cassiterite crystals, SnO2,
which increase the dispersion and scattering of incident
light in the glaze. Therefore, the glaze acquires its desired
characteristic white colour (for further discussion, see Tite
et al. 1998; Vendrell et al. 2000; Iñañez 2007, and
references therein). In contrast to European majolica
technology, Romita Ware does not have SnO2 in the glaze
(Table 1). Instead, opacification in Romita Ware ceramics
was achieved by the use of a white mineral or clay slip that
was applied to the external surfaces of the ceramic, which
was subsequently covered by a transparent thin lead glaze
layer (Figs. 3 and 4). SEM examinations corroborate the
existence of two different layers of material applied on top
of the ceramic matrix. In Figure 4, the layer immediately
above the clay matrix can be identified as the white slip
from the previous photograph, due to its different textural
characteristics. The thickness of the Romita white slip

varied slightly from one sample to another and also
depending on the area of the pot that was analysed.
Accordingly, the slip was estimated to range from 100 to
150 mm, although slightly thicker and thinner slips were
also found (up to 200 mm and as thin as 50 mm). On top of
the white slip layer, a very thin and transparent lead glaze
layer was observed (ranging from 5 to 25 mm). This thin
lead glaze layer showed no apparent inclusions or crystals,
which may have affected its visual transparency (Fig. 4).

The chemical composition of the slip and glazes provides
some insights into the features of Romita Ware ceramics. In
Figure 5, chemical data acquired by SEM-EDS are plotted
using the most relevant analytes as axes: Al2O3, SiO2, PbO.
As such, it becomes possible to identify the chemical
composition of the white slip and glazes, which are clearly
identified as separate entities. In this case, the white slip
wasmadeoutof a rich siliceousandaluminamatrix (Table1).
Unfortunately, the current state of the investigations does
not allow identifying the nature of this compound, and
future studies will appropriately address this question.
Additionally, the glaze coating of Romita Ware is mainly
composed of lead (> 50 wt%) and silica (around 30 wt%)
(Table 1). Therefore, and also taking into consideration the
low amounts of Na2O and K2O (< 1 wt% or absent), it
should be considered a high lead glaze (Tite et al. 1998).
This last consideration can be directly related to the
Spanish majolica glazing technology tradition, which
overwhelmingly used high lead glazes for coatings during
the early and late Renaissance (Iñañez 2007). Finally, as
mentioned above, tin is not present in either the white slip
or the transparent lead glaze coat.

When compared to a true majolica, Romita Ware lacks most
of the technological features that are characteristic of
majolica ceramics. Thus, the opacification is not achieved
by the use of tin in the glaze mixture, but taking advantage
of the use of a clay-like slip dominated by silica and
alumina. Furthermore, the thickness of the glaze is
unequivocally different. On the one hand, the glaze of
Romita Ware consists of a very thin transparent layer, with
no apparent inclusions. In contrast (Fig. 4), majolica glaze
consists of a thick opaque layer, whose opacity is achieved
by the use of tin oxides, usually ranging from 200 to 500 mm
in thickness, and often presenting different inclusions, such
as quartz and feldspar grains. Finally, while the majority of
the majolica bodies are consistent with calcareous pastes,
with lime content usually ranging between 15 and 25 wt%
(Iñañez 2007; Tite 2009), Romita bodies were manufac-
tured from non-calcareous clays, with lime contents around
1 wt%, according to the NAA data (Rodríguez-Alegría
2002). Therefore, the coloration of Romita pastes is dark
reddish or brownish, likely due to the presence of hematite
(Fe2O3), contrasting with the buff light coloured pastes of
Spanish majolica (Iñañez et al. 2008), in which the process
of incorporation of iron oxides into calcium iron silicates
has already been established (Molera et al. 1998).

5. Conclusion
As presented in other studies (see Fournier et al. 2007; Iñañez
et al. 2010), chemical data from INAA of the ceramic pastes
demonstrates a New World origin for Romita Ware ceramics,
with theMichoacán region (Mexico) being the likelyproduction
locale. Moreover, these results allow us to unequivocally rule
out a Spanish provenance for these ceramics.

Figure 4. (upper) SEM-BS microphotograph of a Romita
ware ceramic, featuring the glaze layer (in bright white),
the white slip, and the clay matrix; (lower) SEM-BS
microphotography of a majolica sample from Seville,
featuring the opaque glaze layer and inclusions, as well as

part of the clay matrix.
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The present study represents the first attempt to
characterise the glazing technology of the Romita Ware
ceramics. Its results indicate that Romita Ware shows a very
characteristic technological choice, i.e., the use of white
slips under a thin transparent lead glaze layer. A
relationship between these ceramics and products of
European manufacture, majolica in this case, clearly exists.
The similarities between Romita and majolica ceramics
relate primarily to the external appearance of the vessels;
Romita artefacts clearly resemble some of the forms and
shiny metallic surfaces that are characteristic of Spanish
majolica. However, the technological choices of the
craftsmen who produced the Romita pottery were
substantially different from Spanish majolica producers.
Thus, the choice of non-calcareous clays, as well as the use
of slip for achieving white opacification, can be seen as a
continuation of traditional potting traditions as well as of
constraints on the availability of local clays and other
materials (e.g., tin), although in an effort to imitate the
new products brought by Europeans colonisers. Therefore,
Romita Ware ceramics can be interpreted as the successful
combination of two different technological traditions that,
as a consequence of acculturation processes, resulted in the
emergence of a new pottery technology.

Note
1. For additional information see Rodríguez-Alegría

(2002); data is published on-line at http://archaeom
etry.missouri.edu/datasets/datasets.html.
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Pottery production in Santa Ponsa (Majorca, Spain)
from the Late Bronze Age to the Late Iron Age
(1100–50 BC): Ceramics, technology and society
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ArqueoUIB Research Group, University of the Balearic Islands, Spain, d.albero@uib.es

Abstract - The present paper represents a study of hand-made ceramics from different Late Bronze
Age to Late Iron Age (1100–50 BC) archaeological sites located in Majorca (Spain), combining
petrography, X-ray powder diffraction, X-ray fluorescence, and scanning electron microscopy. The
analysis of the ceramic samples focused on the establishment of specific chaînes opératoires. As such,
this analysis represents a useful tool for assessing different technological traditions of pottery
production throughout prehistory. This theoretical and methodological approach, in agreement
with the historical context, has permitted the interpretation of significant social and technical
practices related to pottery production. As the data suggest, the preparation of pottery pastes
underwent great changes during the periods under consideration, and especially between the
sherds from the different archaeological sites studied. The changes may have occurred in response
to new dynamics in the social organisation of pottery production, knowledge transmission systems,
and learning contexts in the investigated area.

1. Introduction
For the purposes of the present paper, we have undertaken
a macroscopic and archaeometric study of 87 prehistoric
hand-made ceramics samples from Santa Ponsa (southwest
Majorca, Spain). The archaeological sites from which these
samples were collected are located in a territory of 3500 ha
with a topography marked by the contrast between the
mountains and other flatter areas (Fig. 1). The hills are
composed of Triassic and Jurassic materials, mainly
limestone and dolomite, with marl as well. The rest of
the territory is relatively flat, with broad valleys filled by a
wide range of sedimentary calcareous clay deposits that
cover Cretaceous, Tertiary, Pleistocene, and Holocene
terrains, and small hills, with Mesozoic materials surfacing
occasionally.The coastline consists of calcareous materials.
The geological diversity of the clay resources in the area
corresponds to specific sedimentary depositional environ-
ments, with characteristic qualities, compositions, and
plasticity (Albero Santacreu and García Rosselló 2010).

We selected 50 samples from Tower I and Tower III of the
prehistoric fortified site of Puig de Sa Morisca (SM), located
on a hill in the Santa Ponsa area (Guerrero Ayuso et al.
2002). Potsherds from the Late Bronze Age (LBA) (1120–
920 cal BC, KIA- 33825), Early Iron Age (EIA) (750–400 cal
BC, KIA- 33609), Late Iron Age II (LIA2) (2nd−1st century
BC), and primarily the Late Iron Age I (LIA1) (410–350 cal

BC, KIA- 33826) were selected from this location (Table 1).
In addition, 37 potsherds from the Turo de les Abelles (TSB)
site were selected (Table 1). This archaeological site is
located 1 km north of Puig de Sa Morisca, and the wheel-
shaped ceramic materials found at TSB suggest that the site
was occupied in the Late Iron Age II, between 250–75 BC
(Camps and Vallespir 1998).

The objective of the sampling strategy was to compare
ceramic technologies identified as corresponding to
different time periods or sites, but that were developed or
used in the same hinterland. The goal of using this
procedure was to answer the following questions: 1) What
changes occurred in ceramic technology in the Santa Ponsa
area during prehistory? 2) Is there any connection between
the pottery found in Turo de les Abelles and the pots
obtained from Puig de Sa Morisca? 3) Can the features
observed in the pots be related to social dynamics involved
in the organisation of production?

2. Methods
We carried out X-ray powder diffraction (XRPD) studies
on all potsherds. Measurements were performed with
a Siemens D5000 diffractometer using Cu Ka radiation
(=1.5405Å) and a monochromator gonium in the
diffracted beam (at 45 kV and 40 mA). Spectra were
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taken in the interval 3–70° 2u at a rate of 3 s per step. We
also used the X-powder software to evaluate the crystalline
phases according to the intensity tables found in the data
bank from the Joint Committee of Powder Diffraction
Standards (JCPDS 2003). The semi-quantification of
phases was achieved using the normalised Reference
Intensity Ratios method (Martín 2004).

The exploration of the chemical composition of 87 pottery
samples was carried out by X-ray fluorescence (XRF).
Samples were prepared by pulverisation and furnace-
drying at 80°C for 4 h, and pressed pills were made using
1.5 g of the powder. The analysis was performed in an

X-ray spectrometer Philips MagiX Pro-PW2400, while the
qualitative analysis was carried out using the SuperQ
software. The measurement of the dust sample was
conducted in a helium atmosphere supported in a polyester
film (Mylar®). The semi-quantification of the samples
was normalised to 100% and achieved using the IQ þ
software.

We used thin sections of 36 of the potsherds for optically-
based mineralogical and textural studies. The amount
of each compound in each section was established using
comparative charts (Matthew et al. 1991). The optical
examination was performed using petrographic micro-

Figure 1. Geographic location of the studied area within the island and simplified geological map of the studied area
showing the location of the two archaeological sites (source: Conselleria de Medi Ambient, Govern de les Illes Balears).
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scopes Leica DM-RX and Olympus BX 60, which
incorporate colour filters and micrometers. The lenses
used varied from 16x to 400x. Photomicrographs of the
samples were taken with a Leica DC500 digital camera.

Finally, some images of paste microstructures and
elemental analysis of specific inclusions and slips were
taken of the thin sectioned pottery and sherds with a
Hitachi S-3400-N scanning electron microscope equipped
with a liquid-nitrogen-cooled detector system Brooker RX-
EDS using 15 Kv of tension. In addition, a Jeol Jsm-840
scanning electron microscope with 25 Kv of tension was
used in the examination of some samples. For analysis via
the latter instrument, the sample was adhered to the
microscope slide with colloidal silver and covered with a
carbon film in a high vacuum atmosphere.

3. Results

3.1. Ceramics
The mineralogical composition of pottery samples, as
detected by XRPD, did not show any qualitative difference
in major peaks between different sites or periods. Most of
the analysed samples were characterised by the presence
of peaks of illite-muscovite, quartz, calcite, and some traces
of feldspars. These are also the main minerals present in all
the clay soils analysed in the area (Albero Santacreu and
García Rosselló 2010). No high-temperature minerals, such
as gehlenite or anorthite, appeared in the diffraction data.
Despite one sample (TSB-6/65) presentingmontmorillonite
(15Å) and others (TSB-6/61, SM-426) showing the
presence of dolomite (2.88Å), the diffractograms vary
primarily in the peak intensities of quartz and calcite.

Preliminary statistical explorations of chemical data com-
bined with petrological observations of ceramic samples
showed clear differences between the pots of the two
archaeological sites. Evident groupings depending on the
amount of CaO, Fe2O3, TiO2, and Zr were easily identified in
dispersion plots. A strong correlation was found between the
amount of Fe2O3 and TiO2 (r Pearson=0.839), Zr and TiO2
(r Pearson=0.804), and Zr with Fe2O3 (r Pearson=0.735).
These oxides have been revealed to be very helpful for
establishing distinctions in the ceramic record. In addition,
the petrological data appears to correlate well with the
chemical differences detected by XRF (Fig. 2). We were
therefore able to divide most of the pots into four main
groups, while some pots from each site were considered as
outliers and did not fall into any of these groups. Although
scarcely represented, these loners, mainly from the Late
Iron Age, indicate the use of different recipes or provenance:
e.g., Petro-fabric 5 (Grog tempered), Petro-fabric 6
(Calcareousmatrix without temper), Petro-fabric 7 (Breccias
temper), Petro-fabric 8 (Clay mixing þ calcareous rocks),
Petro-fabric 9 (Calcareous very low fired), Petro-fabric 10
(Groundmass with ferruginous veins), Petro-fabric 12 (Clay
mixing þ crushed calcite).

(a) Puig de Sa Morisca (SM)
All the analysed samples from SM were low in

Fe2O3 (<7.5%), TiO2 (<2%), and Zr (<250 ppm),
and grouped together well on the plots. The sherds
from this location also show high and widespread
levels of CaO (25–55%). This group is characterised
by a very rich and optically active clay matrix withTa
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less than a 10% composition of poorly sorted,
micritic, anhedral calciumudstone up to 1400 mm
in length. All of the samples of this group presented
a very low content of sub-rounded and rounded
mono-crystalline quartz, consistently less than 5%
and small in size (<350 mm); polycrystalline quartz
is rare. We have identified accessory inclusions
(<3%) of K feldspar, small muscovite flakes (<100
mm), and pure to amorphous iron nodules (up to
1500 mm in length). These data, along with
observations on some clay pellets found in the clay
matrix, suggest the utilisation of highly plastic clays
with some limes and very fine sands for vessel

construction. We observed molluscs and foramini-
fera, mainly planktonic, in several pots of this group
(Fig. 3a). In some cases, Globogerinidae could be
identified, while other samples presented benthic
foraminifera such as Elphidium, Planorbulina,
rotalids, bivalves, and red algae. The foraminifera,
chemical, mineralogical, and textural data were
well correlated with the characteristics observed in
Tertiary clays (Table 1) located close to the site
(Albero Santacreu 2011; Albero Santacreu and
Mateu Vicens 2012).

Beyond the basic raw material composition, we
can distinguish between different petro-groups

Figure 2.Dispersion plots showing the compositional groups identified for both settlements: (a) Fe2O3 vs. CaO; (b) Fe2O3 vs.
Zr; (c) Petro-groups identified according to Fe2O3 and CaO levels: Petro-group 1 (Calcite Fabric), Petro-group 2 (Iron-rich

Fabric), Petro-group 3 (Calcarenite Fabric), Petro-group 4 (Quartz-rich Fabric); (d) Fe2O3 vs. TiO2.
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primarily on the basis of the presence of different
tempers, such as crushed calcite (spathic crystals of
calcite) and calcarenites. Although other tempers,
such as breccias (Petro-fabric 7) or grog (Petro-
fabric 5) (Fig. 3f), were found in some pots, these

other tempers are represented only by isolated
samples; thus, we did not consider these cases
when establishing petro-groups.

– Crushed Calcite Fabric (Petro-group 1):
A large number of samples (n=14) had variable

Figure 3. Photomicrographs of ceramic thin sections: (a) Planktonic foraminifera (Globigerinidae) in sample SM-468
(XPL); (b) Crushed Calcite Fabric (SM-TIII, XPL); (c) Fe-rich paste (TSB-9/81, PPL); (d) Quartz-rich Fabric in sample TSB-
17/23 (XPL); (e) Calcarenite Fabric showing a grain with coralline red algae traces (Rodoficies) in sample SM-181 (XPL);

(f) Grog fragment added as temper in sample SM-659 (XPL).
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amounts (15–40%, but generally 30%) of oriented
euhedral, spathic, rhombohedral, and prismatic
crystals of calcite, sometimes thermally altered to
micrite. The grains showed a polymodal distri-
bution and rarely exceeded 1500 mm in size
(Fig. 3b). Finally, we were also able to observe in
LIA1 samples the presence of oriented elongated
voids related to the addition of organic matter,
probably Poaceae, in some pots. Usually, the organic
matter remains partially unburned, and the pots
that contain this temper are characterised by higher
levels of porosity.

– Calcarenite Fabric (Petro-group 3): This
LIA1 group (n=3) is defined by non-oriented
well-rounded and sorted micritic calcite grains of
about 1000mm that sometimes occur in aggregates
cemented by micro-sparry calcite. Bivalves and
other bioclasts are also present in the aggregates.
Some of these calcareous grains showed surface
traces that were strongly related to the presence of
coralline red algae (Rodoficies). In this petro-group,
the amount of quartz is increased as much as 15%,
but the particles are still small in size (<400 mm),

similar to the particle sizes that characterise Petro-
group 1. We can conclude that a small number of
pots from this location were tempered by bioclastic
calcarenites rather than by crushed calcite (Fig. 3e).
Only one sample had a low amount of spathic
calcite (5%) of medium size (650 mm). Finally, we
also detected the isolated occurrence of sandstone
and calcareous sandstone rock fragments in some
samples. The higher levels of quartz and the
presence of rock fragments in Petro-group 3 can
be related to accidental introduction, occurring
when the rock was crushed to make temper for use
in pottery production.

(b) Turó de les Abelles (TSB)
The LIA2 ceramics analysed from the TSB site

show a composition completely different from
the one identified in the SM samples. On the basis
of petrological analysis, we can distinguish some
samples from TSB that can be considered unique
fabrications. In spite of this, we obtained enough
samples to distinguish between two pottery groups

Figure 4. (a) Spathic calcite crystals that have been thermally altered (Sample SM-665, XPL); (b) BSEI-SEM with well-
conserved laminated structure of clay minerals in sample SM-665; (c) Unburned organic matter in sample SM-472 (XPL);
(d) XRD diffractogram showing the main mineralogical phases documented in Petro-group 3 (sample SM-246). Note the

absence of high-temperature minerals.
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that are compositionally dissimilar.
– Iron-rich Fabric (Petro-group 2): Chemically,

the TSB pots made from this fabric were found to
have a more random chemical dispersion than the
samples tested from the SM site. The samples from
the two different sites are clearly distinguishable
by the higher content of Fe2O3 (8.5–17%), TiO2
(2–5%), and Zr (250–550 ppm) found in the TSB
pots. The examination of the matrix of some TSB
samples under SEM-EDS revealed that the high
levels of these elements are related to abundant
ferric and titanium oxides and the presence of
zircon. Divergences from the SM pots were also
evident in the CaO levels; in the TSB samples these
levels consistently remained below 25%. Petro-
graphic analysis (n=8) revealed an optically active
matrix that was very red and/or black (XPL-PPL),
with an abundance of circular pure amorpho
nodule up to 2400 mm in size (Fig. 3c). The paste
of the ceramics from the Iron-rich Fabric group
seemed poorly mixed and had abundant clay
pellets of up to 800 mm in size. These features
suggest the utilisation of dirty or poorly-homogen-
ised clays for vessel construction. Moreover, no
microfossils were found in the matrix. Finally,
some muscovite flakes and laths of about 100 mm
were also observed. The coarse fraction is
characterised mainly by fragments of micritic
limestone and mono-crystalline sub-rounded
quartz (5–10%) of less than 400 mm. As in some
pots from the SM site, the vessels from the TSB site
also had oriented, elongated, and large pores; this
aspect is related to the presence of organic temper,
which usually remains unburned in the core of the
pots. Finally, we have documented the accessory
(5%) presence of spathic, rhombohedral, and
prismatic grains of calcite between 300 and 900
mm in size. The minority presence of this temper
in the pots can explain why the TSB vessels
have lower CaO and calcite levels (Table 1). Thin
section analysis suggests that the main differences
between the samples from the TSB Iron-rich Fabric
group are related to the amounts of calcium-
udstone, amorphous inclusions, quartz, and the
presence/absence of spathic crystals of calcite.

– Quartz-rich Fabric (Petro-group 4): This
fabric group, consisting of only two pots, is
divergent from the other TSB and SM pots due
to their low Fe2O3 (5–6%) and CaO (2–3%)
content, respectively. This last aspect is well
correlated with XRPD analysis, where calcite peaks
were not detected. Nevertheless, the mineralogical
composition of these two pots is characterised
by high quartz content (25–30%), as confirmed
by XRPD. The optical analysis reveals an optically
active groundmass with low amounts of organic
temper, where no foraminifera or calcite com-
pounds could be identified. However, the pots
have many non-oriented, but well-sorted mono-
crystalline sub-angular and sub-rounded quartz
grains, with a maximum size of 600 mm (Fig. 3d).
Finally, some pure amorphous nodules could be
identified that were up to 600 mm in size. These
data suggest the use of border calcareous clays. As
it frequently occurs with sandy quartz fabrics
(Riederer 2004), it is extremely difficult in these

cases to establish whether these inclusions are of
natural or artificial origin.

3.2. Chaîne opératoire and techniques
The chaîne opératoire represents an adequate concept for
establishing an explicit distinction between objects and
techniques. Objects possess physical character, while
techniques are strongly related to human actions, carried
out in accordance with the production of these objects. This
distinction permits us to infer broad questions that exceed
the material composition and allow us to approximate the
social organisation and activities ‘hidden’ behind these
actions. Techniques and materials represent technological
choices made by the potters that define the formal
properties and attributes of the artefacts. Furthermore,
material capabilities also affect both the production process
and the potential uses of the vessels, thus affecting human
practices. By this reasoning, we understand that there can
be strong interactions between people and the processes of
fabrication, use, maintenance, and deposition of pottery
(Lemonnier 1993; Dietler and Herbich 1998; Calvo Trias
et al. 2004; Livingstone-Smith 2007).

3.2.1. Clay procurement
We have documented the use of raw materials consisting
mainly of secondary illite-muscovite clays with K feldspars
and quartz. Moreover, we have been able to distinguish
three different types of clay deposits using chemical and
thin-section analyses. The main clays employed in the
production of pottery at the SM site were local calcareous
fine-grained clays with low amounts of silt and fine
sand, but rich in foraminifera (such as Globigerinidae). In
contrast, we have documented that most TSB samples from
the Late Iron Age 2 are usually rich in Fe2O3 and TiO2, and
are characterised by abundant amorphous inclusions and
low carbonate content that are highly related to Fe-rich
soils. We also detected the utilisation of border calcareous
clays with low iron and high quartz content in some
TSB pots.

3.2.2. Tempers
Thin-section studies have documented the intentional
addition of different materials for tempering pots. Crushed
calcite is commonly identified by variable amounts (<40%)
of rhombohedral grains in a large number of vessels.
Sometimes, in LIA sherds, these crystals are combined with
elongated voids related to the addition of organic matter
(probably Poaceae). In a few LIA1 vessels we have
documented the presence of peloids and traces of red
algae (Rodoficies), usually associated with the utilisation of
local calcarenites. In addition, we have assessed the use of
small grains of crushed calcite-composed grog and
calcareous rocks such as breccias in some LIA1 pots.

3.2.3. Firing strategies
By considering a precise composition of the base clay
material and specific firing experiments (Albero Santacreu
2010), we observed the following results regarding the
firing methods used for these artefacts: 1) an absence of
high-temperature minerals as shown by XRPD (Fig. 4d);
2) no thermal decomposition of calcite crystals as shown in
thin-section slides; and 3) evidence of un-vitrified matrix
as shown by SEM and petrological studies (Fig. 4b). Our
analysis suggests a low or very low firing temperature,
never exceeding 800°C. This low-temperature firing
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strategy is undoubtedly related to the required conditions
for controlling the decomposition of calcareous bodies. By
this firing method, potters could prevent fractures and
burst processes from occurring as the calcite turns to
calcium oxide and then rehydrates post-firing (Albero
Santacreu 2007; 2010).

Optical analysis permits the division of the ceramics
according to two dissimilar strategies of firing, based on the
temperature, atmosphere, and duration of the firing
process (García Rosselló et al. 2011). On the one hand,
we documented LBA/EIA pots without organic matter and
high amounts of spathic crystals of calcite, fired mainly in a
reducing atmosphere. In these cases, the identification of
thermal alterations in the calcite crystals (Fig. 4a), and the
higher hardness of the product obtained provide evidence
of higher firing temperatures (<800°C) and/or a longer
duration. On the other hand, we also documented
tempered LIA vessels containing unburned organic matter
(Fig. 4c) that confirm that these samples were fired at very
low temperatures (<700°C) and/or for a short duration. In
these latter cases, the reduced cores of the samples suggest
sluggish oxygen diffusion within the pottery, which was
produced with organic-rich pastes under an oxidising
atmosphere during the firing process (Maritan et al. 2006).
These firings proceed in open fires and very quickly,
normally in less than one hour, and the high amount of
organic matter in the pastes allows the formation of only
thin oxidised margins (García Rosselló et al. 2011).

4. Technological traditions
Technological traditions can be defined as the utilisation of
concrete technical solutions and specific chaînes opératoires
that existed in specific historical and social contexts. This
way, technological traditions can be representative and
characteristic of particular necessities in a given society.
Continuous repetition of practices, technical gestures, and
sequences in time and place developed the establishment
of technological traditions strongly related to savoir faire,
habitus, and rationale schemes. The advancement of
technology thus requires both technical and social knowl-
edge for developing and ensuring its continued survival. The
persistence of technological traditions is strongly related to
specific knowledge transmission processes, learning con-
texts, and the skill of the individuals. People learn how to get
rawmaterials, aswell as the ‘correctways’ for producing and
using material from their social interactions. By identifying
recipes, technological traditions, and the quality of the final
products in their cultural context, we can understand why
pottery undergoes change or remains unchanged. Techno-
logical recipes therefore constitute rules that favour cultural
identity and control over the fabrication processes, aswell as
the social organisation involved in the production of pottery
vessels (Lemonnier, 1993; Dobres and Hoffman 1994;
Gosselain 2000).

4.1. LBA/EIA: Late Bronze Age/Early Iron Age
(1100–550 BC)
Pottery from LBA/EIA is extremely homogeneous and is
characterised by the use of calcareous fine-grained clays
and the addition of high amounts of spathic crystals of
calcite (20–40%), which provides a very coarse texture to
the pottery (Petro-group 1). The homogeneity of the raw
materials and tempers also reflects firing strategies; for

these artefacts, we found that the firing temperature was
kept below 800°C. Only thermally altered calcite tempered
samples would have been seen with a firing temperature
of 800°C. These data is in accordance with the existing
knowledge pertaining to the ceramic technology observed
in several archaeological sites of the Balearic Islands dating
from the Middle Bronze Age (1400 BC), when these types
of technological solutions were generalised amongst all
potters. All of the archaeometric studies regarding Balearic
pottery during the LBA/EIA period have noted the low
variability of the ceramic record, suggesting the presence of
relatively specialised potters in this era (Waldren 1982;
1991; Gómez-Gras and Risch 1999; García Orellana et al.
2001; Risch and Gómez-Gras 2003; Andreu et al. 2007;
Albero Santacreu 2007; Lull et al. 2008).

All the data suggest that, in many settlements and
territories of the Balearic Islands, potters in the LBA/EIA
used the same strongly normalised recipes, techniques, and
typologies (Guerrero Ayuso et al. 2007; Lull et al. 2008) to
advance the processes related to the production of pottery.
The potters’ use of the same technology and production
strategies over long periods of time and over a broad
territory suggests the presence of efficient communication
networks among the potters and the diverse communities
of the island and the archipelago.

This uniformity can also be observed among other
technologies of this period, such as architecture, bone
industry, and metallurgy (Guerrero et al. 2006; 2007). The
homogeneous character of the pots suggests well-trans-
mitted traditions and well-defined learning contexts,
probably related to the existence of collective production
spaces where information could be easily shared between
all individuals. The existence of communal production
spaces has also been detected in many sites of these periods
(Salvà and Hernández 2009).

When using the extremely calcareous pastes that were
produced during LBA/EIA, the control of the firing
temperature and atmosphere becomes crucial to achieve
an adequate final product. This last stage of the chaîne
opératoire requires a high level of skill from the potters, and
thus the utilisation (by all the artisans) of the same paste
becomes relevant for the pottery survival of the entire
community. Here, pottery becomes a reflection of the
diverse social communication strategies within the com-
munity, as well as of the possible organisation of labour in
communal areas. In this type of productive organisation,
the vessels could acquire their highest social value between
the members of the group, and thus represent a significant
tool for establishing identity (Albero Santacreu 2008).

4.2. LIA1: Late Iron Age I (500–250 BC)
For LIA1 artefacts, our evidence supports the hypothesis of
important changes in Majorca with regard to the
preparation of pastes and the fabrication of pots. The
changes coincide with the arrival of significant amounts
of Punic materials to the island, especially after the 4th

century BC (Guerrero Ayuso et al. 2002). At the same time,
we observe the widespread introduction of variable
amounts of organic matter to the pastes, usually in
conjunction with crushed calcite. Phenomena such as the
addition of organic matter as temper have been well
documented, not only in the analysed record, but also at
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various archaeological sites from the island (Waldren
1982; 1991; Palomar 2005; Albero Santacreu 2007). The
introduction of organic matter results in important changes
in the final qualities of the vessels (Skibo et al. 1989). Since
the texture remains coarse, the degree of open porosity is
increased considerably in these pots.

The variability of paste composition also increased in these
pottery samples, and new tempers such as calcarenites
(Petro-group 3), breccias (Petro-fabric 7), and grog (Petro-
fabric 5) are found to be occasionally introduced. The
substitution of crushed calcite and the utilisation of other
organic and inorganic materials for tempering pots were
previously noted for this time period (Albero Santacreu
2007).

Potters used diverse tempers (organic tempers, calcite,
calcarenites, breccias, limestone, grog, etc.) and recipes for
preparing the pastes. These actions increased the number
of fabrics documented in LIA1. While in previous periods
only one type was documented, here we see the
simultaneous use of seven different fabrics (Table 1).
Thus, we witness during this period the widespread
exploitation of the biotic and non-biotic resources available
in the territory.

All these aspects suggest changes in the system of
knowledge transmission, where the production begins to
be more individualistic and the learning contexts are
revealed to be more private. This hypothesis is closely
related to the observations of Salvà and Hernández (2009),
who argue that people developed productive activities in
more private-domestic and less visible contexts during the
LIA. In this era, the domestic space shrank and the tasks
performed in those spaces were necessarily undertaken
on a smaller scale. In contrast, productive activities were
carried out in public and collective spaces during the
LBA/EIA; consequently, people pursued such activities on
a larger scale. This change correlates with a restructuring
of domestic areas in many settlements from the beginning
of the LIA (Palomar 2005; Lull et al. 2008).

The knowledge that was previously shared by all the
artisans seems at this point to have been progressively
restricted to low-scale producers with low specialised skills.
In our opinion, these features are also evident in the firing
strategies and raw materials selections during LIA1.
Likewise, these samples are usually found to contain
unburned organic matter, providing evidence of very low
firing temperatures (<650°C) and short firing duration. We
hypothesise a change in the firing strategy to more oxidised
atmospheres developed in open firings. In ethnographic
communities, these types of firing strategies are normally
related to low-scale production (Livingstone-Smith 2007).
The characteristics of the ceramics from the LBA/EIA
period suggest that progressive changes were occurring in
the social organisation systems. Pastes with increased
levels of organic matter were likely utilised to ensure a
minimum firing of pots in conditions where low-skilled
potters could not control the high number of variables
involved in this delicate process.

Likewise, the petrological analysis of the LIA1 samples from
the SM site reveals the utilisation of the same type of clay
deposits as those used at the site during LBA/EIA. In the
microfossil analysis of the LIA1 samples, we also reported

the presence of benthic (such as Discorbidae and red algae)
and planktonic foraminifera (Globigerinidae) that attests
to the continuity of the Tertiary clays as the main raw
material. Even though certain changes occurred in terms of
ceramic production strategies at the Puig de Sa Morisca site,
the potters' recipes show a certain continuity in the use
of calcareous raw materials, rich in foraminifera, and
the additional of crushed calcite (Petro-group 1). Thus, the
CaO and calcite values obtained by XRF and XRPD analyses
are still very high, as also observed in LBA-EIA ceramics
(Table 1). This fact could indicate a certain continuity of
social phenomena related to technology, especially its
capacity of reinforcing identity bonds.

4.3. LIA2: Late Iron Age II (250–50 BC)
The high variability observed in the pottery production
during LIA1 increases in LIA2. This later period is
characterised by the discontinuation of extremely calcar-
eous pastes in the TSB site and the introduction of pastes
rich in Fe2O3 and TiO2 (Petro-group 2). We have also
detected the introduction of another new fabric, composed
mainly of quartz (Petro-group 4). With regard to the
tempers, we documented the preservation of organic
matter that at this point represented the main non-plastic
material of the pastes. The use of spathic crystals of calcite
decreases (<15%) and becomes symbolic or trivial, so that
fine textures become common in a large number of vessels.
Firing temperatures and strategies remain very similar to
those observed in the previous period.

Thus, it can be concluded that a change in the raw
materials exploited and in the recipes mentioned earlier
occurred at this time. Also, it can be proved that at TSB,
located in the same territory as SM, different strategies for
the collection of the raw materials and the preparation of
the pastes were put into practice. Therefore, it can be
shown that different production strategies were employed
at each of these two sites.

Regarding production, we observe the highest variability in
the rawmaterials, tempers, and techniques the artisans used
to produce pots in the entire period under consideration.
Potters from LIA2 expanded the number of clays (calcar-
eous, siliceous, and ferruginous) and tempers (organic
tempers, calcite, quartz-sands, calcarenites, breccias, lime-
stone, grog, etc.) they used to produce ceramics.

This variability also becomes patent in the modelling
techniques and surface treatments (García Rosselló 2010),
as well as in the application strategies of slips (Albero
Santacreu et al. 2012) and in the typology (García Rosselló
et al. unpublished). Regarding pastes, the main techno-
logical choices of former periods, such as the use of highly
calcareous resources and crushed calcite, lost their validity.
This becomes evident in the lower CaO and calcite
percentages (Table 1). All these data show that new social
dynamics were affecting the production of pottery,
in contrast with the homogeneity observed in the practices
of former eras.

On the one hand, we observe in TSB samples the radical
abandonment of the technological choices that characterised
theproductiondevelopedduring the LBA/EIA (andpartially in
the LIA1 samples from the SM site). On the other hand, we
note that these technical changes are correlated with the
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appearance in LIA2of typological innovations (GarcíaRosselló
et al. unpublished), such as the production of hand-made
ceramics that are inspired by foreign materials (Guerrero
Ayuso 1985; Plantalamor and Rita 1986; Pons Homar 1991;
Palomar 2005). In our opinion, these artefacts represent the
developmentofnew ideasandnecessities thatarematerialised
in new technological choices. The Punic contact with
indigenous communities took place under unequal conditions
and favoured the rise of a hierarchical social organisation, in
stark contrast to the collective strategies observed in previous
periods. This disruption of technology could be considered as
the definitive establishment of new forms of pottery
production. Collective productions seem to have been
completely dismantled into small-scale firings and individua-
lised production systems that developed in private contexts.
The increased variability, worsened quality, and new pottery
production contexts suggest that pots had a low social value.
The social value of localwaresmayhave been replaced by new
Punic wheel-made vessels.

5. Conclusions
The ceramic characterisation suggests some interesting
technological differences between the Late Bronze/Early
Iron Age (1100–550 BC) and the Late Iron Age (500–75
BC) ceramics, particularly evident in the LIA2. This change
becomes more obvious if we consider the pots of the two
different sites under consideration here, both of different
chronology, but situated in the same hinterland. The
ceramic pastes, as well as the typology, the modelling
strategies, and the surface treatments, increase their
variability in this era.

As we already mentioned above, the changes may have
been in response to new dynamics in the social organisation
of pottery production, knowledge transmission systems,
and learning contexts. These changes are congruent with
historical processes, and with the changing necessities and
rationale schemes of the people who lived in the Santa
Ponsa area. They allow us to suggest different social,
ideological, and economic functions inherent in the
technological choices made by the potters from both
settlements and periods studied. These traditions and their
degree of variability are the result of different habits
acquired by knowledge transmission in specific day-to-day
social contexts.
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Abstract - Punic shell-shaped lamps are attested in the Island of Ibiza for a period of almost five
centuries (6th-2nd century BC). These two-spouted (Bilicni) lamps gradually evolved from an open
to a closed shape, as shown by the six typologies identified on the island. The results of
archaeometric investigations indicate that the lamps were locally manufactured using the same
type of clays throughout this period; that is a calcium-rich fine clay. The absence of specific
treatments for the clays and the low firing temperature confirm the scarce quality of the products,
as macroscopically ascertained. This can be justified by the possible votive function of the lamps,
considering the high number of artefacts without traces of combustion.

1. Introduction

1.1. Archaeological notes
The data regarding the ceramic production of Punic lamps
in the Island of Ibiza show an evolutionary and coherent
trend of the shell-shaped typology during a period of five
centuries (6th-2nd century BC). Starting from an open
shape, characterised by small interventions on the borders,
the progressive transformations led to the production of
a closed shape (Fig. 1). In addition, the ‘Ibiza’ lamps never
show traces of pictorial decorations, which, in contrast,
are present in the productions of other Punic contexts of
the Mediterranean basin.

Only few cases of monolicni Punic lamps have been found
on Ibiza Island. Most of the lamps belong to the two-
spouted type (bilicni). As at other sites of the western
Mediterranean, they are mainly present in sepulchral areas
(necropoles) and secondarily in sanctuaries. According to
a recent study on 175 Punic bilicni lamps from the Museum
of Ibiza and Formentera (Savio 2005), the lamps attested
at Ibiza originate from different sites on the island,
although the provenance is unknown for approximately
15% of them. More than 90% of the findings whose
provenance is known originate from the necropolis known
as Puig des Molins, while the remaining 10% come from
small rural settlements or necropoles.

The bilicni lamps can be subdivided into six typologies,
from II to VII, with typology I including monolicni lamps.

Typology II is the most diffused (approximately 51% of the
total), and belongs to the period between the 6th and 4th

centuries BC; the lamps have two spouts, whose borders
are well separated, and a large open basin with a well-
defined central depression. The lamps of typology III
(approximately 9%, 5th-4th century BC) are very similar to
the ones of typology II, from which they are distinguished
due to the presence of a little foot.

Typologies IV and V are the best expressions of the
evolutionary trend; the dimensions of the basin tend to
become smaller and the spouts tend to close. They date
back to the beginning and first half of the 4th century BC
(typology IV), and to the end of the 4th – beginning of the
3rd century BC (typology V), and represent approximately
6% and 5% of the total assemblage, respectively.

Typology VI dates back to the 3rd-2nd century BC and is the
second in the order of abundance (approximately 26% of
the total) after typology II. The lamps are made of two
tubular spouts with a small basin. Finally, typology VII is
represented only by five finds, i.e., about 3% of the total;
these vessels present three openings (two spouts and a
closed basin) and a circular foot.

The majority of the lamps do not show any traces of
combustion, especially those of typologies V and VI. In the
other cases, only few traces of combustion are present.
Considering also their small dimensions (around ten
centimetres or less), this indicates that they were not
used for illumination purposes; they were probably
produced only as symbolic votive objects.

1.2. Objectives
The main objective of this work is to determine the clay raw
materials and the details of the production technology of
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Figure 1. Proposal of evolutionary scheme of the Punic ‘shell-lamps’ (modified after Savio 2005).

Table 1. Description of the samples.

Sample Inv. Nr Place Typology Macroscopic observation

47 3964 Puig des Molins – II Pink paste and burning traces

without context

53 4122 Puig des Molins – II Pink paste

hypogeum n° 14

70 5379 Puig des Molins – Via Romana n° 40 II Orange paste, red engobe and burning
traces

85 10004/25 Puig des Molins – II Light brown paste

Calle de Léon house 10-12, hypogeum 5

87 14000 Illa Plana- II

without context

103 4649 Puig des Molins- III Pink paste and burning traces

without context

106 7768 Puig des Molins- III Pink paste and burning traces

Excavation 5, sector D

150 4441 Puig des Molins- VI Brown paste

hypogeum n° 11

155 4897 Puig des Molins- VI Pink paste

hypogeum n° 15

156 7033 Puig des Molins- VI Orange-pink paste

hypogeum n° 2

169 14578 without context VI Light pink paste
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the lamps, and to verify the existence, in the evolutionary
trend, of either a continuity in the use of raw materials and
technology, or their eventual change during the period
under consideration. In addition, it aims to establish which

type of fuel was used for combustion, when such
combustion actually took place.

This information could be of some archaeological and
historical importance with regard to the customs prevalent
in the society of Ibiza and its contacts with other Punic
areas. In this context, the study of ceramic artefacts is
particularly useful, because pottery has been produced
everywhere and continuously over time.

2. Materials
A total of 11 samples of shell-shaped lamps have been
opportunely selected from the different typological groups,
for a better representation of the evolutionary trend and an
improvement of the archaeological conclusions reached to
date. In Table 1, a detailed description of the lamps is
reported. Five fragments belong to type II, two samples
represent type III, and four samples belong to type VI.

The above-mentioned bilicni lamps, held in the archae-
ological museum of Ibiza Island, are artefacts collected
from tombs in the necropolis of Puig des Molins, with only
one object originating from the sanctuary of Illa Plana.
Practically these artefacts were never used for their typical
function, as only some of them show just traces of
combustion on the surface.

3. Analytical methods
The artefacts were characterised by optical microscopy in
thin section, using a Leika POL11 microscope, in order to
obtain mineralogical, petrographic, and microstructural
information on the ceramic body. The chemical compo-
sition (SiO2, Al2O3, TiO2, Fe2O3, MnO, MgO CaO, Na2O,
K2O, P2O5) was obtained by inductively coupled plasma
atomic emission spectrometry (ICP-AES). At least 100 mg
of powdered sample were melted with lithium borates at
about 1000°C, and then dissolved into a nitric acid solution.
The element concentrations were determined using a
Varian Liberty 200 instrument. The measurements were

Figure 2. Typical appearance of the the clay body under
plane-polarised light: (a) sample 47 (type II); (b) sample

155 (type III).

Table 2. Chemical composition of the analysed samples (wt%).

Typology Sample SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI

II 47 66.33 17.15 0.99 5.12 0.01 1.38 5.52 0.91 2.59 0.09 5.13

53 64.98 16.47 0.90 4.87 0.03 1.43 6.94 1.02 3.35 0.12 3.58

70 61.91 15.96 0.84 5.63 0.02 1.65 9.82 0.75 3.41 0.15 10.96

85 68.52 15.72 0.96 5.52 0.03 1.67 2.89 0.85 3.83 0.11 5.38

87 52.22 17.36 0.85 5.87 0.10 1.62 18.52 0.84 2.63 0.10 17.14

III 103 62.03 17.55 0.89 5.05 0.02 1.49 8.96 0.99 3.02 0.30 3.89

106 58.11 17.60 0.80 5.33 0.02 1.66 12.10 0.92 3.46 0.27 5.81

VI 150 65.02 15.87 0.79 5.11 0.02 1.51 7.85 1.38 2.45 0.17 4.76

155 60.61 15.79 0.81 4.27 0.01 1.47 13.05 1.19 2.80 2.27 6.22

156 59.18 18.04 0.86 5.46 0.03 1.56 10.52 0.77 3.57 0.11 5.04

169 61.60 14.90 0.83 4.17 0.01 1.14 13.79 1.25 2.29 0.07 8.11
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carried out using a single, sequential multi-element
programme. The calculation of the loss on ignition (LOI)
in the range 105–1000°C completed the chemical analysis.

The composition of the crystalline phases was obtained
using X-ray powder diffraction; a Geigerflex instrument
was used with the working conditions usually adopted in
the field of ceramics, 4 to 64° 2u scanning interval with a
speed of 2° per minute.

In addition, five samples were characterised by means of
gas chromatography (5894 Hewlett Packard) coupled with
quadrupole mass spectroscopy (5971A) in order to verify
the presence of organic matter inside the ceramic body,
as residue of the fuel used. For this purpose, 2-3 mg of
material were gently scraped from the surfaces where
combustion traces were recognisable.

4. Results
The observations in thin section evidenced that all the
examined ceramic samples are characterised by a very fine
grain size. The abundance of non-plastic inclusions is
around 15–20%, and the dimensions of the grains are less
than 100 microns (Fig. 2). In some samples, a few grains of
micrite (0.5–1 mm in size), partially decomposed due to
the firing, are recognisable. The presence of carbonate
grains, although infrequent, is attributable to natural
variability rather than an intentional addition of carbonate
temper by the potter. Taking into consideration these
results, it is possible to indicate that the lamps were always
produced using a quite homogeneous and fine paste. When
large carbonate grains are present, the maximum firing
temperature was around 800°C; a semi-isotropic matrix
confirms the low firing temperature of these artefacts.

Despite the microstructural homogeneity, the chemical
compositions are quite variable, in particular the calcium
oxide contents (Table 2). Considering the high values of
loss on ignition (from 2 to 11%, reaching 17% in sample 87),
the obtained compositions were normalised excluding this
parameter and the phosphorous percentage, which some-
times can be related to post-depositional phenomena.
The high LOI percentages are mainly due to the presence

of calcium carbonate in the body rather than to rehydration
phenomena, as confirmed by the correlation between LOI
and CaO values. The actual P2O5 values are very low, with
the exception of one sample (n. 155) that has approximately
2.3% P2O5, very likely due to post-depositional processes.

Comparing the chemical data, the results indicate that the
CaO content is actually the only parameter that differs from
sample to sample. The CaO vs. SiO2 diagram (Fig. 3) shows
a very evident inverse correlation between these two
oxides. This suggests the use of clays originating from the
same type of geological sediment, probably characterised
by large variations in the calcite content in different
outcropping zones. In addition, it can be suggested that the
different lamp typologies were made in the same area, so
that they presumably have the same local provenance, i.e.,
Ibiza Island. Different production centres probably existed
within the island and they used raw materials outcropping
in their surroundings.

These hypotheses seem to be in agreement with the results of
archaeometric studies on bodies of Punic amphorae found at
Ibiza, which are locally produced and practically contempor-
ary (6th to 3rd century BC) to the samples analysed in the
present paper (Iliopoulos et al. 2009). They are characterised
by a very fine paste and a variable amount of carbonatic
temper. These characteristics are compatible with the geo-
lithologic features of Ibiza (IGME 1972; Cau 2003).
Unfortunately,nodataareavailableoncontemporarypottery.

As regards the samples with the highest quantities of
calcium, it has to be emphasised that most carbonate grains
have very small sizes. This is in agreement with the
hypothesis of a non-homogeneous source of raw material,
rather than a different purification degree of the clay.
In conclusion, it is likely that no attention was given to the
preparation of the clay raw material.

The crystalline phase compositions of the five analysed
samples are in accordance with the chemical results and the
hypothesised firing temperature. Quartz is the prevalent
phase, with subordinate calcite, illite, and plagioclase.
In three samples (n. 85, 106, and 155), gehlenite is also
present in small amounts, while traces of anatase were
detected in samples n. 70, 85, and 87.

By considering the variation in the abundance of these
mineral phases, it is possible to estimate a range of firing
temperatures between 800 and 900°C (Cultrone et al. 2001).
These firing temperatures are in good agreement with the
conclusions reached by archaeometric studies on Punic
pottery in several Mediterranean settlements (Amadori and
Fabbri 1998a; 1998b; 1998c; Iliopoulos et al. 2009). Taking
into account the age of the lamps and their phase
composition, a minor increase in the temperature seems to
characterise the more recent productions. In fact, in the
samples belonging to type II (n. 70, 85 and 87), the
maximum temperature can be estimated to have been
around 850°C, while the other two samples (n. 106 and
155), belonging to the III and VI type, respectively,
show minerals associated with slightly higher temperatures
(850–900°C). The limited number of samples, however,
does not support this hypothesis with sufficient certainty.

The gas chromatography analyses evidenced a very scarce
quantity of residual organic compounds due to combustion.

Figure 3. Scatterplot of CaO vs. SiO2 showing an inverse
correlation between the two oxides.
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Notwithstanding the small amount of sample, it was
possible to recognise that the residues are made of acid
fats, whose molecular structure is typical of animal fats.
In particular, it is possible to exclude an attribution of the
combustion residues to the use of olive oil.

5. Conclusions
The results indicate that the lamps were locally manu-
factured using the same type of clay during the entire
period from the 6th to the 2nd century BC. This was a
calcium-rich, fine, presumably local clay, with evident
variations of carbonate content depending on the supply
area. The absence of specific treatments of the clay denotes
scarce attention to the quality of the products by the
potters. This can be justified by the votive destination of
the lamps, in agreement with the high number of artefacts
without traces of combustion, and the minor such traces
that are present in the remaining ones. The composition of
the organic residues indicates the use of animal fats,
instead of olive oil, as documented in many other
archaeological sites in the western Mediterranean area.

In conclusion, there is an apparent contradiction between
the typological changes undergone by these lamps and
the stability and continuity in the raw materials and the
processing technology used for their production. The
contradiction is actually only apparent, as different factors
affected these two aspects. The typological evolution could
have been influenced by cultural and commercial contacts of
the population of Ibiza with other Punic settlements in the
Mediterranean. In contrast, technological changes are
typically prompted by specific quality and/or technological
needs. The votiveuse of the studied lampsdid not involve any
requirements for quality improvements, while the complex
shape of the more recent lamps could have required clay raw
materials thatwerewellworkable inaplastic state. Evidently,
the local clays used were suitable for these purposes.
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Abstract - The archaeometric study of pottery from the settlement of Oppeano (Verona, NE Italy)
indicates important changes in production technology taking place between the 10th and 5th

centuries BC. Ceramic production in the Final Bronze Age was characterised by the use of grog, as in
other coeval sites of the southern Adige and eastern Po plains. From the beginning of the Iron Age,
the number of recipes increased considerably, the use of grog gradually decreased, and cases of
importation are also attested. These changes were probably due to increasing socio-economic
complexity and the introduction of new production techniques.

1. Introduction
The production technology of pottery from the Final Bronze
and First Iron Ages in the Veneto region (NE Italy) has been
only partially investigated from an archaeometric view-
point, as a result of studies carried out on both micro-
regional areas, particularly in the southern Verona and
Rovigo areas (Jenkins et al. 1999; Jones et al. 2002;
Saracino 2006; Saracino et al. 2006), and isolated
settlements and specific ceramic classes, as in the case of
Concordia Sagittaria (Bertelle et al. 2001), Montebelluna
(Bianchin Citton et al. 2000), Montagnana (Crivellari et al.
2007), and Este (Maritan 2001) (Fig. 1a). These studies
indicate that the coarse ware (known as ‘impasto’) of this
period was locally produced with raw materials available
within the hydrographical basin on which the settlement
lies, and that the paste was often tempered with grog.

Chemical analyses also covered a set of ‘Italo-Mycenaean’
potsherds from several settlements in the region (Fratte-
sina, Montagnana, Fabbrica dei Soci, Castello del Tartaro,
Fondo Paviani), dated to the Late Helladic III C, revealing
probable importation from both the Aegean and southern
Italy (Jones et al. 2002).

In contrast, during the First Iron Age, the temper was
almost completely substituted by rock inclusions collected
from coarse alluvial deposits or locally available outcrops,
such as the Euganean Hills in the case of Este (Maritan
2001). As for fine ware, only a few archaeometric studies
have been carried out in this area (Maritan 1998, 2004;
Maritan et al. 2005), investigating ceramica zonata,
Etruscan-Padan and grey pottery, respectively. The studies

report that these ceramic classes were locally produced,
and that short-distance exchanges took place between
regional centres, such as those of grey and Etruscan-Padan
pottery between Padua and Este. Recent archaeometric
studies carried out using LIBS and Raman spectroscopy on
ceramica zonata from several tombs of the Este necropolis
dated to the 6th–4th centuries BC have focused on the
provenance of sherds and the nature of the black and red
colouring (Lenzi 2008), partially confirming older analyses
(Biscontin et al. 1984).

In this framework, the settlement of Oppeano is an
interesting case, due to the presence of Final Bronze Age
to First Iron Age pottery (Guidi 2008), the archaeometric
analysis of which can supply important information
regarding production technology and possible exchanges
with other regional and extra-regional centres. The
settlement of Oppeano is located about 20 km south-east
of Verona, on an alluvial plateau 82 hectares across and
elliptic in shape, surrounded by alluvial Holocene plain (Fig.
1a). The terrace on which the settlement lies is south of the
spring-water line, on an ancient alluvial cone of the Adige
river, composed of sandy-, silty- and clayey-sized deposits
and pit lenses on the south-eastern side of the plateau (Fig.
1b). The terrace rises between 26 and 30 m above sea level,
about 2 to 5 m from the surrounding plain (Figs. 1c, d), and
is composed of the steps which are very common in the high
and middle Verona plain, and which are especially common
where river erosion was particularly incisive (Balista 2004;
Rioda 2008). The southern slope of the plateau, which
formed during the late Pleistocene (Sorbini et al. 1985) is of
lower altitude than the northern one, and was shaped by the

Cite this article as: Saracino M, Maritan L, Mazzoli C (2014). Ceramic technology between the Final Bronze Age and the
First Iron Age in NE Italy: The case of Oppeano (Verona). In M Martinón-Torres (Ed.), Craft and science: International
perspectives on archaeological ceramics. Doha, Qatar: Bloomsbury Qatar Foundation http://dx.doi.org/10.5339/
uclq.2014.cas.ch10
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Adige during the early Holocene. A ‘defensive system’

(articulated in three main phases), originating in the First
Iron Age, has been identified next to the older slope (Balista
2004; Saracino 2004). The discovery of the settlement and
of several necropoles at Oppeano was documented since the
18th century, but it is only from the last decades of the 19th

century that the area has been archeologically investigated
(Ferrari 2008). Intensive archaeological research carried
out since 2000 by the University of Verona in collaboration
with the Veneto Archaeological State Antiquity Office, both
through surveys on the settlement and necropoles areas
and excavation campaigns in the north-western part of the
plateau (Fig. 1b), indicates that the area was continuously
settled from the Final Bronze Age to the First Iron Age,
from the 10th to the 5th centuries BC (Guidi and Salzani
2008). The distribution of pottery in the Final Bronze and
First Iron Ages, according to ‘leopard-spotted’ scattering,
corresponds to that detected in many other proto-urban
centres in central and northern Italy (Guidi 2008; Guidi
and Saracino 2008). During the First Iron Age (from the
6th century BC), the occupation expanded over most of
the plateau, assuming the dimensions of a ‘town’. The
importance and the socio-cultural vitality of the centre
during this period are also attested by the increasingly richer
funeral sets, the construction of a complex defensive system
along the southern slope, and the increasingly frequent
occurrence of Attic, black-glazed, and Etruscan-Padan
pottery, inscriptions borrowed from Northern Etruscan
models, and the higher concentration of manufacturing
(i.e., metallurgy and pottery).

The ceramic repertoire found during the excavation of
2003 (Guidi et al. 2008; Saracino and Sboarina 2010), the
subject of this research, is mainly composed of common
ware, showing various surface treatments and colours
(Saracino 2009), and of a few findings of ceramica zonata, a
wheel-made type of pottery produced in the ancient Veneto
region from the 6th century BC onwards and characterised
by alternating black and red coloured bands on the outer
surface. Rare fragments of fine ware, typical of various
Italian and Mediterranean cultures, were also found and
archaeologically interpreted as commercial products and/
or gifts for the aristocracy (Saracino 2009).

The present research is an archaeometric study of a set
of 37 potsherds found at the site, with the main aims of
determining the production technology and possible cases
of importation during the period between the Final Bronze
and Second Iron Ages, over a timespan of six centuries. This
study represents preliminary research on the Oppeano
pottery, which needs to be integrated with future work
on a larger sample to increase its representativeness. The
selection of samples presented in this paper was based on
the effective frequency and identification of archaeological
structures in this and several other parts of the settlement.
The older layers (Final Bronze Age) are less well preserved
and are disturbed by later structures (i.e., Early, and
mainly First Iron Age) (Morandini and Saracino 2008;
Saracino 2008). Fragments of commonware, represented by
open and closed shapes such as bowls, ollae, biconical pots
and dolia (Figs. 2 and 3), and of fine ware, represented by
Etruscan-Padan pottery, ceramica zonata, a small amphora

Figure 1. a) Geographic location of Oppeano in the eastern Po plain; main rivers and palaeo-rivers also indicated;
b) geomorphological sketch of the alluvial plateau of Oppeano (Rioda 2008, modified); black outline: settlement area;
black box: excavation from which the analysed potsherds were collected; c-d) digital terrain model and contour line of the

Oppeano settlement, processed by ITABC – CNR Rome.
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with a horizontal grey-brownish band and a wavy line motif,
of uncertain origin, and a black-glazed kylix (Fig. 3) were
studied from the petrographic andmineralogical viewpoints.
A secondary deposition sherd of final Neolithic Age with
scratched/impressed decoration (end of the fourth millen-
nium BC) was also studied in order to define provenance
and understand the possible oldest human occupation of the
site. In addition, four samples of clay, representing locally
available material, were collected immediately outside the
plateau, from the Holocene alluvial deposits of the Adige,
and subsequently analysed (Fig. 1b).

Petrographic analysis was carried out following the
terminology and descriptive scheme proposed by Whit-
bread (1986, 1989, 1995). The surfaces of the potsherds
were removed with a micro-drill in order to eliminate
possible surface contamination. Samples were then
reduced to powder in an agate mortar. The mineralogical
composition was obtained by X-ray powder diffraction
(XRD) on a PANalytical X'Pert PRO diffractometer in Bragg-
Brentano geometry, equipped with a Cu X-ray tube (40 kV
and 30 mA, Cu-Ka radiation) and an X'Celerator detector,
in the 3–70° 2u range with 0.02° step size and counting 1 s
per step. The results were compared with archaeometric
data from other coeval sites referable to the same culture,
in order to define analogies in pottery production and
reconstruct possible trade routes.

2. Results and discussion
The petrographic analysis shows that most of the samples
are characterised by a homogeneous groundmass, optically
active, with a striated birefringent-fabric (b-fabric), some-
times with clay pellets, and few pores, mainly represented
by some vughs with a size ranging from dozens to hundreds
of microns and scarce millimetric channels. According to
the textural features and mineral-petrographic nature of
the inclusions, they were divided into seven main
petrographic groups (Fig. 4), a brief description of which
is provided below (Table 1).

Samples belonging to group 1 (alluvial sand-rich potsherds)
contain abundant inclusions of quartz, showing single-
space distribution, angular to sub-rounded shape, and
occurring as single crystals, polycrystalline aggregates of
metamorphic origin, and chert, associated with scarce
crystals of plagioclase, K-feldspar, biotite, muscovite,
epidote, a few opaque minerals, and occasionally fragments
of micritic limestone, rhyolite, crystals of rutile, tourmaline,
garnet, zircon, pyroxene, chlorite, and/or amphibole
(Fig. 4a). On the basis of the abundance and maximum
grain size, two subgroups were distinguished, with a 50:50
c:f (coarse:fine) ratio and inclusions up to approximately
two millimetres (samples: OP01, OP08, OP09, OP30), and
30:70–40:60 c:f ratio and inclusions up to approximately
one millimetre (samples: OP05, OP23, OP24, OP34, OP35,
OP37), respectively.

The samples of group 2 (alluvial sand- and calcite-rich
potsherds) (samples: OP07, OP16, OP18, OP20) are
characterised by abundant (40:60 c:f ratio) micron-sized,

Figure 2. Archaeological drawing of some of the studied
samples: fragments dating to the Early Iron Age (OP01,
OP02, OP05, OP09, OP10) and First Iron Age (OP12,

OP13, OP15, OP19, OP23, OP24).

Figure 3. Archaeological drawing of some of the studied
samples: fragments dating to the Second Iron Age (OP25)
and Final Bronze Age (OP27, OP28, OP29), small amphora
(OP30), black-glazed kylix (OP31), and ceramica zonata

(OP34, OP35, OP36).
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angular fragments of calcite (Fig. 4b), as well as the same
type of inclusions as group 1.

The quantity of calcite fragments increases in group 3
(calcite-rich potsherds) (samples: OP04, OP19, OP21,
OP22), and the alluvial sand component decreases

drastically in comparison with the previous groups
(Fig. 4c).

Potsherds belonging to groups 4 and 5 are characterised by
fragments of grog up to millimetric size (Figs. 4d, e). This
type of temper was distinguished from other possible

Figure 4.Microphotographs of representative samples from the petrographic groups identified: a) group1 (sampleOP34); b)
group 2 (sample OP16); c) group 3 (sample OP04); d) group 4 (sample OP13); e) group 5 (sample OP10); f) clay pellet in
sampleOP12; g) group6 (sampleOP15); h) group7 (sampleOP12). Imagewidth: 3.5mm.Crossedpolars: images a, b, c, g, h;

parallel polars: images d, e, f.
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argillaceous inclusions, in particular clay pellets, according
to microscopic features, as described by Whitbread (1986).
Examined in more detail, the grog is angular in shape, has
sharp boundaries, and in many cases shows preferred
orientation and neutral optical density, whereas the clay
pellets are rounded, with merging boundaries, concentric
internal structure, and equant shape (Fig. 4f). In group 4
(calcite and grog-bearing potsherds), recycled pottery is
associated with abundant fragments of calcite (samples:
OP12, OP13, OP14, OP17); in group 5 (grog-rich potsherds)
(OP02, OPO3, OP10, OP11, OP26, OP27, OP28, OP29), it
constitutes the only type of added temper, associated with
more or less abundant sand, representing the naturally
occurring coarser fraction of the clay materials. Only two
potsherd samples (OP15, OP36) also contain fine sandy-
sized inclusions, with a mineral-petrographic composition
analogous to that of the previous groups, with sub-rounded
fragments of trachyte of some hundreds of microns (group 6,
trachyte-bearing potsherds) (Fig. 4g). Lastly, although
samples OP30 (oinochoe) and OP31 (kylix) contain different
quantities of inclusions, 20% and 10% respectively, they
were classified together in group 7 ( fine potsherds), as they
are both fine-grained and mainly composed of quartz and
subordinate opaque minerals, crystals of muscovite, biotite,
rutile and, in the case of OP30, also by rare plagioclase,
K-feldspar, zircon, garnet and chert (Fig. 4h).

The results of petrographic analysis were used to define the
main technological features of this pottery, as well as to
constrain its provenance. As such, the textural features of
the groundmass, and in particular the oriented b-fabric,
according to the results of experimental shaping studies by
Courty and Roux (1995), indicate that the pastes were
wheel-turned. Fragments of grog in the potsherds of two of
the groups (4 and 5) indicate that these ceramic pastes

were deliberately tempered by the potters. The samples of
groups 2 and 3, containing angular sand-sized crystals of
calcite, were also produced by mixing base clays with
crushed calcite. The potsherds of groups 1 and 6 show a
continuous grain-size distribution, and the sub-rounded
shape of the coarser fraction is not useful for identifying
features that would allow interpreting production recipes.
The possible addition of sand to the base clay is very hard
to detect and demonstrate. A particular case is represented
by fine potsherds (OP30, OP31), which were probably
produced with depurated clay materials.

As regards provenance, the presence in many of the
samples of groups 1, 2, and 5 of fragments of rhyolite,
referable to the Permian volcanites which constitute the
porphyric platform of the Trentino Alto Adige region, as
well as of metamorphic quartz and minerals related to
metamorphic rocks such as garnet, epidote, tourmaline,
and zircon, indicate that the clay materials were locally
collected from the Adige plain deposits (Jobstraibizer and
Mallesani 1973). The lack of any mineral-petrographic
marker in the samples of groups 3, 4 and 7 do not allow a
delimitation of the provenance of these ceramic objects,
although the presence of marble and sparitic limestone in
the coarser Adige deposits does not exclude the possibility
that the pottery of groups 3 and 4 was locally produced.
According to this petrographic evidence, only the samples
of group 6 were certainly imported from another
production centre. The presence of small fragments of
trachyte, a rock outcropping in the area of the Euganean
Hills – Padua (Piccoli et al. 1981), about 50 kilometres
downriver from Oppeano (Fig. 1) constrain these samples
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to this area. In particular, the ceramic paste of these
samples, which is very similar to the one described by
Maritan (1998) for the ceramica zonata production at Este,
indicates that these objects, a ceramica zonata (OP36) and
a dolium with internal and horizontal red and black stripes
(OP15), were imported from there. It is very interesting
that other objects, the stylistic features of which correspond
to those of the ceramica zonata (OP34, OP35), were
produced with a different recipe, petrographically corre-
sponding to group 1 (alluvial sand-rich potsherds), which
may be considered as locally produced at Oppeano.

When examining the distribution of petrographic groups
over the three main chronological phases, Final Bronze
Age, First Iron Age, and Second Iron Age, it is very
interesting to note that, despite the poor statistics, the
number of production recipes drastically increased from the
Final Bronze Age to the First and Second Iron Ages (Fig. 5).
In particular, pottery using exclusively grog temper was
produced during the Final Bronze Age, whereas in the
Iron Age other types of temper were also used, and many
new recipes were introduced in the ceramic production
technology at Oppeano.

Petrographic groups are generally not correlated with
specific ceramic types, with the exception of ceramica
zonata, produced according to recipe 1, with the exception
of the imported object OP36, which belongs to group 6. This
suggests that, at least for the more abundant ceramic types,
little care was taken in the selection of the raw materials.

The mineralogical composition of the ceramic sherds is
closely related to the nature of the raw materials,
maximum firing temperature, and oxygen fugacity during
firing (Bimson 1969; Philpotts and Wilson 1994). There-
fore, the presence or absence of specific minerals is
essential in defining the technological features of
production. The differing mineral assemblages identified
in the potsherds are listed below:

– quartz, plagioclase, K-feldspar, illite/muscovite,
chlorite, ± calcite, ± dolomite;
– quartz, plagioclase, K-feldspar, illite/muscovite,
calcite ± haematite;
– quartz, plagioclase, K-feldspar, illite/muscovite;
– quartz, plagioclase, K-feldspar, illite/muscovite,
pyroxene.

Quartz is generally the most abundant phase, followed
by plagioclase, K-feldspar, and illite/muscovite. Calcite,
dolomite, pyroxene, haematite and/or chlorite occur only
in some samples.

The XRD analysis of four samples of clay, collected from the
surroundings of the Adige plain site and representing locally
available raw materials, indicated that they are composed of
quartz, dolomite, calcite, illite/muscovite, chlorite, plagio-
clase and K-feldspar, in differing proportions.

The maximum firing temperatures of the Oppeano
potsherds were determined according to the mineralogical
association of samples and after comparisons with firing
experiments in both oxidising and reducing conditions, on
illitic-chloritic calcareous and non-calcareous clays similar
in terms of mineralogical composition to locally available
clay materials (Maritan 2003; Maritan et al. 2006; Nodari

et al. 2007) (Fig. 6). About one third of the samples were
fired at a temperature lower than 550°C, and half of them
between 750°C and 850°C (Fig. 6a). These temperatures
are determined by the occurrence of chlorite peaks in the
former (lower temperature) group and the lack of chlorite
and presence of calcite and haematite in the latter (high
temperature). Where calcite was lacking, the firing
temperature was identified on the basis of the absence of
chlorite peaks and the occurrence of those of illite/
muscovite. Only in a few cases did the maximum firing
temperature fall in the interval 850–950°C, associated with
the occurrence of both pyroxene and illite/muscovite.
When considering firing temperatures in relation to
petrographic groups, it is interesting to note that some
correspondences were found (Fig. 6b), despite the poor
statistical representativeness of most of the petrographic
groups. In particular, the samples of group 2 were fired at a
temperature below 550°C, while those of groups 4 and 6
were fired at temperatures between 750 and 850°C. Pottery
produced according to recipes 1, 3, 5 and 7 displays a
wide range of firing temperatures, from below 550°C to
950°C, probably as the result of poor control of the firing
technology. All this evidence suggests specific and
differentiated production technologies, in terms of both
production recipes and control of firing conditions.

3. Conclusions
The mineral-petrographic analysis of a selection of pottery
samples from Oppeano (Verona, NE Italy) has provided
very important data to define ceramic trade with other
coeval regional and distant centres, and to characterise the
production technology of this site. Although only pre-
liminarily, the production recipes identified at Oppeano
indicate in one case a link between pottery paste and type,
as in the case of the ceramica zonata locally produced with
the recipe corresponding to group 1. In view of these data, a
wider investigation of the Oppeano pottery may provide
important indications pertaining to the interpretation of
functional pottery in relation to its paste type.

This technological change observed at Oppeano cannot be
easily associated with other regional and extra-regional
situations, due – in terms of the statistical diachronic and
synchronic representativeness of regional sites – to the
limited number of archaeometric studies on pottery from
this period (Final Bronze Age to Second Iron Age). During
the Italian Bronze Age, grog was commonly used in those
settlements located in sedimentary areas, because of the lack
of rock outcrops nearby (Jenkins et al. 1999; Jones et al.
2002; Levi and Sonnino 2003; Saracino 2006; Saracino et al.
2006). For this reason, it is possible that grogwas considered
as an easily available raw material of good quality.

During the First Iron Age, grog was less frequently used, as it
possibly represented a temper related to the past, and from
the 6th-5th centuries BC onwards it was replaced by sand as
well as spathic calcite, probably collected from alluvial sand
and pebble deposits. During the same period, important
technological changes were introduced, such as wheel
throwing andthrough or up-draught kilns, both of which
have been archaeologically confirmed in Oppeano and other
settlements in Italy (Iaia 2009; Saracino 2009). The increase
in the number of recipes in the First and especially Second
Iron Age (Fig. 5b) is interpreted as due to the developments
related to socio-economic complexity and increased trade.
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During the Final Bronze and First Iron Ages, ceramic
productionwas carried out inhouseholdworkshops,whereas
from the Second Iron Age onwards, the emergence of a
well-established aristocracy regulated settlement growth and
led to a population increase (Guidi 2008), both of which
gave rise to greater demand for products for local use or for
trade, as attested in other parts of Europe (Gosden 1985).
This demand could be satisfied by setting upmoreworkshops
in special areas of the settlement (a kind of artisan district, as,
for example, in the settlements of Padua and Oppeano, or
in those at Trebbio-Sansepolcro, in central Italy–DeMin et al.
2005; Guidi and Salzani 2008; Iaia and Moroni Lanfredini
2009), where several full-time potters could practise their
technological and cultural know-how.Nevertheless, wemust
also take into account the factor of importation. Petrographic
and stylistic analyses indicate the importation of both dolia
and ceramica zonata pottery from the Euganean Hills area,
probably from Este, and of fine ware, a black-glazed kylix
and a fine small decorated amphora from unidentified
localities. The lack of any petrographic marker prevents us
from assigning a particular area/district of provenance for
these objects. Only a detailed analysis of the chemical
composition, which was not ascertained due to the small
quantity of material available, can provide information on
the origin of these materials. In particular, the kylix may
be related to a central Italic production or more probably to
the local Greek-Etruscan emporium of Adria (F. Wiel-Marin
personal communication). The small amphora seems to be
made with a naturally fine clay, without any depuration
process. From a typological point of view, it recalls similar
products found at the Ca’ Cima necropolis (Adria, NE Italy)
(S. Bonomi personal communication) but its provenance
cannot at present be confirmed.

References
Balista C., 2004, Oppeano 2001–2002: la geomorfologia

e le difese meridionali dell'area insediativa dell'età
del Ferro. In Ricerche archeologiche in Italia e in Siria:
atti delle Giornate di studio, Verona, 6–7 maggio 2002,
(eds. A. Guidi and S. Ponchia), 27-36, Sargon, Padova.

Bertelle M., Calogero S., Leotta G., Stievano L., Salerno R.
and Segnan R., 2001, Firing Techniques of the Impasti
from the Protohistoric Site of Concordia Sagittaria
(Venice). Journal of Archaeological Science, 28, 197-211.

Bianchin Citton E., Levi S.T. and Magrini M., 2000,
Osservazioni archeometriche sul vasellame di scarto
della prima età del Ferro di Montebelluna (TV) – Via
Monte Civetta. In Proceedings of Conference on Le scienze
della terra e l'archeometria, Este 26-27/02/1999, (eds.
C.D'AmicoandC.Tampellini), 31-38,PatronEditore, Este.

Bimson M., 1969, The examination of ceramics by X-ray
powder diffraction. Studies in Conservation, 14, 85-89.

Biscontin G., Driussi G., Leonardi G., Moretti G.,
Quartarone G., Valle A. and Zingales A., 1984, Indagine
chimico-fisiche su alcuni manufatti della necropoli
paleoveneta del Piovego-Padova. Archeologia Veneta, 7,
321-340.

Courty M.A. and Roux V., 1995, Identification of wheel
throwing on the basis of ceramic surface features and
microfabrics. Journal of Archaeological Science, 22, 17-50.

Crivellari F., Bianchin Citton E., De Vecchi G., Fabbri B.,
Gualtieri S. and Rigoni A.N., 2007, Alcune classi di
manufatti non vascolari dell'abitato di Montagnana-Borgo
S. Zeno. Materiali argillosi non vascolari: un'occasione in
più per l'archeologia. Atti della IX Giornata di Archeometria
della Ceramica (Pordenone 18–19 Aprile 2005), 87-94,
Consiglio Nazionale delle Ricerche, Faenza.

De Min G., Gamba M., Gambacurta G., Ruta Serafini A.
(eds.), 2005, La città invisibile. Padova preromana.
Trent'anni di scavi e ricerche, Tipoarte Industrie Grafiche,
Ozzano Emilia.

Ferrari C., 2008, Cronistoria degli scavi e delle scoperte
archeologiche. In Oppeano: vecchi e nuovi dati sul centro
protourbano, (eds. A. Guidi and L. Salzani), 10-15,
Quaderni di Archeologia del Veneto Serie Speciale 3,
Giunta regionale del Veneto, Venezia.

Gosden C., 1985, Gifts and kin in Early Iron Age Europe.
Man, 20, 475-493.

Guidi A., 2008, Per un tentativo di sintesi dei dati sul
popolamento. In Oppeano: vecchi e nuovi dati sul centro
protourbano, (eds. A. Guidi and L. Salzani), 165-172,
Quaderni di Archeologia del Veneto Serie Speciale 3,
Giunta regionale del Veneto, Venezia.

Guidi A., Salzani L. (eds.), 2008, Oppeano: vecchi e nuovi
dati sul centro protourbano, Quaderni di Archeologia del
Veneto Serie Speciale 3, Giunta regionale del Veneto,
Venezia.

Guidi A. and Saracino M., 2008, New data on the proto-
urban site of Oppeano (Verona, North-Eastern Italy).
Ritus und Religion in der Eisenzeit, Beiträge zur Sitzung
der AG Eisenzeit während der Jahrestagung des Mittel- und
Ostdeutschen Verbandes für Altertumsforschung e.V. in
Halle an der Saale 2007, (ed. C. Eggl, et al.,), 135-142,
Beiträge zur Ur- und Frühgeschichte Mitteleuropas 49,
Beier & Beran, Langenweißbach.

Guidi A., Candelato F. and Saracino M., 2008, Il
popolamento del territorio veronese nell'età del Ferro.
I Veneti antichi: novità ed aggiornamenti, 15-45, Cierre
Edizioni, Sommacampagna.

Iaia C., 2009, Una panoramica sugli impianti di cottura
per ceramica nella protostoria italiana, fino al VI seolo
a.C. In L'Età delferro a Sansepolcro. Attività produttive e
ambiente nel sito di Trebbio, (eds. C. Iaia and A. Moroni
Lanfredini), 55-72, Aboca Museum Edizioni, Perugia.

Iaia C., Moroni Lanfredini A. (eds.), 2009, L'Età delferro
a Sansepolcro. Attività produttive e ambiente nel sito di
Trebbio, Aboca Museum Edizioni, Perugia.

Jenkins D., Williams J.L. and Levi S.T., 1999, Petrographic
analysis in provenancing and classification of sherds:
the lower Po valley – a case study. In Proceedings of the
4th European Meeting on Ancient Ceramics on Estudis
arqueològics i arqueomètrics, Andorra 12-15/11/1997,
(eds.M.Maggetti andM.Vendrell-Saz), 175-181,Govern
d'Andorra Ministeri de Turisme I Cultura, Andorra.

Jobstraibizer P. and Mallesani P., 1973, I sedimenti dei
fiumi veneti.Memorie della Società Geologica Italiana, 12,
411-452.

Jones R.E., Vagnetti L., Levi S.T., Williams J., Jenkins D.
and De Guio A., 2002, Mycenaean pottery from northern

Ceramic technology between the Final Bronze Age and the First Iron Age in NE Italy: The case of Oppeano (Verona)

Ed. Marcos Martinón-Torres 99



Italy: archaeological and archaeometric studies. Studi
Micenei ed Egeo-Anatolici, 44, 221-261.

Lenzi A., 2008, Studio della ceramica veneta con decorazione
a fasce rosse e nere, Unpublished PhD thesis, University
of Pisa.

Levi S.T. and Sonnino M., 2003, Archaeogeology Project:
a Tool for the Study of Provenance and Technology of
Ancient Pottery. In Ceramics in the society: proceedings of
the 6th European Meeting on Ancient Ceramics, Fribourg,
Swtizerland 3–6 October 2001, (eds. S. Di Pierro,
V. Sernels and M. Maggetti), 197-208, Department of
Geosciences, Mineralogy and Petrography. University of
Fribourg, Fribourg.

Maritan L., 1998, Studi petrografici, mineralogici e chimici
di materiali ceramici di età protostorica provenienti da
Este e Padova. Plinius, 20, 147-149.

Maritan L., 2001, Coarse Iron age pottery from Este
(Padova), Italy. In Proceedings of the 3rd International
Congress on Science and Technology for the Safeguard of
Cultural Heritage in the Mediterranean Basin, Alcalà de
Henares, Spagna 9–14 July 2001, (eds. J. Alpuente, I. de
Bustamante, P. López and J. Sanz), 1-6, Elsevier, Paris.

Maritan L., 2003, Studio archeometrico di ceramiche di tipo
etrusco padano dell'area veneta: indagini petrografiche,
chimico-fisiche e confronto con i risultati ottenuti da prove
sperimentali di cottura di materiali argillosi, Unpublished
PhD thesis, University of Padova.

Maritan L., 2004, Archaeometric study of Etruscan-Padan
type pottery from the Veneto region: petrographic,
mineralogical and geochemical-physical characteris-
ation. European Journal of Mineralogy, 16, 297-307.

Maritan L., Mazzoli C., Nodari L. and Russo U., 2005,
Second Iron Age grey pottery from Este (north-eastern
Italy): study of provenance and technology. Applied Clay
Science, 29, 31-44.

Maritan L., Nodari L., Mazzoli C., Milano A. and Russo U.,
2006, Influence of firing conditions on ceramic products:
experimental study on clay rich in organic matter.
Applied Clay Science, 31, 1-15.

Morandini A. and Saracino M., 2008, Considerazioni
preliminari. In Oppeano: vecchi e nuovi dati sul centro
protourbano, (eds. A. Guidi and L. Salzani), 137-139,
Quaderni di Archeologia del Veneto Serie Speciale 3,
Giunta regionale del Veneto, Venezia.

Nodari L., Marcuz E., Maritan L., Mazzoli C. and Russo U.,
2007, Hematite nucleation and growth in the firing of
carbonate-rich clay for pottery production. Journal of the
European Ceramic Society, 27, 4665-4673.

Philpotts A.R. andWilsonN., 1994, Application of petrofabric
and phase equilibria analysis to the study of a potsherd.
Journal of Archaeological Science, 21, 607-618.

Piccoli G., Sedea R., Bellati R., Di Lallo E., Medizza F.,
Girardi A., De Pieri A., De Vecchi G.P., Gregnanin A.,
Piccirillo E.M., Norinelli A. and Dal Prà A., 1981, Note
illustrative della carta geologica dei Colli Euganei alla
scala 1:25.000. Memorie di Scienze Geologiche dell'Uni-
versità degli Studi di Padova, 34, 523-566.

Rioda V., 2008, Inquadramento geologico e geomorfolo-
gico. In Oppeano: vecchi e nuovi dati sul centro
protourbano, (eds. A. Guidi and L. Salzani), 16-20,
Quaderni di Archeologia del Veneto Serie Speciale 3,
Giunta regionale del Veneto, Venezia.

Saracino M., 2004, Oppeano Veronese (VR): i materiali
archeologici del saggio esplorativo n. 3 nei pressi della
località Montara. In Ricerche archeologiche in Italia e in
Siria: atti delleGiornate di studio, Verona, 6–7maggio2002,
(eds. A. Guidi and S. Ponchia), 37-39, Sargon, Padova.

Saracino M., 2006, Archeologia della produzione ceramica
nell'alto e medio Polesine tra il Bronzo Medio 2 e l'inizio
della prima età del Ferro. Padusa, 41, 57-76.

Saracino M., 2008, Le schede della ricognizione sistema-
tica. In Oppeano: vecchi e nuovi dati sul centro
protourbano, (eds. A. Guidi and L. Salzani), 120-129,
Quaderni di Archeologia del Veneto Serie Speciale 3,
Giunta regionale del Veneto, Venezia.

Saracino M., 2009, Archeologia della produzione ceramica
durante l'età del Ferro: il caso di Oppeano, Unpublished
PhD thesis, University of Verona, Verona.

Saracino M. and Sboarina M., 2010, Analisi dei materiali
ceramici provenienti dal centro protourbano di
Oppeano-ex Fornace (campagna di scavo 2003).
Bollettino Museo Civico di Storia Naturale, 34, 37-49.

Saracino M., Angelini I., Artioli G., Bellintani P. and
Chiaffoni B., 2006, Frattesina – fase tre: Archeologia ed
Archeometria della produzione ceramica. In La ceramica
in Italia quando l'Italia non c'era: atti della 8a Giornata di
archeometria della ceramica (Vietri sul Mare, 27–28 aprile
2004), (eds. B. Fabbri, S. Gualtieri and M. Romito), 63-
74, Edipuglia, Bari.

Sorbini L., Accorsi C.A., Bandini Mozzanti M., Forlani L.,
Gandini F., Meneghel M., Rigoni A. and Sommaruga M.,
1985, Geologia e geomorfologia di una porzione di pianura
a Sud-Est di Verona, Memorie del Museo Civico di Storia
Naturale di Verona, II serie, Sezione Scienze della Terra 2,
Museo Civico di Storia Naturale di Verona, Verona.

Whitbread I.K., 1986, The characterisation of argillaceous
inclusions in ceramic thin sections. Archaeometry, 28,
79-88.

Whitbread I.K., 1989, A proposal for the systematic
description of thin sections towards the study of ancient
ceramic technology. In Archaeometry: Proceedings of
the 25th International Symposium, (ed. Y. Maniatis),
127-138, Elsevier, Amsterdam.

Whitbread I.K., 1995, Greek Transport Amphorae: A
Petrological and Archaeological Study, Fitch Laboratory
Occasional Paper 4, British School at Athens, Athens.

ACKNOWLEDGEMENTS
The authors would like to thank Prof. Alessandro Guidi
(University Roma Tre) and Dr. Luciano Salzani (Veneto
Archaeological State Antiquity Office) for their help and
contribution to this research. They are very grateful to
Gabriel Walton for revising the English text.

Saracino et al.

100 Craft and science: International perspectives on archaeological ceramics



Hispanic terra sigillata productions documented on
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Abstract - Archaeological research has recovered significant amounts of Hispanic terra sigillata
(HTS) dated back to the 1st century AD on the Catalan coast, an area traditionally considered within
the influence of Gaulish sigillata during that period. Moreover, several new HTS workshops have
also been recently discovered in this area. In order to shed light on the provenance and exchange
structures of HTS, 86 samples from the sites of Baetulo, Emporiae, and Tarraco were analysed
by means of WD X-ray fluorescence (WD-XRF), X-ray diffraction (XRD), and scanning electron
microscopy (SEM). The results show that almost no HTS from workshops other than Tricio, located
inland, were commercialised on the Catalan coast, in spite of the proximity of other workshops.

1. Introduction
Traditionally, Hispanic terra sigillata (HTS) has been
considered an early Empire minor production, made and
distributed from the mid-1st to the mid-2nd century AD in
those places where Gaulish sigillata was not at all, or only
scarcely, commercialised, i.e., the inland area of the Iberian
Peninsula (Romero Carnicero 1985; Tuset i Bertran 1991;
Buxeda i Garrigós 1995). However, this view has changed
recently, owing to the discovery of a large number of
workshops, some of them located near the coastline, as well
as to the identification of HTS from the Tricio complex on
the Catalan coast.

The archaeological evidence related to the production of
HTS has been increasing lately in Catalonia (Fig. 1). Thus,
to the early discovered workshops of Abella and the
probable one of Solsona (Buxeda i Garrigós 1995; 1999),
newly recovered remains, mostly moulds and HTS, have
been added, and these indicate the production of HTS
throughout the territory (Madrid i Fernández 2005). These
workshops produced solely HTS, while Abella produced
only Advanced HTS (AHTS), dated back to the period
between the mid-2nd century and the 3rd century AD.
Among these recently discovered finds, moulds and HTS
from Lleida (Pérez Almoguera 1990), Montroig del Camp
(Pallejà i Vilaseca 1994), and la Bòbila d'Ermedàs (Casas i
Genover et al. 1990) were first analysed in order to define
their reference group (Buxeda i Garrigós and Madrid i
Fernández 2000; Madrid i Fernández 2005; Madrid i
Fernández and Buxeda i Garrigós 2007).

On the other hand, Tricio (and the so-called Tricio
complex/area), located inland, is nowadays considered as
one of the most significant production centres of HTS in the
Iberian Peninsula. Here, archaeological remains such as
kilns, dumps, moulds, and above all stamps showing more
than one hundred different names have enabled the
identification of more than 15 different workshops and an
an estimated number of a hundred of potters who would
have worked in this complex (Sáenz Preciado and Sáenz
Preciado 1999). Moreover, the Tricio complex is the only
production centre known to have produced Hispanic terra
sigillata (HTS), Advanced HTS (AHTS), and Late HTS
(LHTS), this latter type being produced in the 4th-5th
centuries AD. Finally, it must be added that there are only a
few archaeometric studies related to the distribution of
HTS, but these have shown a predominance of materials
from Tricio in all the consumption centres analysed (Picon
1984; 1985; Madrid i Fernández 2005; Madrid i Fernández
and Buxeda i Garrigós 2002).

2 Sampling and analytical techniques
In spite of the research mentioned above, we are still far
from a clear understanding of the role played by all these
workshops in the exchange and consumption patterns of
HTS on the Catalan coast. Therefore, the goal of this
archaeometric study is to identify how many HTS
productions were commercialised in this area, and from
which workshops, as well as to provide more information
on the technology used for their production. In this sense,
the study also aims to examine in more depth the concept
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of quality, in order to verify whether HTS was not as good
a product as Italian and Gaulish sigillata, as the current
archaeological assumptions maintain, or whether this is not
the case.

Thus, chemical analyses by means of wavelength dispersive
X-ray fluorescence (WD-XRF) and mineralogical analyses
by means of X-ray diffraction (XRD) were performed on
86 samples from the consumption sites of Baetulo,

Figure 1. Sites studied (orange dots) and main Hispanic TS workshops archaeologically known (green dots: workshops
archaeometrically characterised)
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Figure 2. Dendrogram from the cluster analysis performed using the subcomposition Na2O, MgO, Al2O3, SiO2, K2O, CaO,
TiO2, MnO, Fe2O3 (as total Fe), V, Cr Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, and Ce, log-ratio transformed using the CLR
transformation. Legend of groups indicated by different grey boxes: DR: Duero valley productions; AB: Abella; BU: Burgo
de Osma; AN: Andújar; MN: Montroig del Camp; BE: Bòbila d'Ermedàs; TR: Tricio; TR*: Tricio altered; TSH1: Hispanic

unknown terra sigillata production; LL: Lleida.
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Emporiae, and Tarraco for provenance and technological
studies. A selection of these has been further analysed
under the scanning electronic microscope (SEM) for
microstructure and sintering state studies of the matrix,
as well as for determining the adherence and the sintering
state of the gloss.

Between 10 and 15 g of each sample were taken and
powdered in a Spex Mixer (Mod.8000) tungsten carbide
cell mill, after mechanical removal of the outer surfaces.
The WD-XRF analysis was performed using a Phillips PW
2400 spectrometer with an Rh excitation source. A portion

of the specimens was dried at 1008C for 24 h. Major and
minor elements were determined by preparing duplicates
of glass beads using 0.3 g of powdered specimen in an
alkaline fusion with lithium tetraborate at 1/20 dilution.
Trace elements and Na2O were determined by powder
pellets made of 5 g of specimen mixed with Elvacite
agglutinating placed over boric acid in an aluminium
capsule and pressed for 60 s at 200 kN. Concentrations
were quantified using a calibration line employing 60
standards (International Geological Standards). The
elements determined comprised major, minor and trace
elements (major and minor elements are reported as
oxydes by stoichiometry): Na2O, MgO, Al2O3, SiO2, P2O5,
K2O, CaO, TiO2, V, Cr, MnO, Fe2O3 (as total Fe), Co, Ni, Cu,
Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo, Sn, Ba, W, Pb, Ce, and Th.
The loss on ignition (LOI) was determined by firing 0.3 g
of dried specimen at 9508C for 3 h (Hein et al. 2002;
Madrid i Fernández 2005; Madrid i Fernández and Buxeda
i Garrigós 2007).

XRD measurements were performed with the same
prepared powder of the above specimens with the help
of a Siemens D-500 diffractometer working with Cu Ka
radiation (l ¼ 1.5406Å) at 1.2 kW (40 kV, 30 mA), and
using a graphite monochromator in the diffracted beam.
Spectra were recorded from 4 to 708 2u, at 18 2u/min (step
size ¼ 0.058 2u; time ¼ 3 s). Crystalline phases were
evaluated using the DIFFRACT/AT program of Siemens,
which includes the International Centre for Diffraction
Data – Joint Committee of Powder Diffraction Standards
(ICDD-JCPDS) data bank.

The SEM study was conducted on a fresh fracture
(transverse to the wall and parallel to the vertical
dimension of the vessel) obtained from each of the selected
pieces. The samples were carbon coated and examined
under a Jeol JSM-840 SEM coupled to an energy dispersive
X-ray analyser (EDX) (Madrid i Fernández 2005; Madrid i
Fernández and Buxeda i Garrigós 2007).

3 Chemical analysis
The results of the chemical analysis carried out by XRF
correspond to a special case: the d þ 1-dimensional vector
space that arises from the d-dimensional projective space,
the simplex S d, in which the projective points are
represented by homogeneous coordinates with a constant
sum k (k [ R þ) (Rþ: the set of positive real numbers):

x ¼ ½x1; . . . ; xdþ1$ j xi $ 0 ði ¼ 1; . . . ;dþ 1Þ;

x1 þ . . . þ xdþ1 ¼ k

(in this case k ¼ 100), and its vector space is the positive
orthant, which follows a multiplicative model with a
logarithmic intervals metric (Barceló-Vidal et al. 2001;
Aitchison 2005; Buxeda i Garrigós 2008). Therefore, the
original chemical data x have been transformed to z using
the centred log-ratio transformation (CLR), in order to
obtain an Euclidean space, removing the restriction to the
constant sum k and avoiding the effects of possible
contaminations, in which any standard statistical technique
can be applied:

x [ Sd ! z ¼ ln
x

gðxÞ

! "
[ Rdþ1

Table 1. Mean and standard deviation (normalised data)
of TSH1 and Tricio terra sigillata productions. *Values in
brackets are averages calculated using only individuals free
of analcime (n=37).

TSH1 (n=2) TRICIO (n=73)

Mean St.dev Mean St.dev

Na2O (%) 0.75 0.01 0.92(0.64)* 0.44(0.07)*

MgO (%) 3.32 0.09 3.19 0.45

Al2O3 (%) 22.36 0.15 19.74 0.83

SiO2 (%) 48.37 0.05 55.59 1.45

P2O5 (%) 0.23 0.07 0.19 0.1

K2O (%) 4.23 0.03 3.52(3.96)* 0.68(0.21)*

CaO (%) 10.66 0.14 9.54 1.53

TiO2 (%) 0.82 0.02 0.79 0.03

V (ppm) 115 2 83 6

Cr (ppm) 109 6 101 8

MnO (%) 0.08 0 0.05 0.01

Fe2O3 (%) 8.99 0.1 6.29 0.25

Ni (ppm) 59 2 40 3

Cu (ppm) 61 4 28 7

Zn (ppm) 169 11 101 6

Ga (ppm) 28 3 26 2

Rb (ppm) 153 13 170(205)* 46(15)*

Sr (ppm) 189 16 329 64

Y (ppm) 27 4 27 3

Zr (ppm) 134 10 171 13

Nb (ppm) 15 4 19 1

Ba (ppm) 656 83 571 53

Ce (ppm) 67 9 74 8

Pb (ppm) 37 7 50 21
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where S d is the d-dimensional simplex, and g(x) is the
geometric mean of all the d þ 1 components of x (Aitchison
1986; Buxeda i Garrigós 1999; 2008).

The results of the data treatment can be summarised in the
dendrogram of the cluster analysis (Fig. 2), performed
using the components Na2O, MgO, Al2O3, SiO2, K2O, CaO,
TiO2, V, Cr, MnO, Fe2O3 (as total Fe), Ni, Zn, Ga, Rb, Sr, Y,
Zr, Nb, Ba, and Ce log-ratio transformed using the CLR
transformation. The cluster analysis has been performed
with the S-Plus statistic software (MathSoft 1999),
employing the squared Euclidean distance and the
centroid agglomerative algorithm. In order to establish
the provenance of the analysed samples, chemical results
were compared against the ARQjUB archaeometric
database of Hispanic terra sigillata productions, which
includes individuals from the main production centres of
the Iberian Peninsula. Statistical treatment shows that most
of the HTS individuals from the three sites can be

attributed to Tricio (73 out of 86 analysed samples),
demonstrating the influence of this centre on the coastal
areas as well, even though the great influence of Gaulish
sigillata during the same period is also certain and
proved by archaeometric studies (Table 1) (Madrid
i Fernández 2005; Madrid i Fernández et al. 2005). A few
further specimens might also be attributed to the Tricio
complex, even if slight chemical differences have been
observed. Finally, two individuals form part of a
production of unknown provenance, called TSH1, while a
further two remain as unclassified singles, also after
being compared against the ARQjUB archaeometric
database of general terra sigillata productions, which
includes, in addition to the Hispanic types, the most
popular productions of the Italian Peninsula (Arezzo, Pisa,
Pouzzouli, A Production of the Bay of Naples), South
Gaulish centres (La Graufesenque and Montans), and
Eastern Mediterranean centres (Eastern sigillata A), among
others.

Figure 3. XRD patterns for the categories of association of crystalline phases as detected by XRD. (a): individual from F1 of
Tricio; (b): individual from F3 of Tricio; (c): individual from F6 of Tricio; (d): individual from TSH1. ill: illite-muscovite;
qtz: quartz; cal: calcite; pg: plagioclase; hm: hematite; kfs: potassium feldspars; px: pyroxene; gh: gehlenite; anl:

analcime.
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4 Technological study
Chemical results show that all the analysed samples
correspond to calcareous ceramics (CaO . 5–6%). Nor-
mally the high content of CaO is due to a significant
presence of calcite, which effectively decomposes at about
8508C. This decomposition favours the crystallisation of
high temperature calcium-silicates and calcium-alu-
minium-silicates, as well as the emission of CO2, causing
the development of a cellular microstructure (Maniatis
et al. 1981; 1983). In the present case, the study of the XRD
diffractograms allowed the identification of several fabrics
within each production according to the mineralogical
phases recognised.

The study of the XRD diffractograms of the individuals
attributed to Tricio allowed the identification of six fabrics
(F1 to F6), corresponding to three different Equivalent

Firing Temperatures (EFT) (Picon 1973): F1 and F2
(800/8508C – 950/10008C) (illite-muscovite, crystallisa-
tion of pyroxene and gehlenite), F3 (around 950/10008C)
(almost total decomposition of illite-muscovite and
gehlenite, decomposition of calcite, crystallisation of
plagioclase), and F4, F5, and F6 (.950/10008C)
(decomposition of gehlenite, further development of
pyroxene and plagioclase; in F6, crystallisation of analcime
is observed) (Figs. 3a, b and c). In spite of this dispersion,
it must be said that only 13 individuals are included in the
first three types of fabric (1 in F1, 1 in F2, and 11 in F3),
whereas all the others are included in the fabric types F4
to F6. This aspect suggests a high degree of control of
the firing process by the potters of Tricio. On the other
hand, the XRD diffractograms of the two individuals of
the TSH 1 production are very similar and their study
allowed estimating an EFT between 850 and 950/10008C

Figure 4. SEM microphotographs (2000x). Tricio production: (a): matrix of individual from F1; (b): gloss of individual
from F1; (c): matrix of individual from F3; (d): gloss of individual from F3; (e): matrix of individual from F6; (f): gloss of

individual from F6.

Figure 5. SEM microphotographs for the TSH1 production: (a): matrix 2000x; (b): gloss 2000x; (c): gloss 1000x.
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(illite-muscovite, crystallisation of plagioclase, pyroxene,
and analcime) (Fig. 3d).

Based on these results, examination by SEM of the fresh
fracture surface of individuals from Tricio (fabrics F1, F3
and F6) and of the TSH 1 productions were undertaken in
order to study the microstructure and sintering state of the
matrix, and the adherence and sintering state of the gloss.
As shown in Figures 4 and 5, the degree of vitrification of
the matrix increases gradually with firing temperature, and
a cellular microstructure is developed. These results are in
good agreement with those reported by Maniatis and Tite
(1978/79) for the microstructures developed by calcareous
ceramics. Then, focusing on the Tricio production, the
matrix of F1 (Fig. 4a), for which a lower EFT (800/8508C –
950/10008C) was estimated, corresponds to an initial
vitrification state; as the temperature rises, vitrification
progresses, and the extent of glass phase increases; thus,
the matrix of F3 (Fig. 4c), for which the EFT was estimated
around 950/10008C, corresponds to a continuous vitrifica-
tion state; finally, the matrix of F6 (Fig. 4e) shows an
advanced continuous vitrification state, indicating that the
EFT exceeded 950/10008C, and would probably have been
between 1050 and 11508C. With regard to the TSH 1
production, the matrix (Fig. 5a) shows a continuous
vitrification state, narrowing down the EFT estimated by
XRD to around 950/10008C. Regarding the glosses, those
of the Tricio productions exhibit thicknesses between
10 and 15 mm, a total vitrification state (Fig. 4d and f),
and good adherence to the matrix. The only exception is
the individual belonging to F1 (Fig. 4b), which is not
completely vitrified. In the case of the TSH 1 production,
the thickness of the glosses is 20 mm (Fig. 5b and c), and
they exhibit bad adherence to the matrix. Moreover, some
areas are completely vitrified, but others still present a
large number of discernible particles due to incomplete
vitrification. This could be explained by the use of a clay
grain size larger than appropriate for this type of glosses,
together with the considerable body thickness and a firing
temperature that did not exceed 950–10008C.

In summary, the technological study shows that the Tricio
production must be considered as a good quality ware,
made using radiation kilns (i.e., muffle-like furnaces) and
high firing temperatures, in a similar manner to Gaulish
productions (Sciau et al. 1992; Sciau and Vezian 2002).
Although three different EFTs could be estimated, most of
the individuals are in the 1050-11508C range. Gloss
thickness is around 10–15mm. It is well vitrified and shows
a good adherence to the matrix, thus being waterproof,
which was the main quality required. Regarding Gaulish
productions (Bémont and Jacob 1986), we must remember
that the La Graufesenque workshop, the main rival of the
Hispanic sigillata in the markets of the Iberian Peninsula,
made high quality terra sigillata from calcareous clays
(Picon 1990) fired in radiation kilns in a temperature range
of 1050–11508C, and showing a gloss around 10–15mm
thick, well vitrified, with a good adherence to the matrix
(Madrid i Fernández 2005; Madrid i Fernández et al.
2005); i.e., the same characteristics as those of the HTS
analysed in this study. Thus, it is not surprising that HTS
could rival the Gaulish productions in the markets, since
HTS is a fine ware of similar quality.

On the other hand, the TSH 1 production was most
probably also made using radiation kilns. The estimated

EFT is around 950–10008C. Gloss thickness is 20mm, and it
is unevenly preserved; it was made by using a larger clay
grain size than appropriate for this type of glosses. For this
reason, some areas remain incompletely vitrified.

5 Final remarks
None of the production centres located in the Catalan area
previously studied by archaeometric research (Lleida,
Abella, Bòbila d'Ermedàs, and Montroig del Camp) has
been identified among the Hispanic terra sigillata
individuals analysed in this study. The truth is that there
are almost no HTS from workshops other than Tricio (and
Tricio's area) on the Catalan coast, with the exception of
two samples grouped together in the TSH 1 production,
and two more singles that remain unclassified. It must be
kept in mind that Lleida, Abella, Bòbila d'Ermedàs, and
Montroig del Camp had produced good quality HTS by
using radiation kilns.

The firing process in a radiation kiln, known as modus C
process (Picon 1973), implies that the atmosphere in the
firing chamber is always oxidising, both during the firing
process itself and during the cooling process. In these kilns,
flames and smoke go straight from the firing chamber to
the outside through interconnecting tubes. In this way,
flames and smoke are never in contact with pottery,
rendering this type of kilns the first muffle-like furnace in
history. Furthermore, the fact that the atmosphere is
always oxidising facilitates the growth of hematite crystals,
conferring to the pottery the characteristic red colour of the
terra sigillata production. Such workshops would involve a
higher investment in resources for pottery production,
because their complex structure would need twice or
three times the quantity of fuel required for firings in a
single convection kiln, as well as highly specialised know-
how. Therefore, we may assume that these centres made
terra sigillata fired in modus C because they expected to
achieve a wide distribution and financial returns (Picon
2002). For this reason, it is surprising that not even one
individual from these Catalan workshops has been
identified so far at any of the three neighbouring cities
analysed in this study, which were assumed to be possible
reception centres.

This finding appears even more astonishing if we bear in
mind that the cities analysed in the present study are
known to have been part of extensive trade networks;
Emporiae as a crucial centre for the entry and redistribution
of great quantities of goods originating mostly from the
Italian Peninsula, already from the end of the 2nd century
BC (Aquilué Abadías et al. 1984; Aquilué et al. 2002);
Tarraco as the capital of the province of Hispania
Tarraconensis from the end of the 1st century BC (Macias
i Solé 1999); and Baetulo, whose main economic activity,
developed from the second half of the 1st century BC
onward, was wine production, exported principally to Gaul.
This activity would allow Baetulo a similar position to that
of other large cities within the trade network of the western
Mediterranean (Comas i Solà 1991).

Thus, future research on these workshops should be
undertaken in order to identify their role in the
commercialisation of HTS. It should be investigated
whether these workshops actually commercialised sigillata
or not, and, if so, which were their influence areas and the
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locations to which their products were distributed. Most of
them also produced other materials, such as coarse ware or
construction supplies, even at a large scale, according to the
archaeological finds. Perhaps they considered producing
terra sigillata because it was a successful artefact. However,
there is also the possibility that after an assay phase and
taking into account the production costs, they finally
decided to abandon this production and, as a result, their
products were not commercialised in the neighbouring
cities of Baetulo, Emporiae, and Tarraco. In any case, the
absence of their products in consumption centres raises
new and interesting issues for archaeological research.
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Abstract - Recent excavations at the Fatimid and Zirid site of Sabra al-Mansuriya near Kairouan
(Tunisia) provide the first evidence of lustreware production in medieval Ifriqiya, in the 10th–11th

centuries AD. As the Fatimid dynasty moved from Ifriqiya to Egypt to establish its capital in Fustat
(Cairo), technological connections with the Egyptian lustreware could be expected. Tunisian
lustreware may also be the link in the transmission of the technique towards Muslim Spain. It
represents a new piece of the puzzle of understanding the diffusion of lustre technology from the
East to the West of the Mediterranean. The composition and microstructure of the bodies and
glazes, and the micro- and nano-structure of the lustre layer are compared in a preliminary
approach to the technological relationships between Tunisian, Egyptian, and Spanish lustrewares.

1. Introduction
The site of Sabra al-Mansuriya, founded by the Fatimids on
the outskirts of Kairouan (Tunisia), was occupied according
to written documents from 947/948 to 1057 AD. Recent
excavations were carried out at the site by a French-
Tunisian team directed by P. Cressier (CNRS UMR 5648,
France) and M. Rammah (INP, Tunisia) (Cressier and
Rammah 2004; 2006). Of particular interest to us are the
remains of an artisanal area with a glass and a pottery kiln
(Gragueb and Tréglia 2005; Thiriot forthcoming). Labora-
tory investigations of ceramics, including wasters, indi-
cated a local manufacture of lustreware in Sabra al-
Mansuriya (Fig. 1; Waksman et al. forthcoming; Capelli
et al. 2011). The characterisation of its body and glaze is
complemented in the present paper by a preliminary study
of the properties of the lustre layer.

Although lustreware tiles dated back as early as the 9th
century AD ornate Kairouan's great mosque, they are likely
to be imports from Mesopotamia (Bobin et al. 2003), and
the excavations at Sabra al-Mansuriya provide the first
evidence for lustreware production in medieval Ifriqiya.
One may wonder which role it could have played in the
transmission of the lustreware technique. As the Fatimid
dynasty moved from Ifriqiya to Egypt in 972 to establish its
capital in Fustat (Cairo), technological connections with
the Egyptian lustreware could be expected. Tunisian
lustreware may also be the link in the transmission of the
technique towards Muslim Spain. Comparisons of techno-
logical characteristics of Tunisian and other lustreware

productions (Bobin et al. 2003; 2005; Borgia et al. 2004;
Mason 2004; Darque-Ceretti et al. 2005; Pradell et al. 2005;
2007; 2008a; 2008b; 2008c; Chabanne et al. 2006; 2008;
Polvorinos del Rio et al. 2006; Smith et al. 2006; Molera
et al. 2007; Roqué et al. 2007; Polvorinos del Rio and
Castaing 2010), especially Egyptian and Spanish ones,
were expected to shed some light on its role in the diffusion
of the lustre technology in the Mediterranean regions.

2. Materials and methods
Chemical analyses of the bodies were carried out by WD-
XRF at the Laboratoire de Céramologie (CNRS UMR5138,
Lyon, France), allowing the determination of twenty-four
elements. Oxygen was added by stoichiometry and the
results normalised to 100 wt%; all the major and minor
elements were determined (totals before normalisation
are typically between 98 and 102%; see Waksman 2011
for details of the analytical protocol and the calibration
procedure). Seventeen elements (major and minor
elements MgO, Al2O3, SiO2, K2O, CaO, TiO2, Fe2O3,
MnO; trace elements V, Cr, Ni, Zn, Rb, Sr, Zr, Ba, Ce) are
generally used to classify ceramics into groups of similar
chemical compositions. The latter may correspond to the
production of the same workshop, under certain conditions
mainly related to the geological environment (Picon 1993).

Petrographic (thin section) and SEM-EDS analyses of bodies
and glazes were performed at the archaeometry laboratory
of the DIP.TE.RIS (University of Genoa, Italy). Chemical
microanalyses of glazes were carried out on at least
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3 selected points (spot mode) along a cross-section of the
glaze from the base to the surface, avoiding alterations,
interface, reaction zones, and mineral inclusions. The
compositionwas normalised to 100wt% after subtraction of
SnO2 values, attributable to the presence of cassiterite (the
opacifier, added separately from other glaze ingredients).

Chemical analysis of the lustre layers has been performed
by SEM-EDS at SCT-UB (University of Barcelona, Spain).
Chemical analyses were carried out over the surface of the
glazes (lustre decorations and plain glaze). The penetration
depth of the microprobe is greater (about 2 mm) than the
lustre layer thickness (probably between 0.1 and 1 mm), so
that the analyses provide information on the overall
composition. Oxygen was added by stoichiometry and the
results normalised to 100 wt%, with all the major and
minor elements being determined (in all cases, the totals
before normalisation were between 94.2 and 99%, which is
reasonable considering that we were working directly on
the lustre and glaze surfaces). Although the chemical
composition of the lustre layer itself was only indirectly
assessed, the copper and silver determined correspond only
to the lustre layer, and therefore their Cu/(Cu þ Ag) ratio
corresponds to their ratio in the lustre layer itself.

UV-Vis diffuse reflectance (DR) was measured directly from
the surface of the lustre layers. A small circular spot of 5mm
diameter was used to collect the data. The data are

presented as log(1/DR), which is equivalent to absorption
for highly absorbing materials. The characteristic Surface
Plasmon Resonance (SPR) absorption peaks associated
with the metal nanoparticles appear in the UV-Vis spectra
providing information concerning the type and size of the
nanoparticles (Kreibig and Vollmer 1995).

3. Characterisation of Tunisian lustreware
As part of a larger assemblage from Sabra al-Mansuriya,
eight samples of Tunisian lustreware were analysed byWD-
XRF to determine the composition of the body. Two of them
were further characterised by petrography and SEM-EDS
analysis of the glazes (TUN3 and TUN8). Two others were
investigated for the properties of their lustre layer
(TUN134 and TUN118). The latter sample, a waster of
lustreware, was not considered representative of the
finished product and was thus not included here.

Bodies
In terms of chemical composition, Tunisian lustreware
produced in Sabra al-Mansuriya have calcareous clay bodies,
containing high percentages of silica due to abundant quartz
inclusions (see petrographic features infra, and Table 1).
Other elements possibly related to the sand fraction, such as
zirconium, titanium, chromium, and nickel, are only present
in small quantities. The clay proportion is low, as can be seen
from the lowaluminiumconcentrations. The iron, potassium,
and rubidiumconcentrations are lowaswell, the latter falling
under detection limits. Occasional high contents of sodium,
strontium,andmanganeseare likely toderive fromsecondary
phases developed during burial (Walter and Besnus 1989;
Picon 1991).

Under the polarising microscope, the bodies show a
carbonate-rich clay matrix and abundant inclusions mainly
composed of quartz grains. Most of them are small (<0.3
mm across) and angular in shape, but the greater ones
(<0.8mm across) are rounded and characterised by
abraded surfaces, well visible under the stereomicroscope
or the SEM, which suggests an aeolian origin. Limestone
fragments and relics of calcareous microfossils (foramini-
fera) are present in accessory amounts.

The origin of the raw materials can be related to calcareous
marine sediments, whereas the dominant presence of
(aeolian) quartz is a typical feature of most of the Tunisian
ceramic productions of all ages and sediments (Capelli and
Bonifay 2007).

Figure 1. Example of lustreware manufactured at Sabra
al-Mansuriya (sample TUN134; scale 5cm).

Table 1. Chemical analysis by WD-XRF of bodies of lustrewares found in Sabra al-Mansuriya (Tunisia): local production
and Egyptian imports. Major and minor elements in oxides wt%, trace elements in ppm; n: number of samples.

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 V Cr Ni Zn Sr Zr Ba Ce

Tunisian lustreware (n=9)

m 2.42 2.08 9.19 64.57 0.23 1.08 15.28 0.466 0.2964 3.76 82 69 26 78 606 134 210 65

s 0.40 0.21 1.40 4.33 0.05 0.22 2.84 0.071 0.0549 0.51 9 10 2 10 148 11 29 9

Egyptian lustreware (n=22)

m 1.27 3.51 12.82 54.02 0.37 1.28 17.95 1.060 0.0887 7.12 134 114 43 92 905 291 335 97

s 0.28 0.30 1.10 1.71 0.07 0.29 1.77 0.147 0.0104 0.83 23 14 7 7 101 19 23 7
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The studied lustreware samples are not very homogeneous
in their chemical and petrographic features. They are
however well integrated in the range of ceramic products
attributed to the region of Kairouan (Waksman et al.
forthcoming), a region within which clays are likely to
present similar characteristics (Louhichi and Picon 1983;
Ben Amara et al. 2005). A more precise attribution of
lustrewares to Sabra al-Mansuriya can however be inferred
from the glaze analysis (infra) and from the discovery at
the site of a lustreware waster (TUN118, supra).

Glazes
Glazes have homogeneous thicknesses (0.2–0.3mm) and
include several gas bubbles, while no relic inclusions are
present. Cassiterite (the opacifier) forms abundant and
relatively large microaggregates. Both glazes are exten-
sively weathered, mainly into Pb-carbonates.

In terms of chemical composition, the lustreware glazes
fall in the field of lead-alkali glazes (Tite et al. 1998;
PbO 23–27%, SiO2 56–57%, Na2O 7–8%, K2O 2–3%, CaO
4–5%, Al2O3 1%). They are very similar in microstructure
and chemical compositions to glazed wasters from the
pottery workshop (Waksman et al. forthcoming).

Lustre layer
Lustre is distinguished from other glaze decorations by its
characteristic procedure of production. Lustre technology
involves firstly the application of the lustre paint (typically
containing sulphur and silver and/or copper-based
compounds mixed with clay) on the previously glazed
ceramic, and then firing it in a combination of oxidising-
then-reducing atmosphere at temperatures between 500
and 600 °C. The temperature is low enough to avoid glaze
softening, but high enough to facilitate the ionic diffusion.
The formation of molten mixed sulphates in the lustre paint
containing silver, copper and alkalis results in the ionic
exchange of the Agþ and Cuþ ions from the paint by Naþ
and/or Kþ from the glaze (Pradell et al. 2005). Silver and
copper are incorporated into the glaze, and, following the
introduction of a reducing atmosphere, precipitate forming

small metal nanoparticles (from 2 to 50nm in size).
The nanoparticles appear concentrated in a thin layer
(well below 1 micrometre) close to the glaze surface. This
nanostructure, that is the nature and size of the
nanoparticles and the thickness and concentration of
nanoparticles in the layer, is directly responsible for the
characteristic colours and metallic shine shown by lustres.
In particular, green, yellow, orange, and brown are the
colours shown by silver lustres (containing silver metal
nanoparticles), while pinkish, ruby red, and crimson are
the colours shown by copper lustres (containing copper
metal nanoparticles) (Molera et al. 2007). The metallic
shine is ‘golden’ for silver lustres and ‘coppery’ for copper
lustres. The concentration of small metal nanoparticles in a
thin layer close to the glaze surface is the chief feature of
lustre and is a direct consequence of the lustre production
process (Pradell et al. 2007; Gutierrez et al. 2010).

UV-Vis spectroscopy
For the determination of the presence of metal nanopar-
ticles, one of the most useful techniques is UV-Vis
spectroscopy. Measuring the reflectance by means of an
Ulbritch Integrating Sphere, it is possible to evaluate the
absorption spectrum. The presence of metal nanoparticles
in the layers gives a very characteristic profile (Kreibig and
Vollmer 1995). Figure 2 shows the UV-Vis absorption
spectra corresponding to the lustre sample TUN134. The
profile is related to the presence of silver metal
nanoparticles (peak at 430–450Å) and cuprite nanoparti-
cles (shoulder at 500Å), as indicated in the figure.

Chemical analysis
The presence of metallic nanoparticles in the glaze is
certainly an indication of lustre, but it is not sufficient; for
instance, red Chinese glazes contain copper nanoparticles,
but they are not lustres (Wood 1999, 167–87). However,
the exchange of Agþ and Cuþ from the paint by Naþ and Kþ

from the glaze, characteristic of the lustre production
process, implies that for each atom of silver/copper present
in the lustre one atom of Na/K has been removed from the
glaze. This inverse unity correlation is seen by plotting the
chemical atomic composition of Ag and Cu from the lustre

Figure 2. UV-Vis spectrum corresponding to sample
TUN134. The presence of metal silver nanoparticles, as

well as cuprite nanoparticles, is indicated.

Figure 3. Plot of the atomic concentration of copper and
silver versus that of potassium and sodium, showing the
characteristic inverse unity correlation found in lustres.
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surfaces versus the alkali atomic content (Molera et al.
2007). Figure 3 shows the correlation found for the
Tunisian lustre and demonstrates that it was produced
following the lustre procedure described above.

The studied Tunisian lustre (TUN134) has a characteristic
brownish colour typical of silver lustres. They contain silver
nanoparticles and also copper as Cuþ and/or Cu2þ,
however without forming metal copper nanoparticles.
The lustre also shows a yellow colour at the edges of the
lustre decoration, as seen in Figure 4. The edges of lustre
decorations often have different colours and chemistry, the
most characteristic being red or coppery edges. Red and
coppery edges contain a high ratio of Cu/(Ag þ Cu), and
copper forming Cu° and cuprite (Cu2O) nanoparticles.
Red and coppery edges are found in some Fatimid (Egypt,
12th century AD), Persian (12th and 13th centuries AD), and
Spanish (Paterna, late 13th–14th century AD) lustre
productions (Molera et al. 2001; Smith et al. 2006; Pradell
et al. 2008a). The reason for the formation of red edges was
discussed in detail elsewhere (Smith et al. 2006); it is
related to the easier access of the furnace atmosphere and
heat to the lustre paint/glaze contact area. The initial
oxidising conditions facilitate the penetration of copper
into the glaze and the further reducing conditions produce
the reduction of copper ions into cuprite and metal copper
nanoparticles (Molera et al. 2007). Something similar

happened for TUN134 – a higher relative concentration of
copper is found at these yellow edges as compared to the
brown central part of the lustre decoration. The chemical
analysis of both the brown and the yellow areas are shown
in a comparative plot in Figure 4 and in Table 2. We can see
that the yellow area is also richer in copper in relative
terms. The colour is yellow because in this case the
reduction atmosphere has not been strong enough to
produce the precipitation of copper metal nanoparticles,
but only small cuprite nanoparticles (2–30nm) that show a
characteristic deep yellow colour (Molera et al. 2007).

Another feature observed is the reduced amount of lead in
some areas of the glaze and lustre surface. This is very
typical in samples which have been buried, and may be
related to the leakage of lead during burial (the SEM-EDS
analysis of the glazes of samples TUN 3 and 8, which are
strongly weathered into Pb-carbonates, supports this
hypothesis). This has also been found in other Islamic
lustres (Pradell et al. 2008a; 2008c, Roqué et al. 2007).
Moreover, they also contain quite high amounts of tin, and
because of its heterogeneous distribution in the glaze, some
of the analyses may indicate particularly large amounts of
tin, which are not the average content of tin of the glazes.

Sample TUN134 shows typical copper contents of about 2–5
wt% and a very heterogeneous distribution of silver, varying

Figure 4. Colour and chemical analysis of the brown and yellow areas in sample TUN134.

Table 2. Chemical analysis by SEM-EDS of the lustre layer in sample TUN134, in wt%. Comparison between the yellow
edges and the brown central part of the lustre decoration. Detection limits are below 0.1wt% for both silver and copper.

wt% O Na Mg Al Si K Ca Fe Cu Ag Sn Pb Cu/(Cu þ Ag)

TUN134 Brown area 31.9 1.7 0.4 0.8 27.7 1.4 1.0 0.7 4.6 7.0 3.8 19.2 40.0

37.2 4.9 0.4 0.9 30.5 2.0 1.0 0.8 1.5 0.2 4.9 15.6 40.0

32.4 1.7 0.4 0.9 28.1 1.4 1.1 0.6 5.3 7.3 3.5 17.4 42.0

Yellow edge 34.0 4.1 0.4 1.2 29.9 2.2 1.6 0.9 2.7 0.3 4.5 18.3 91.5

24.4 2.6 0.4 1.1 35.1 2.3 1.4 1.0 3.6 0.4 5.7 22.0 89.4
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from 0.2 to 7 wt%. This is very typical in Islamic lustres, with
copper being more homogeneously distributed over the
entire surface, while silver appears more heterogeneously
distributed, forming silver-rich areas. For the studied lustre
layer (TUN134), the average copper and silver contents of
the brown lustre are 7.1 wt% Ag and 5.0 wt% Cu,
respectively. The copper to silver ratio (as defined in Molera
et al. 2001) is wt% Cu/(Cu þ Ag) = 40% (Table 2).

4. Comparative data
Comparative data were available both from lustreware
imports to Sabra al-Mansuriya and from previous studies on
lustreware. The former only include so far body and glaze
analyses, and mostly concern ceramics which are likely to
be Egyptian productions from Fustat (Waksman et al.
forthcoming; Capelli et al. 2011). The latter involve a larger
variety of lustrewares originating frommuseum collections,
whose dating and origin is mainly based on art historical
criteria; they are summarised in Table 3 (Borgia et al. 2004;
Mason 2004; Darque-Ceretti et al. 2005; Smith et al. 2006;
Roqué et al. 2007; Chabanne et al. 2008; Pradell et al.
2008a; 2008b; 2008c; Gutierrez et al. 2010; Polvorinos del
Rio and Castaing 2010).

Egyptian lustrewares from Sabra al-Mansuriya are dated
according to the period of occupation of the site (mid-10th
– mid-11th century AD). From a technological viewpoint,
their calcareous clay body belongs to the same category
of pastes as the Tunisian ones. The two productions can
however easily be differentiated in the framework of
provenance studies, on the basis of both elemental
(Table 1) and petrographic features of the bodies.

Their glaze features show clear compositional and
technological differences (Capelli et al. 2011; Waksman
et al. forthcoming). As for the texture, Egyptian glazes are
characterised by many gas bubbles and several angular
to rounded relic inclusions of quartz, plagioclase, and
K-feldspar, which suggest the use of impure alluvial sand.
Cassiterite is less abundant than in Tunisian wares.

SEM-EDS analyses of Egyptian imports found at Sabra al-
Mansuriya, including two Egyptian lustrewares, show the
presence of homogeneous lead-alkali glazes, but their
composition (PbO 40–41%, SiO2 46–48%, Na2O 4–5%,
K2O 2–3%, CaO 1%, Al2O3 3%) and especially the relative
ratios of PbO/SiO2, Na2O/K2O, and CaO/Al2O3 are very
different from the Tunisian lead-alkali production, con-
firming the use of different recipes.

These imports at Sabra al-Mansuriya are only one of several
lustreware productions attributed to Fustat, which differ in
terms of technology and chronology (Mason 2004;
Chabanne et al. 2006; Pradell et al. 2008a; 2008b).
A selection of sherds from the Ashmolean Museum,
representing four different groups, had been characterised
for their body, glaze, and lustre layer (Table 3). In the
Fatimid lustreware from Fustat, both stonepastes and
calcareous pastes were used, and within the calcareous
pastes we encounter three different types: fine calcareous,
coarse calcareous, and very high calcareous. It is not clear if
this is related to productions of different quality. The bodies
corresponding to the end of the Fatimid production tend to
be of the very high calcareous type. Stonepastes continued to
be used in Persia (Kashan) and also in Syria (Raqqa) in later

productions (late 12th and 13th centuries AD) (Mason 2004;
Pradell et al. 2008a, 2008b). In contrast, calcareous ceramic
pastes were used in the later Islamic and Hispano Moresque
productions from Spain (Paterna, Seville, and Manises;
14th and 15th centuries AD) (Polvorinos del Rio and Castaing
2010). Tunisian lustreware also has a calcareous body.

The glazes from the Fustat lustreware are generally speaking
lead-rich (about 30–40 wt% PbO), although the later very
high calcareous pastes have glazes poorer in lead (about 25
wt% PbO). The glazes from later Persian lustreware contain
about 25wt% PbO, while those used in the Syrian lustreware
are lead free. In contrast, later Spanish productions have
glazes richer in lead (35–45 wt% PbO) and potassium.

Concerning the composition of the lustre layers, the
Fatimid lustres from Fustat have a Cu/(Cu þ Ag) ratio
between 10 and 20%; they are richer in silver than the
lustre from Tunisia. This difference may be explained, at
least in part, by the use of more oxidising conditions for the
Tunisian lustres. However, it may also indicate an
intentional decrease in the silver content, either to obtain
a cheaper lustreware for the local market, or to modify the
colour of the lustre designs. The increase of copper content
in the lustre designs is responsible for the change of the
colour from green-yellow to orange-brown. The lustreware
productions from Persia and Syria (12th and 13th centuries
AD) are also richer in copper (Pradell et al. 2008b) than the
Fatimid lustres from Fustat, and have a characteristic
brown colour similar to the Tunisian lustre studied here. In
Spain, the lustreware becomes particularly copper-rich in
the second half of the 14th century and in the 15th century
(Polvorinos del Rio et al. 2006; Smith et al. 2006; Roqué
et al. 2007), and in these cases the colour of the lustre
designs becomes redder and copper-like.

5. Concluding remarks
A preliminary study of Tunisian lustreware manufactured
at Sabra al-Mansuriya confirms that it presents the features
of lustre, with a mechanism of ionic exchange between the
copper and silver atoms of the lustre and the alkalis of the
glaze followed by a (partial) reduction to metallic Cu and
Ag. Further analyses on an extended assemblage are
planned, to confirm these features and characterise the
structure and the thickness of the lustre layer.

Another subject of interest is the possible role of the
Tunisian lustreware production in the transmission of this
technique in the Mediterranean, especially between Egypt
and Spain. It actually presents some global resemblance
with examples of Egyptian and Spanish lustreware, when
compared to others attributed to Iraq, Persia, and Syria:
fine calcareous clay body (as opposed to stonepaste), lead-
alkali tin-opacified glaze (as opposed to low-lead-alkali or
alkali glaze), ‘true’ lustre with lustre shine. However, they
also differ in several respects.

Tunisian and Egyptian lustrewares found at Sabra al-
Mansuriya, in mid-10th to mid-11th century AD contexts,
show noticeable differences in the chemical and textural
features of the glaze. The characterisation of the lustre layer
shows that Egyptian lustrewares from the Ashmolean
Museum, dated back to the period between the 10th and
the 12th century AD, are richer in silver than the Tunisian
sample studied. A direct technological connection between
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the two productions is thus not supported by the presently
available data. However, the Egyptian production is complex
and diversified in its technological features (Mason 2004),
and we cannot rule out any connection whatsoever at the
present stage of the study. Further research on ceramics of
attested provenance and originating from stratified exca-
vations, such as those at Istabl’ Antar, Cairo (Gayraud et al.
forthcoming), would be particularly helpful.

In addition, the Tunisian lustreware examined in the
present study shows more resemblance, in its copper to
silver ratio with the later (second half of the 14th – 15th
century AD) than with the early lustreware production at
Paterna (end of the 13th – first half of the 14th century AD).
It does not thus appear as its precursor. However, the
chronological gap between the Sabra al-Mansuriya and
Paterna productions calls for data on the earliest
lustrewares manufactured in Spain.

This preliminary study of a Tunisian lustreware production
is important as it brings in new data on ceramics which are
well-defined archaeologically – a rare feature in the field of
lustreware studies. It however opens more questions than it
provides answers at the present stage of research, and
makes clear how little we still know about the transmission
of the lustre technique between the Eastern and the
Western parts of the Mediterranean.
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Capodimonte porcelain: A unique manufacture
Bruno Fabbri, Sabrina Gualtieri and Francesca Amato
CNR-ISTEC, National Research Council, Institute of Science and Technology for Ceramic Materials, Faenza, Italy

Abstract - Established in 1743 in Naples following a commission of Charles of Bourbon, the factory
of Capodimonte was dedicated to the production of porcelain. The history of the manufacture and
its products are well known, but not the production techniques and the raw materials used. This
work presents the results of the archaeometric characterisation of Capodimonte porcelain.
Chemical analyses by means of SEM-EDS, observation by optical microscopy in thin section, and
crystalline phase composition by X-ray diffraction were carried out in order to investigate the
characteristics of the raw materials used for the ceramic body and to establish the firing conditions.
The pastes of Capodimonte porcelain are siliceous and show a homogeneous chemical composition,
permitting us to infer that the more likely formulation of the starting batch was: 70-75% of quartz-
rich sand, 15-20% of clay, and 5-10% of soda and maybe tartar. In contrast, the pastes show
different proportions of crystalline phases (quartz, cristobalite, and tridymite), which allow us to
evaluate a firing temperature range of 1050-13008C. Capodimonte porcelain is significantly
different from all other contemporary European porcelain. It would thus probably be appropriate to
design a new category for it, which could be called ‘siliceous porcelain’.

1. Introduction
Capodimonte porcelain was born following a commission
of Charles of Bourbon, who became King of Naples and
Sicily in 1734. The passion for porcelain, which was
widespread at the time in all European Courts, also affected
Charles. After the marriage with Maria Amalia of
Walpurgis, granddaughter of Frederick Augustus the
Strong, Elector of Saxony and founder of the Meissen
Porcelain Factory (1710), Charles received as a dowry
beautiful collections of porcelain produced in Germany and
decided to start his own production. Consequently, the
Capodimonte porcelain factory was established in 1743
and installed in the Royal Factory in Naples, operating until
1759, when Charles became King of Spain and moved the
manufacture to Madrid, in the Buen Retiro Park.

Capodimonte porcelain has been the subject of numerous
studies, but almost all of them focused on art-historical
matters. Investigations of the chemical-physical and
technological aspects have been performed only by the
chemist Orazio Rebuffat (Rebuffat 1905) and, in more
recent years, by the staff of the Professional Institute
“G. Caselli” in Capodimonte, with the collaboration of the
University Federico II of Naples and the Superintendence of
Artistic and Historical Heritage in Naples (Mascolo 1993;
Dell’Agli et al. 1995; Pepe 1995).

The scarcity of information concerning the manufacture of
Capodimonte, due to the destruction of the documentary
archives of the factory, has certainlymade the investigations

more difficult than those performed on other European
porcelain manufactures. The available documentation is
mainly constituted by the reports presented to the
Pontaniana Academy by Camillo Minieri-Riccio (Minieri
Riccio 1878a, 1878b) and Giuseppe Novi (Novi 1878) after
studying the eleven original collections of correspondence
of the Royal Factory of Capodimonte, subsequently
destroyed during World War II.

According to the historians, the Capodimonte manufacture
was characterised by a very intense production (30,000-
40,000 items per year) and by a strong effort to elaborate
new models and to experiment innovative technological
procedures in order to industrialise the production (Musella
Guida 1983). In the beginning, the productsmainly consisted
of items for domestic use, such as plates, cups, vases, coffee-
pots, etc. (Fig. 1a), with a minority of ornamental objects.
The artefactswere shaped by hand, on a lathe, or bymolding,
depending on the complexity of the shape. The first firingwas
carried out at the maturation temperature of the paste, and
the second one likely after the application of lead-rich glazes.

However, the results were not entirely satisfactory, mainly
due to a non-favourable production context. Although a
lively intellectual environment and an ancient tradition of
majolica production were present in Naples, the skill level of
the workers was not suitable for the production of porcelain,
and various attempts were made to ‘steal’ personnel from
other manufactures. It is not a coincidence that the key
roles of the entire manufacturing organisation of the newly

Cite this article as: Fabbri B, Gualtieri S, Amato F (2014). Capodimonte porcelain: A unique manufacture. In MMartinón-
Torres (Ed.), Craft and science: International perspectives on archaeological ceramics. Doha, Qatar: Bloomsbury Qatar
Foundation http://dx.doi.org/10.5339/uclq.2014.cas.ch13

UCL Qatar Series in Archaeology and Cultural Heritage



established porcelain factory were performed by non-
Neapolitan workers, arrived together with the new king.

Despite the use of several technical devices, the production
of Capodimonte was characterised by a very high
percentage of waste, around 30%. Over the years, the
high amounts of waste and the low technical characteristics
of the product, especially the poor thermal shock
resistance, led to orienting the production towards
ornamental objects, like the large groups of figures of
which an example is shown in Figure 1b.

The objective of this study is to compensate for the previous
scarcity of information, mainly by supplying technological
information pertaining to this porcelain. Therefore, the
archaeometric investigation presented here was aimed at
defining the chemical and microstructural peculiarities of
this material, in order to obtain information on the raw
materials used and the manufacturing processes involved
in its production. This study is an expansion of previous
archaeometric studies (Mascolo 1993; Dell’Agli et al.
1995), as it significantly increases the total number of
samples analysed. In addition, our selection criteria for
the samples, as illustrated below, provide a more reliable
and evident connection between the analytical results
and the specific characteristics of the production context.

2. Materials
The analysed samples were selected from themany fragments
found in 1950 in ancient discharge pits of the factory, located
in the park of Capodimonte in Naples (Liverani 1959). The
present study considers 22 fragmentswhose dimensions allow
recognising, inmost cases, the shapeand theuseof theoriginal
objects, mainly cups and plates (Fig. 2). The authenticity
of the finds is confirmed by the presence of the brand of the
Bourbons, represented by the under-glaze blue fleur-de-lis,
located on the bottom of most of the objects.

According to naked-eye observations, the sherds to be
analysed were selected based on the presence or absence of
glaze and the colour of the glaze and paste:

A) 7 sherds without glaze:
- white paste: samples 104, 161, 180
- very light blue paste: samples 42, 144
- pale brown paste: sample 140
- sherd made of two joined parts, coloured in white
(183w) and violet (183v), respectively

B) 7 sherds with colourless glaze:
- white paste: samples 19, 27, 177, 182, 185, 186
- very light blue paste: sample 9

C) 8 sherds with blue glaze of different shades:
- white paste: samples 172, 173, 176, 188, 191, 192
- very light blue paste: samples 170, 190

3. Analytical techniques
The pastes were analysed in order to determine their
chemical and crystalline phase compositions. The quanti-
tative chemical compositions were obtained by using
scanning electron microscopy equipped with an energy
dispersive microanalysis system (SEM/EDS). Polished
sections of the samples were prepared and analysed
with a Cambridge - INCAx - Sight Oxford Instrument
(mod. 7060). The protocols used were as follows: standard
element ¼ Cobalt, energy range 0-10KeV, working dis-
tance (WD) ¼ 25mm, process time ¼ 4. The results are
expressed as oxides and the total amount of the oxides
was normalised to 100%. In order to obtain representative
data, at least five analyses were carried out for each sample,
with an analysis area of approximately 1mm2.

The crystalline phase composition was obtained by X-ray
diffraction, using a Rigaku-Geigerflex diffractometer with
an angular range 2u from 4 to 648 and a scanning rate of 28
per minute.

Finally, observations in thin section at the optical
microscope were carried out with the purpose of
confirming the presence or absence of the glaze and the
characteristics of the macroporosity already observed with
the scanning electronic microscope. The observations were
performed on a selection of samples, for which the
available material was sufficient for a thin section. A Leitz
microscope, model Laborlux 11 POL S, was used, providing
magnification up to 400x.

4. Results

4.1. Chemical composition
Table 1 shows the chemical composition of the paste of the
analysed samples. It indicates that the samples have very

Figure 1. Objects typical of the Royal Factory of
Capodimonte (Naples, Duca di Martina Museum): a)
sugar bowl, 1745-1750; b) figures of Goffredo on the tomb

of Dudone, 1758-1759.

Figure 2. Some examples representative of the analysed
samples.
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homogeneous compositions, characterised by very abun-
dant silica, between 82 and 86% SiO2 approximately,
except for only two samples (183v and 185), with an
amount of silica of less than 80%. Another abundant
component is alumina (mostly between 5 and 8% Al2O3),
followed by potassium (2-3% K2O), sodium (1-4% Na2O),
and calcium (1-2% CaO). The white and the violet parts
of sample 183 show a very high content of potassium,
between 5 and 6% K2O; in addition, the violet part
contains an unusually high amount of calcium oxide (more
than 4% CaO).

The constant presence of tin dioxide is very curious,
although in rather low concentrations, usually below 1%
SnO2, with the exception of sample 185 (3.50% SnO2).
This presence should be indicative of an intentional
introduction of tin oxide in order to make the paste whiter.
The low concentration of tin can raise some doubts about
its real effectiveness, but the fact that tin is distributed only

in the glassy matrix should be taken into account, and thus
its percentage in this phase should be at least doubled. Lead
oxide was only found in 9 samples: four with trace levels
(,0.2% PbO), three around 1% PbO, and two (samples
183v and 185) which exceed 2% PbO. The accidental
presence of lead, its low concentration, and the lack of
correlation with the tin would exclude the hypothesis of an
intentional introduction into the paste. As a consequence, it
can be hypothesised that the presence of lead is due to
pollution during the preparation of the paste or during
firing. Considering that the body becomes impermeable
during the first firing, so that it cannot absorb any vapour
during the second firing of the artefacts, the first hypothesis
would seem the most likely. Alternatively, it could be
assumed that unglazed items were fired together with
items on which a lead-rich glaze had been applied. This
solution is actually known from other contexts, where it
was carried out in order to make the most of the uneven
distribution of the heat inside the kilns (Kingery 1986).

Table 1. Chemical composition of the paste.

SiO2 Al2O3 TiO2 Fe2O3 MgO CaO Na2O K2O P2O5 SO3 Cl PbO SnO2 MnO As2O3 SrO

9 84.83 5.65 0.42 0.31 2.20 1.83 2.93 0.32 0.24 0.16 0.78 0.34

19 86.29 5.58 0.12 0.24 0.42 1.24 2.30 2.93 0.29 0.15 0.07 0.37

27 84.27 6.48 0.11 0.34 0.35 1.76 2.80 2.96 0.31 0.17 0.07 0.12 0.27

421 85.54 6.43 0.11 0.49 0.39 1.30 2.26 2.70 0.13 0.14 0.07 0.23 0.04 0.09

104 85.86 6.42 0.09 0.41 0.39 1.21 2.21 2.34 0.26 0.13 0.12 0.06 0.49

140 82.18 8.61 0.11 0.53 0.50 0.55 1.46 2.83 0.33 0.19 0.12 0.82 1.35 0.14 0.30

144 82.56 7.60 0.12 0.37 0.35 1.19 4.17 2.56 0.35 0.18 0.08 0.19 0.27

1612 84.68 7.48 0.23 0.39 0.51 1.19 1.97 2.92 0.25 0.07 0.03 0.29

170 83.75 7.27 0.13 0.44 0.43 1.09 2.40 2.66 0.26 0.16 0.09 0.82 0.51

172 84.84 5.94 0.03 0.49 0.33 1.81 2.74 3.22 0.15 0.17 0.06 0.20

173 84.70 5.55 0.21 0.32 0.41 1.46 3.46 2.45 0.39 0.19 0.21 0.66

176 83.88 6.10 0.11 0.38 0.40 1.60 2.61 2.81 0.34 0.10 0.10 0.19 1.37

177 84.27 5.45 0.16 0.52 0.50 1.61 3.15 2.71 0.24 0.21 0.14 1.04

180 84.34 6.05 0.20 0.21 0.41 1.20 3.76 2.35 0.40 0.21 0.15 0.72

182 83.95 6.48 0.13 0.42 0.44 1.69 2.50 2.74 0.31 0.31 0.18 0.84

183v 78.51 4.52 0.04 0.45 0.40 4.49 1.69 6.07 0.34 0.16 0.26 2.03 0.35 0.18 0.28 0.26

183w3 82.53 5.26 0.08 0.32 0.42 1.54 1.31 5.18 0.37 0.26 0.08 1.13 0.46 0.44 0.32

185 79.72 3.55 0.18 0.27 0.49 1.81 3.16 3.41 0.22 0.40 0.46 2.82 3.50

186 86.09 6.93 0.01 0.03 0.25 1.42 2.62 2.45 0.03 0.17

188 84.72 7.17 0.15 0.34 0.35 1.04 2.97 2.57 0.41 0.12 0.06 0.10

190 82.89 7.63 0.15 0.34 0.35 1.19 3.76 2.75 0.28 0.25 0.06 0.35

191 85.35 6.37 0.03 0.39 0.34 1.48 2.13 3.00 0.36 0.09 0.07 0.12 0.19

192 84.63 6.19 0.09 0.41 0.36 1.76 2.61 2.86 0.27 0.21 0.06 0.55
1 Cr2O3 5 0.08%; 2 BaO 5 0.03%; 3 ZnO 5 0.32%.
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For this purpose, the unglazed items were placed in the
warmest areas of the kiln.

All the other detected elements are very scarce: MgO,
Fe2O3, and P2O5 values are all inferior to 0.5%; SO3 and
Cl , 0.3% each. However, sample 185 shows relatively
higher values of sulphur and chlorine (0.40 and 0.46%,
respectively). Some other elements (arsenic, barium,
chromium, manganese, strontium and zinc) were spor-
adically detected in low quantities. The manganese content
(0.18%MnO) identified in the violet portion of sample 183
justifies its colour, thus excluding other possible hypoth-
eses. In contrast, no element was found that can justify the
very light blue colour of some pastes (144, 170, and 190),
but it is possible that it is related to very low concentrations
of some elements that are not clearly detectable by
chemical analysis using SEM-EDS. Finally, taking into
account the absence of other specific colouring elements,
the pale brown colour of sample 140 can be attributed to
iron, as a result of firing in an oxidising atmosphere.

4.2. Microstructure and mineralogical
composition
The twenty-two artefacts observed using electron
microscopy have been subdivided into three groups based
on the dimension and shape of the pores, also supported by

observations in thin section. The first group includes eight
samples (27, 140, 161, 170, 182, 185, 186, and 188) which
are mainly characterised by roundish pores, of the order of
50mm in diameter, with rounded borders (Fig. 3a); sample
170 shows slightly larger pores, around 80-100mm in
diameter (Fig. 3b). The second group includes 10 finds
(9, 42, 104, 172, 173, 176, 177, 180, 191, and 192), in
which the pores are larger on average and more elongated,
with rough borders. The pore sizes vary from a few tens of
microns to over a hundred microns (Fig. 3c). The third
group consists of only four samples (19, 144, 183, and
190); the characteristics of the pores are similar to those
of the second group, but their sizes are significantly larger,
up to a maximum of 300-400 mm (Fig. 3d). It can be
hypothesised that the different shapes and the size
distribution of the pores are to be mainly associated to
different firing conditions of the artefacts.

Since the pastes contain more than 80% of silica,
their diffraction patterns show only the presence of
polymorphous phases of this oxide, i.e., quartz, cristobalite
and tridymite (Fig. 4), of course accompanied by a certain
amount of glass. Quartz and cristobalite are present in all
the samples, albeit in different proportions, while tridymite
has only been found in 6 samples (104, 172, 180, 182,
183v, and 190). Because cristobalite is formed through the
phase transformation of primary quartz, it can be assumed

Figure 3. SEM micrographs of the paste: a) Closed porosity only made up of small and rounded pores; b) Closed porosity
also including larger pores; c) Closed porosity made up of pores with rough borders; d) Closed porosity including

elongated pores.
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that the samples containing less cristobalite were fired at
the lowest temperatures, around 10508C (Wu et al. 2002).
In contrast, the samples with the lowest contents of quartz
were fired at the highest temperatures, around 12508C.
Taking into account the peak intensities in XRD patterns,
most of the samples have a cristobalite/quartz ratio slightly
lower or slightly higher than 1, so that a firing temperature
of 1100-12008C can be attributed to them. As concerns
tridymite, it is hypothesised that it formed through
crystallisation from the melt during the cooling phase of
the firing cycle. Therefore, the samples richest in tridymite
should be those which developed the greatest amounts of
melted material, as a result of a higher temperature or a
greater fusibility of the paste. In reality, the crystallisation
of tridymite from a melt is also strongly influenced by the
cooling rate. Therefore, the samples containing tridymite
are the ones which underwent a slower cooling phase after
having attained the maximum temperature. It is possible
that the firing temperature deduced for the coated products
is slightly in excess, as they underwent a double firing, for
paste and glaze respectively.

5. Discussion
The results obtained from the observations with the
scanning electron microscope allowed highlighting micro-
structural differences related to the characteristics of the
pores, which can be attributed to several causes. The grain
size distribution and milling degree of the raw materials,
for example, mainly affect the size and size distribution of
the pores. On the other hand, the viscosity of the melted
phase and the firing conditions exert their main influence
on pore morphology, i.e. their sphericity and roundness.

As a general rule, the samples characterised by well-
rounded pores with high sphericity could have originated

from a less viscous melted phase at high temperatures.
However, the effects of the above-mentioned causes are
often in opposition to each other, so that it is practically
impossible to determine which are the most important
causes in each case. In addition, during the firing of the
glaze, at a lower temperature than the previous one, the
melted phase may retain low viscosity to permit a
restructuring of the pores, probably with the aggregation
of several small bubbles into a few larger bubbles. Our
results confirm these indications; in fact, no correlation
emerges between the morphology of the pores and either
the estimated firing temperature or the composition of the
chemical paste.

Figure 4. Typical XRD patterns of low fired (42) and high fired (172) bodies.

Figure 5. Binary scatterplot of (Na2O þ K2O) vs. Al2O3.
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It would seem that the thermal treatment aimed at the
firing of the glaze also influenced the crystalline phases, in
particular their proportions. The second firing lengthens
the total time of the firing process and this could facilitate
the formation of a larger amount of silica phases
corresponding to the highest temperature ranges (cristo-
balite and tridymite). In any case, the maximum firing
temperature has been evaluated in the range 1050-
12508C. Such a wide temperature range is not only due to
differences between a batch and the other, but perhaps
especially to differences between the various areas of the
kiln, where variations up to 1508C can be considered
normal (Kingery and Smith 1985; Kingery 1986).

Starting from the chemical data shown in Table 1, some
considerations related to the composition of the raw paste
can be developed. The paste should contain at least three
components which perform the three fundamental roles of
the ceramic process: a quartz-rich raw material for the
structure, a clay for plasticity, and an alkaline raw material
for the melting. As for the definition of the type of alkaline
material, some help is provided by the correlation diagram
(Na2O þ K2O) vs. Al2O3 (Fig. 5). Excluding two apparently
anomalous samples (144 and 190), this correlation is
negative, although the correlation coefficient (0.556) is not
very significant from a statistical point of view. This
tendency allows hypothesising that alumina and alkalis are
contained in different raw materials. As a consequence, it
would be possible to exclude the use of feldspar and to
propose the use of alumina-free minerals, like salt and soda

for sodium and barrel tartar for potassium, as reported by
Novi (1878) and Pepe (1995). On the other hand, soda was
also used during the same period in the Tuscan porcelain
manufacture of Doccia, near Florence (Biancalana 2006).
Finally, soda and barrel tartar were usually employed in the
preparation of glazes for majolica (Piccolpasso 1879),
whose production was widespread at that time in Naples
and the surrounding area.

Taking into account the concentrations of silica, alumina,
sodium, and potassium, it can be deduced that the formula
of the raw mixture would be not very different from the
following: siliceous sand 70-75%, clay 15-20%, soda plus
tartar 5-10%. This is a compositionwith very little plasticity,
which probably entailed substantial processing difficulties,
especially in the shaping phase. The high amount of quartz,
with its phase transitions (especially b-quartz to a-quartz
during cooling), could be one of the principal causes of the
large percentage of wastes that characterised the Capodi-
monte manufacture throughout its period of activity.

Finds 183 and 185 appear slightly anomalous, perhaps due
to the difficulty of keeping constant the characteristics and
the initial proportions of raw materials. We exclude the
possibility that the two finds are products deliberately
obtained from mixtures with different composition. In
particular, the two parts of sample 183 are significantly
different from each other with respect to some of the major
elements, such as calcium (4.5 and 1.5%CaO, respectively),
silica (78 and 82%, respectively), and to a lesser extent lead

Table 2. Comparison between Capodimonte porcelain and other European manufactures.

Manufacture SiO2 Al2O3 K2O Na2O PbO CaO MgO P2O5 SnO2

Capodimonte 1750-1760 84.4 6.5 2.8 0.3 - 1.4 0.4 0.3 0.5

Medici 1575-1587 (a) 77.6 9.4 5.4 3.4 0.3 2.4 0.7 0.1 -

Bottger 1712 (b) 61.5 30.1 0.3 0.1 - 6.3 1.1 - -

Meissen 1731 (b) 59.0 35.2 3.9 0.8 - 0.3 0.2 - -

St. Cloud 1722-1750 (c) 72.9 2.1 4.5 2.1 ,0,1 14.5 1.6 - ,0.1

Vincennes circa 1750 (c) 72.8 2.1 4.3 2.7 0.2 15.7 0.8 - ,0.1

Chantilly circa 1750 (c) 75.0 2.2 2.6 3.1 0.1 13.6 1.3 - ,0.1

Limehouse 1745-48 (d) 72.4 10.7 3.0 2.8 1.0 7.1 0.7 ,0.2 -

Chelsea 1745-49 (d) 62.8 4.9 5.3 0.8 0.4 20.1 0.3 0.3 -

Bow 1755-60 (d) 51.2 5.6 0.6 0.6 0.4 23.2 0.6 15.3 -

Worcester 1760 (d) 72.3 3.4 3.3 1.4 5.7 1.9 11.0 0.3 -
(a) Kingery and Vandiver, 1984. (b) Kingery, 1986. (c) Kingery and Smith,1985. (d) Freestone, 1999.

Table 3. Average chemical composition of Capodimonte pastes.

SiO2 Al2O3 TiO2 Fe2O3 MgO CaO Na2O K2O P2O5 SnO2 Others

M 84.39 6.51 0.13 0.35 0.39 1.41 2.62 2.85 0.29 0.52 0.55

s 1.15 0.87 0.08 0.14 0.06 0.35 0.74 0.58 0.09 0.38 —
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and alkalis, as well as with regards to the presence of
manganese in the violet portion. This situation could be
explained by the combination of two different pastes,
prepared at different times, without accurate mixing.

Neglecting the anomalous samples 183v and 185, it is
possible to calculate an average chemical composition (M)
and the corresponding standard deviation (s), very
representative for the paste of Capodimonte porcelain
(Table 3).

These chemical data are in agreement with those reported
in the literature (Dell’Agli et al. 1995). However, there
is some incongruence as regards the crystalline phase
composition. In fact, we recognise a considerable amount
of quartz and cristobalite, and little or no tridymite,
whereas previous studies always identified tridymite in
addition to quartz, but never cristobalite. Notwithstanding
this, Dell’Agli and co-authors (1995) have suggested a
firing temperature of 12008C, in agreement with the range
1050-12508C that we hypothesise in this study.

The chemical composition of Capodimonte porcelain is very
typical and renders it distinct from all other productions,
permitting the formulation of a solution to questionable
attributions. By comparing the Capodimonte factory with
other European manufactures (Table 2), it clearly becomes
visible that the various productions are very well
characterised by their chemical composition. The results
for Medici porcelain are very similar to those obtained for
the Capodimonte production (Kingery and Vandiver 1984),
even though it was produced more than 150 years before.
Both are very silica-rich, but Medici porcelain does not
reach 80% SiO2, while Capodimonte porcelain is close to
85%; in addition, the latter contains a smaller amount of
alkaline and earth-alkaline elements (Na2O þ K2O þ -
CaO þ MgO ¼ 7.2%, compared to 11.9%).

Bottger and Meissen hard porcelain is characterised by a
high quantity of alumina, due to the use of kaolin in the raw
mixture. In contrast with the first Bottger production, the
subsequent production of the Meissen manufacture does
not indicate the use of calcium compounds, which are
substituted by potassium minerals.

The soft French porcelain produced in St. Cloud,
Vincennes, and Chantilly is homogeneous and character-
ised by the presence of calcium, in a proportion of around
15% CaO. In contrast, the composition of the soft English
porcelain is more variable and different typologies can be
identified (Freestone 1999). In Chelsea, it is characterised
by a high amount of calcium, like in France, and by the
presence of lead (more than 4% PbO). In Limehouse, on the
contrary, the quantity of calcium is very low, while the
silica and alumina contents are significantly higher.

The use of bone ash is attested for the first time in Bow, so
that the product (Bone China) has a very high amount of
phosphorous (15.3% P2O5) and calcium. In Worcester,
instead, porcelain is produced by employing a mixture of
rawmaterials which includes soapstone, as indicated by the
high magnesium content; in addition, the paste contains a
significant amount of lead.

The above observations clearly underline that the so-called
‘soft porcelain’ includes a series of products completely

different between one another from the chemical point of
view. They probably also differ in terms of their production
requirements and the characteristics of the finished product.
Therefore, the simplistic division of porcelain into ‘hard’ and
‘soft’ should be abandoned, and replaced with a more
complete classification based on the chemical composition.

6. Conclusions
The paste of Capodimonte porcelain is siliceous and shows
a very homogeneous composition, while the different
proportions of the silica phases (quartz, cristobalite, and
tridymite) and the amount of glassy phase indicate
different firing temperatures. Therefore, it appears evident
that in the manufacture, the control of the raw materials
was easier to accomplish than the control of the firing
conditions. The more likely formula of the starting batch
appears to be: 70-75% of quartz-rich sand, 15-20% of clay,
and 5-10% of soda plus tartar.

The chemical composition of Capodimonte porcelain is very
different from that of the other contemporary European
porcelains. This makes it possible to propose a new
category of porcelain, which could be called ‘siliceous
porcelain’. Furthermore, we also propose that devising a
new classification of the so-called ‘soft porcelain’ would be
useful, because the term includes completely different
formulas, which of course give rise to final products with
different specifications.

The firing temperatures were mostly estimated to be in the
range of 1100 to12008Caccording to the relative proportions
of quartz and cristobalite. The presence of tridymite in some
samples seems to be also related to the cooling rate, in
addition to the effects of the high firing temperature.

The ceramic body is characterised by an abundant closed
porosity formed due to the high viscosity of the melt, so that
the gases originated during firing could not escape from the
paste. The size, shape, and morphology of the pores vary
from one sample to another according to the variations in
firing conditions and the different viscosity of the melt.

The violet colour of one body is due to the occasional
presence of manganese, while the light brown colour of
another sample is attributable to iron, as a result of firing in
an oxidising atmosphere.

The investigation of Capodimonte porcelain is ongoing,
with the aim of characterising the glazes and obtaining new
information with regards to the manufacturing process of
this unique soft porcelain typology.
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Late Neolithic pottery productions in Syria.
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Abstract - The pottery production from Tell Halula, dating from the late Neolithic period, reveals
the economic and social complexity of this community in the middle Euphrates valley. Throughout
the study of pottery assemblages in the context of field work projects carried out from 1996 to 2007,
we combined traditional morpho-stylistic analysis with technological ones. In this paper, we
present the current situation of the research on the final stage of the Halaf culture, commonly
known as Late Halaf. The results are focussed on manufacturing techniques, with the aim to
identify several pottery productions and variability patterns.

1. Introduction
Like many other concepts, the Late Halaf culture, a term
originating from an artificial terminology used to define the
Neolithic communities who lived in northern Syria,
southern Anatolia, and northern Iraq during the 6th

millennium cal BC, arose from an emerging local substrate
(Cruells and Nieuwenhuyse 2004; Nieuwenhuyse 2007).
The environmental framework reveals, for the entire span
of the 7th and 6th millennia cal BC, a climatic optimum with
minor fluctuations around 5000 cal BC (calibrated with
Oxcal V.3.5 and calibration curve INTCAL98 1, sigma
ranges in Gérard and Thiessen 2002). Recent multi-
disciplinary studies have revealed more information about
these agro-pastoralist communities who lived between
5500-5300 cal BC in semi-sedentary settlements, and who
developed a particular material culture, as well as several
economic and social competences (Campbell 2007). The
symbiosis of these strategies forged the future complex
communities of the Chalcolithic period in the Near East
(Akkermans and Schwartz 2003; Frangipane 2007).

These groups were characterised by an opportunistic
settlement pattern, sealing practices, specific funerary
rituals, and painted pottery showing geometric and animal
designs. Archaeological remains such as their pottery
productions give us a way to approach the economic and
social practices of these farming communities and a way to
reconstruct, to a certain extent, their production system
and social organisation (Davidson 1977; Campbell 1992;
Cruells 2001, 2006, 2009; Wilkinson 2003).

2. Archaeological context: Tell Halula
Tell Halula is located on the right bank of the middle
Euphrates river valley, in the region of Djerabus,
Northern Syria. The site is situated between two small
seasonal wadis, which are becoming a single wadi flowing
into the Thisrin Dam. The site, which is 360 m by 300 m
and 11 m high, includes two elevations with anthropic
deposits and has been excavated from 1989 until the
present by a team from the Autonomous University of
Barcelona led by Dr. Miquel Molist (Molist 1996, 2001;
Molist et al. in press) (Fig. 1).

The archaeological sequence includes strata from a Pre-
Ceramic Neolithic B until the complete Ceramic Neolithic
levels (Pre-Halaf and Halaf), covering a timeline from
7900 to 5300 cal BC. Late Halaf (HLVII) layers are
located in sectors 30, 32, 36, 38, 39, and 49, dating to
5550-5300 cal BC. The pottery assemblages ascribed to
this period are found in several archaeological contexts,
principally ash levels, external areas, domestic areas, and
an important group of pits situated at the top of the tell
(Cruells 2005).

Remains dating back to the Late Halaf period were
recovered from various test pits at the site. A first trench
opened on the south western slopes in 1996 and 1999
(sectors 30 and 32) yielded a series of stratified open areas
occupied during the Late Halaf periods. The recent
stratigraphic sequence and related information comes
from the new trench opened in 2006 and 2007 in what is
also termed sector 30, with an extension known as sector
49. This trench confirms an uninterrupted sequence from
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Late Pre-Halaf to Late Halaf, but not always at the same
place (Gómez 2011). At this point, we must emphasise the
mobility pattern of these groups, which did not always
settle on formerly occupied layers, but around them
(Akkermans and Schwartz 2003). This enables a differ-
entiated settlement pattern to be documented for each site.

The sample presented in this paper constitutes a ceramic
assemblage unequally dispersed around the site, as both
secondary material, mainly in pits and holes, and external
floors related to open areas which constitute a succession of
architectural levels formed by rectangular buildings with
stone foundations. Halula Late Halaf ceramic assemblages
include a large variety of wares. There are fine wares, plain
or decorated, as well as simple and burnished coarse wares,
either with mineral or plant inclusions (although only a
few sherds of the latter). This group also shows incised or
impressed decoration.

Usingmacroscopic observations, this assemblagewas initially
divided into four main categories: fine painted wares, fine
unpainted wares, coarse mineral wares, and coarse vegetal
temperedwares. The assemblage also showsmodifications in
technology, vessel shape, and decorative style. As in earlier
periods (Cruells and Nieuwenhuyse 2004; Nieuwenhuyse
2007), fine wares were made of well-levigated clay, fired
mostly in oxidising conditions, and commonly having a light
or white slip on the exterior surface.

3. From intuitive typology to a pottery
classification
Generally, there are no unitary criteria that can be
employed to arrange a comprehensive typology of

published Halaf pottery from the middle Euphrates valley.
It is also very difficult, on the basis of the published
material, to differentiate the individual uses of cooking and
storage wares. Materials from stratigraphic contexts
discovered during recent excavations do not allow a
detailed typology with varieties and variants to be drawn
up, because they are extremely scarce and discontinuous
throughout the region. However, prioritising the techno-
logical approach, a sufficient number of samples were
found to provide an idea of the most typical shapes in
different local sequences.

The assemblage presented in this paper consists of 21,164
sherds, minimum number of individuals (mni) 16,688,
which were first classified according to their macropetro-
graphic characteristics, manufacture techniques, and main
surface treatments. Secondly, a morphological and stylistic
typology was established for each technological group
using the descriptions of the main inflected points.
Although the number of reconstructed vessels is not
large, 8 basic typologies have been identified (Fig. 2).

A morphological classification was conducted for each type
of ware. The rimwas the first morphological feature used to
sort the sherds. This first selection separated closed vessels
from open ones. In some cases we could calculate the
maximum diameter, and, where possible, the volume.
Variabilities in the lip, rim slope, and neck height were used
to identify different morphological types and enabled us to
clarify the typological corpus. Dishes and lids (group VI),
straight sided bowls (group II), concave sided bowls (group
III), sinuous sided bowls (group I), jars with short or high
neck (group IX), simple open and closed bowls (groups III
and VII), and closed bowls with short neck (group VIII) are

Figure 1. Map showing the location of Tell Halula.
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Figure 2. Typological chart of Late Halaf ware at the Tell Halula site. Note that Group V, corresponding to Champagne
Vase, is a form not identified at Halula.

Late Neolithic pottery productions in Syria. Evidence from Tell Halula (Euphrates valley): A technological approach

Ed. Marcos Martinón-Torres 127



the predominant shapes. Moreover, metric variants led to
the distinction of several subgroups according to the
different inflection points of the sherds. On the basis of the
analysed material, it was quite easy to distinguish a
common base typology for these types of vessels, but the
technological parameters are almost all different.

This work reveals that 76% of the sherds that are part of the
assemblage are open types, and 24% are closed shapes.
Diagnostically the most common sherds are lips, dominat-
ing the assemblage, with diameters measuring 150-200
mm and bases measuring 100-150 mm in diameter, and
with a wall thickness ranging from 5 to 10 mm. The most
documented shapes are small containers, such as bowls;
22% are IVa bowls with a concave profile; 18% belong to
the Ia and IIb groups, and to closed forms, especially VIIa.
We have also identified two types of dishes, VIb (38%) and
VI (13%).

The large and medium sized containers comprise pots and
jars. The VIIIc is the most common pot shape, although
other pots also appear. The IXd jar shape is the most
frequently documented, making up 50% of the sample,
followed by the IXe shape or bow rim jar, and shape IXb.

4. Technological variability
When we studied this assemblage from the technological
point of view, we combined data pertaining to manufacture
traces and the results of physical and chemical analyses
(part of them still in progress) with the aim of identifying
not only the main pottery traditions, but also several
fashioning and finishing techniques related to different
potters’ abilities.

Among the basic set of operations which transformed the
raw material into a finished product, we have registered
several main stages: manufacture and paste preparation,
fashioning, finishing (including decoration), and firing
(Fig. 3). In this operation chain, Halaf pottery productions
generally appear as fine walled vessels with relatively
complex shapes, for which a great level of skill must have

been required. These pots were constructed using several
methods, sometimes in combination: coiling, paddling,
pinching, and shaping. In some sherds we found traces
of rotation kinetic energy (RKE). It is also possible that
baskets were used as a form of tournette, or as a stable base
upon which pots could be made and dried before they could
be used over a flame. This technique is suggestive of
identifiable cultural traditions (Roux 2003a; Roux and
Courty 2005).

5. Petrographic approach
A preliminary mineralogical and petrographic study of the
materials at the site has been carried out. Samples were
collected in an effort to determine the geological variability
of clay sources in the Euphrates region and to redefine the
compositional matching of clays to paste groups from
previous provenance analyses (X. Clop, work in progress).
Geological clays were collected and processed. The
preliminary results show that clays in the region were
compositionally heterogeneous, and that the clay sources
for most of the sampled plain pottery can be traced to
locations near the site.

Petrography shows vacuole texture and a low temper content
(,5%) in cream coloured core samples, but a clastic texture
and higher temper content (10-30%) in brown and red
sherds. From a mineralogical point of view, three distinct
groups have been observed: the main group made of calcite,
quartz, feldspar (phyllosilicates - hematites - gehlenite -
hornblende); a second one made of quartz - feldspar
(phyllosilicates - hematites - dolomite) and a third onemade
of quartz, feldspar, calcite, and gehlenite (augite -
phyllosilicates - hematites - dolomite), with added biotite.

The dominant wares were made of fine clay that, on the
whole, shows non-plastic, small, mineral inclusions only.
In addition to the clay fabric, it is important to consider the
way in which the clays were fired. The general appearance
of the sherds indicates that the potters had probably used
kiln types where oxygen could be highly controlled. To
date, such kilns have not been well-documented in reliable

Figure 3. Table of the manufacturing processes related to pottery shapes.
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contexts in Syria, and the few examples come from Iraq,
at the Yarim Tepe site (Munchaev and Merpert, 1973;
Merpert and Munchaev 1993a; 1993b). In general, there
is a predominance of incomplete oxidation, in fine pastes
with mineral inclusions, and an incomplete reduction in
coarse pastes with mineral and vegetable temper. Most
of the pieces (65%) have their surfaces finished with a
slip, followed by smoothing, brushing and burnishing
treatments.

The results have implications for the understanding of the
nature of plain and coarse ceramic vessels (present on a
large scale at the site), as well as decorated ones, and they
also help explain why plain ware is well-represented in
these assemblages. Since petrographic analyses confirmed
the use of several local clays, the differences between them
suggest a variety of factors affecting the selection and
manipulation of the clays used in vessel manufacture.
Further research on these data from Tell Halula vessels is
ongoing and will compare the fabrics from Tell Halula with
those published from other sites. Chemical analysis will
also be conducted on the sherd samples in order to add this
information to a growing comparative database.

6. Manufacturing techniques
The identification of manufacturing techniques has been
carried out on the surface fragments that presented
sufficiently large dimensions to preserve clear traces. An
initial framework of analysis is seeking technological features
that are noticeable in the typological study, not only in the
treatment of external or internal parts, or in terms of finishing
and decorating, but also with respect to the inflection points
that will shape the pot (Bril and Roux 2002). This is the case
of the modelling of the edge, an important feature revealing
differences between edges in vessels with the same overal
shapes. As for the the moulding of the base, it has only rarely
been possible to document the complete technical sequence.
These have been developed primarily by the technique
known as colombine, a technique for modelling a flat or
slightly concave disk from which the wall starts; this is made
by mould or from a clay lump (Table 1).

The ceramics recovered have some physical characteristics
in common; mainly, walls have a thickness of about 0.5-0.8
cm, and this feature is generally associated to fine mixed or
partially reducing firing treatment. Exterior and interior
surfaces are smoothed in all cases, and numerous sherds
show polishing/smoothing and burnishing combinations.

With regards to the finishing methods and their location on
the vessels, these make it possible to identify a variety of

finishes for each type, but also to infer the relationship
between sherd and type of finishing strategy (Roux 2007).
The orientation of the traces may also indicate the presence
of specific patterns of production, especially if these are
repeated in several sequences.

The establishment of manufacturing sequences was mostly
based on the analysis and evaluation of complete vessels.
This procedure has its limitations, since the majority of
pieces recovered complete correspond to small containers,
mainly bowls and plates; we managed to obtain the
complete shape only in 17 cases.

The manufacturing sequence shows that all pots (except
Id) rose from the base. In the case of globular shapes, it is
possible that the difficulty of modelling a spherical body
resulted in a more streamlined sub-spherical profile when
the level of skill involved was limited. The bowls and
vessels such as dishes also seem to have been moulded from
the base. The lip is often enhanced by superimposing a strip
at the edge as a decorative solution. The bowls and plates
seem to be suitable containers for food service and
consumption, although in the case of the former, their
use as cooking pots cannot be ruled out.

Most pieces appear modelled with more or less large
colombines (in small containers these have 0.2 cm frequency
tapes, while for mid-sized containers this proportion can
vary from 1 to 2.5 cm, with interspaces created during the
homogenisation process). Small and medium-sized coin-
tainers show differentiated edges with a deliberate aperture
to the exterior made by applying a final strip.

In medium-sized pots, the join between the upper and lower
part that indicates that the body and the neckwere modelled
in different stages ismore easily recognisable. In general, this
area shows a high rate of breakage, showing that it is one
of the weaker areas of the vessel, which therefore was easier
to breakby indirect impact. Thus, it is possible to infer amulti-
stage manufacturing procedure for these.

For closed shapes, we documented different treatments
on the inner and outer surfaces. Inside closed shapes, we
found an intentional reduction in wall thickness and a
regularisation of the inner face. The outside of closed
shapes usually shows a simple smooth finish, and this
application seems not to be corresponding to any specific
technical or morphological criteria other than the intention
to make pots with a small investment of time. Also, this
element could be indicative of manufacture by an
inexperienced potter (Bernbeck 1999).

Table 1.Main manufacturing techniques at Tell Halula by category (fine ware FW, fine painted ware FPW, coarse organic-
tempered ware COW, and coarse mineral ware CMW). RKE stands for ‘rotative kinetic energy’.

Balls of clay % Flat slabs % Colombine/coils % Mould % RKE % Mixed %

FW 2.44 5.77 40.65 54.27 3.77 42.75

FPW 1.25 2.48 42.41 39.66 0.48 25.44

COW 3.01 0.76 26.55 28.19 0.21 24.17

CMW 8.4 3.03 30.33 21.56 0.09 40.25
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There are different techniques to complete the surface
treatment of walls that reduce stress and increase thermal
conductivity, improving the performance of vessels for
culinary uses (Hein et al. 2008). The burnishing treatment,
the compaction of the surface, or friction and pressure
produce a glossy finish and also reduce porosity, thus
increasing the resistance and the waterproof qualities of
the pot; we documented these features in the coarse ware
assemblages.

Except for large closed vessels, it seems that the decision to
employ one type of finishing technique rather than another
did not depend on the modelling option, but it rather
shows a clear relationship with the typological groups. This
suggests that for medium-sized vessels, more regular
patterns of execution were needed in the manufacturing
process, which could be associated with a higher level of
skill in the craft production.

The great diversity in finishing treatments makes us think
that the products are the work of several artisans. While
modelling and smoothing show a pattern of homogeneous
conduct, bases and exterior surface treatments show great
diversity of skills, particularly notable in small containers.
At this point, we should consider the extent to which all of
these productions derive from a common pool of knowl-
edge, and to what degree we can speak of variable
technical traditions.

7. Volumetric approach
The study was conducted using MicroStation validated
by Potutility (a program from the Arcane project), which,
unlike other available programs, produced a reasonably
reliable table of values concerning the volume of each
complete profile recovered.

Prior to the volumetric study, we took into account various
parameters associated with archaeological evidence. As
shown in thegraph (Fig. 2),wehave recoveredmoreprofiles
associated with small vessels than with large ones. These
larger containers appear on site, but are very fragmented,
and it is very difficult to infer the entire typology. Thus, this
sample is mainly made up of bowls, plates, and drinking
cups associated to domestic use (Table 2).

The technical-morphological features of the small contain-
ers indicate that they were intended for individual
consumption of liquids or semi-solid foods. The medium/
large pieces are ideal containers for the storage and
transportation of liquid provisions (small-rimmed jars) or
solid provisions (wide-rimmed jars). Dish-covers or collar-
rimmed jars have a depression on the inside of their necks
which acts as a closing device. Large bowls, the majority of
which are open pots, could have been used to transfer
provisions.

8. Decorative motifs
It has been demonstrated that Halaf pottery decoration
was highly structured (Steinberg and Kamilli 1984). The
choices governing the motifs used appear to be based
around decisions such as the location on the vessel’s
interior/exterior, or the type of pottery being decorated, in
a harmonic conceptualisation and always related to surface
treatment. Pictorial decoration is present in 47% of the

productions, which are monochrome, applied over a
finished surface (slip application in 65%, followed by
smoothing, brushing, and burnishing treatments). We
found black, red and brown as the predominant colours,
with the additional presence of polychrome vessels (8%)
that combine black and red occasionally with white.

The decorative style emphasises the use of bounded design
motifs (Wobst 2004). With few exceptions, the motifs were
attached to the horizontal, structural lines that divided the
empty vessel surface. Figurative motifs are painted along
the interior rim in open shapes and on the middle wall in
closed ones. The decorative motifs on the top of the vessels,
on the outer and inner lips, are mainly geometric motifs
(89%), floral (4%), and zoomorphic motifs, as well as
horizontal representations of bucrania (7%). The geo-
metric motifs include various stepped patterns, meanders,
and variations on the basic themes of crosshatching and
zigzag. In general, we did not find a sharp break in
decorative patterns between periods. This seems to indicate
a lasting tradition of repeating the same pattern designs
within the same context (Fig. 4).

9. Pigment analyses
The pigment analysis was carried out using Particle
Induced X-ray Emission (PIXE), which is a powerful yet
non-destructive elemental analysis technique used to
identify raw materials and their provenance. This instru-
ment allows rapid non-destructive or minimally destructive
identification of most of the pigments used in ancient times,
and it has greatly increased the amount of pigment
identification work carried out by the Archaeometry group
at the University of Liège, under the direction of Helena
Calvo del Castillo (Gómez et al. 2012) (Fig. 5).

So far, 17 pottery samples have been analysed with the aim
of identifying the composition of each pigment, and of
making several observations regarding their origin and
manipulation process. The results show that in 13 out of the
17 sherds, the black pigment is composed of manganese
oxide or manganese phosphate. Manganese oxide is found
as a free element in nature (often mixed with iron) and as a
component in many minerals. Manganese ions have various
colours depending on their oxidation state, and they are
usually used as pigments. Black and red pigments are all
composed of iron oxides and in few cases charcoal. These
results are important because the published pigment
analyses for one of the nearby sites, Tell Amarna (Gilbert
2004), situated nearly 40 km north of Halula, also in the
Euphrates valley, show a composition consisting primarily
of hematite (Fe2O3), hematite (alfa), and magnetite
(Fe3O4), the rare presence of CaCO3 and charcoal. The
results from Tell Amarna emphasised that the main
component of pigments used in the dark zones is
magnetite, while in Halula manganese is the main mineral
employed for this purpose. Other observations made in Tell
Amarna are that the paler zones are made with mixtures of
magnetite and hematite, and the bright character of some
samples is not the consequence of the use of different
pigments, but of polishing. Thus, continuing this study and
increasing the number of samples appears necessary in
order to formulate further questions.
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Table 2. Volumetric results of complete vessels from Tell Halula. Note that values indicate raw densities.

Id Number Typology
Volume
(litres) Water Oil Wine Wheat Barley

THL1182 VIc 0.51 0.47 0.47 0.49 0.38 0.32

THL1221 VIc 0.55 0.55 0.51 0.53 0.41 0.34

THL1234 Ib 0.42 0.42 0.38 0.40 0.31 0.26

THL1243 VIb 0.33 0.33 0.31 0.32 0.25 0.21

THL1245 Ic 1.04 1.04 0.96 1.00 0.77 0.65

THL1431 VIe 0.15 0.15 0.14 0.15 0.11 0.10

THL1464 Ic 0.54 0.54 0.50 0.52 0.40 0.34

THL1476 VIb 0.14 0.14 0.13 0.14 0.11 0.09

THL1901 VIb 0.24 0.24 0.22 0.23 0.17 0.15

THL1902 IIIb 0.17 0.17 0.16 0.16 0.12 0.10

THL1907 VIc 0.40 0.40 0.37 0.38 0.30 0.25

THL1927 VIIId 0.25 0.25 0.23 0.24 0.18 0.15

THL1928 VIc 0.50 0.50 0.46 0.48 0.37 0.30

THL1940 VIc 0.21 0.21 0.19 0.20 0.15 0.13

THL1942 VIIa 1.52 1.52 1.40 1.46 1.13 0.94

THL1957 Ib 2.49 2.49 2.29 2.39 1.84 1.54

THL1960 Id 0.38 0.38 0.35 0.36 0.28 0.23

THL1967 Ib 0.33 0.33 0.31 0.32 0.25 0.21

THL1998 IIIa 0.57 0.57 0.52 0.55 0.42 0.35

THL2007.1 Id 1.03 1.03 0.95 0.99 0.76 0.64

THL2026 VIc 0.10 0.10 0.09 0.09 0.07 0.06

THL2101 VIIIc 0.54 0.54 0.49 0.52 0.40 0.33

THL2103 VIb 0.54 0.54 0.50 0.52 0.40 0.34

THL2134 VIc 0.36 0.36 0.33 0.34 0.27 0.22

THL2141 Ic 1.40 1.40 1.29 1.34 1.03 0.87

THL2145 Id 1.99 1.99 1.83 1.91 1.47 1.23

THL2146 IIIc 0.49 0.49 0.45 0.47 0.36 0.31

THL2165 IIId 0.30 0.30 0.28 0.29 0.22 0.19

THL2166 VIIa 1.79 1.79 1.65 1.72 1.33 1.11

THL2168 Id 4.88 4.88 4.49 4.68 3.61 3.03

THL2170 IIId 0.09 0.09 0.08 0.08 0.06 0.05

THL2175 IIIa 0.70 0.70 0.65 0.68 0.52 0.44

THL3024 VIc 0.23 0.23 0.21 0.22 0.17 0.14

THL3055 IIb 1.02 1.02 0.93 0.97 0.75 0.63
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10. Preliminary considerations
This study has enabled us to identify several pottery
traditions at the Tell Halula site. These are interpreted as
the result of different production and distribution systems,
involving production at local and regional levels, well

documented in nearby sites, such as Tell Amarna (Cruells
1998; 2004), Shams ed-Din (Al-Radi and Seeden 1980;
Seeden 1982) and Tell Masaikh (Robert et al. 2008). Thus,
in further works, attesting the complex relations that the
local populations of the middle Euphrates valley may have

Figure 4. Some painted sherds from Tell Halula.

Figure 5. Composition of black pigment.
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maintained with groups living in neighbouring regions
appears as a very important endeavour.

The Late Halaf pottery from the Euphrates region shows an
‘apparent’ homogeneity, although this disappears when we
examine the technological aspects, such as the manufactur-
ing and production features of the pieces. In this context,
the pottery in the Euphrates area is considered to be the
result of local developments, with obvious contact with
surrounding communities.

Such variability could be attributed to manufacturing
techniques, individual knowledge, functional purposes,
and site formation processes. It was concluded that several
ceramic production practices existed within the population
of Halula, which transmitted technological knowledge
through the manipulation of pottery. The presence and
abundance of these pottery types, especially the painted
productions, in different archaeological contexts indicate
that pottery production was increasing, and some shapes
appear to be the work of specialist manufacturers. The use
of special tools and standardised techniques supports this
idea (Roux and Matarasso 1999; Roux 2003b).

At the same time, during the Late Halaf period, we report an
increase in complex shapes, such as the bow rim jar, or jars
with arched necks and a flat base. Also, some middle Halaf
shapes increase in number, such as shallow open bowls and
bowls with a globular carination, and others, known as cream
bowls, appear with less frequency and become careened
shapes that showus a clear continuitywith regards to previous
pieces (Cruells 1996).Thesenewshapesarenot related tonew
fashioning trends, aswecould see inourwork, and theanswers
seem to be related to dietary practices or storage needs.

By using binocular microscope techniques, we found that
some pottery sherds from the latest stages seem to have been
made with rotative kinetic energy movement. It has been
suggested, however, that pottery was decorated using a slow
tournette leading to the increaseduse of strongly linear, larger
geometric designs. Oval mouths and rounded bases on other
pottery shapes seem to have been finished with a type of
rotative kinetic energy. These sherds belong to small wares,
bowls, and open shapes. Although Tell Halula offers good
contextualised contexts, it is important to underline that
similar processes canbeobservedat sites suchasChagarBazar
(A. Gómez, work in progress), Domuztepe (Irving 2001), etc.

It seems reasonable to suggest that these different
manufacturing techniques were associated to different
pathways of learning. In addition, evidence of combination
techniques has now been confirmed, as has the use of
wheel coiling. Wheel coiling and wheel-throwing co-
existed. The use of such methods required that the potters
had specialised skills, denoting a particular transmission of
knowledge that affected several dimensions: object
function, technological innovation, and social identity.

Also, the large number of painted decorative motifs, and
their high quality, as well as the presence of polychrome
examples, seem to indicate the consolidation of increas-
ingly complex societies (Davidson 1977), as a consequence
of the social inequalities initially documented in the
formative Halaf. The way in which these communities
managed their resources and consolidated and socially
assimilated Ubaid influence is another major pending issue.
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Assyrian palace ware definition and chaîne
opératoire: Preliminary results from Nineveh,
Nimrud, and Aššur
Alice M.W. Hunt
Center for Applied Isotope Studies, University of Georgia, ahunt@uga.edu

Abstract - Palace ware, an 8th–7th century BC drabware, is used as an indicator of Neo-Assyrian
imperial elite contact and occupation, despite the lack of an established definition. Definitional
criteria must incorporate formal characteristics, such as shape, and manufacture behaviours, such
as raw material processing, in order to facilitate the distinction between imported or Assyrian
produced vessels and imitations from the imperial provinces. This paper presents eleven
preliminary definitional criteria for palace ware based on petrographic analysis and scanning
electron microscopy of 24 sherds, radiography of 9 vessels, and typological analysis of 75 vessels
from the Neo-Assyrian imperial heartland: Aššur, Nineveh, and Nimrud.

1. Introduction
Palace ware, a late 8th–7th century BC drabware, was first
identified as a ‘ware’ by Rawson (1954) during Mallowan's
excavation of Nimrud, and has since become synonymous
with the Neo-Assyrian empire and elite (cf. Ohtsu 1991;
Hausleiter 2008). Archaeologists working in peripheral
regions of the Neo-Assyrian Empire consider the presence
of Assyrian palace ware (APW) evidence of Assyrian
contact and occupation (cf. Engstrom 2004; Na'aman &
Thareani-Sussely 2006; Singer-Avitz 2007). Despite its
importance, APW has not been comprehensively studied
or defined since Rawson's research. This paper provides
preliminary definitional criteria for APW as a ‘ware’ from
the Assyrian imperial heartland, Aššur, Nineveh, and
Nimrud, facilitating a better understanding of palace ware
and Neo-Assyrian ceramic technology in general, and
providing concrete tools for assessing whether APW from
the imperial provinces is imported, produced locally by an
Assyrian trained potter, or an imitation of APW forms using
local technology.

Every technological choice of the potter is imprinted on the
completed vessel. Therefore, when defining a ‘ware’, it is
important to understand the sequence of behaviours which
created it, in addition to formal characteristics, such as
shape and decoration. Rawson (1954) published a series of
technical observations based on macroscopic examination,
summarised as follows: “sloppy”, “wheel-made” pottery,
probably “thrown in one piece from the hump”. This paper
uses archaeometry to refine these observations and define
central polity palace ware typologically and technologi-
cally. Petrological and radiographic methods are used to

determine the chaîne opératoire of palace ware, from raw
material acquisition and processing through firing and
decoration. Metric and formal analyses establish the range
of APW forms and shapes in the Neo-Assyrian heartland
and provide a quantitative typology.

2. Materials and methods
The entire assemblage of complete and repaired palace
ware vessels from Aššur, Nineveh, and Nimrud/Kal

!
hu

housed in the Vorderasiatisches and British Museums, and
UCL Institute of Archaeology collections were analysed
(Table 1). Aššur APW, excavated by the Deutsche
Morgenländische Gesellschaft (DMG) between 1903 and
1913 (cf. Andrae 1909), comes from ‘elite’ burials dated to
the late 8th–7th centuries BC (Haller 1954). Contextual
information for Nineveh APW housed in the British
Museum and UCL Institute of Archaeology is
not available. Nimrud APW, excavated by Mallowan
between 1949 and 1957, housed in the British
Museum and UCL Institute of Archaeology, comes from
palatial and administrative contexts dated to the 8th–7th

centuries BC: specifically the NW Palace, Nabu temple,
Governor's Palace, ‘49 Palace, and Fort Shalmaneser
(Mallowan 1966).

The typological analysis of all complete palace ware vessels
from Aššur, Nineveh, and Nimrud is based on the following
attributes: rim type and diameter; neck/collar length and
diameter; shoulder angle and diameter; minimum and
maximum diameter; capacity, measured as the sum of
successive truncated conic sections or frustums; body
height; base type and diameter; wall thickness;

Cite this article as: Hunt AMW (2014). Assyrian palace ware definition and chaîne opératoire: Preliminary results from
Nineveh, Nimrud, and Aššur. In MMartinón-Torres (Ed.), Craft and science: International perspectives on archaeological
ceramics. Doha, Qatar: Bloomsbury Qatar Foundation http://dx.doi.org/10.5339/uclq.2014.cas.ch15
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Table 1. Table of palace ware analysed from Aššur, Nimrud, and Nineveh.

Excavation
Museum
Reg. No

Typology
Ref. No. Object location Form

Scientific
analyses

Aššur VA Ass.505 AA Vorderasiatisches Museum jar

Aššur VA Ass.176 AB Vorderasiatisches Museum cup

Aššur VA Ass.2 AC Vorderasiatisches Museum jar

Aššur VA Ass.435 AD Vorderasiatisches Museum jar

Aššur VA Ass.379 AE Vorderasiatisches Museum jar

Aššur VA Ass.143 AF Vorderasiatisches Museum cup

Aššur VA Ass.163 AG Vorderasiatisches Museum jar

Aššur VA Ass.126 AH Vorderasiatisches Museum jar

Aššur VA Ass.561 AI Vorderasiatisches Museum jar

Aššur VA Ass.174 AJ Vorderasiatisches Museum jar

Aššur VA Ass.166 AK Vorderasiatisches Museum jar

Aššur VA Ass.171 AL Vorderasiatisches Museum cup

Aššur VA Ass.542 AM Vorderasiatisches Museum cup

Aššur VA Ass.169 AN Vorderasiatisches Museum jar

Aššur VA Ass.433 AO Vorderasiatisches Museum jar

Aššur VA Ass.840 AP Vorderasiatisches Museum bowl

Aššur VA Ass.1424 AQ Vorderasiatisches Museum bowl

Aššur VA Ass.849 AR Vorderasiatisches Museum bowl

Aššur VA Ass.1585 AS Vorderasiatisches Museum bowl

Aššur VA Ass.1481 AT Vorderasiatisches Museum bowl

Aššur VA Ass.1397 AU Vorderasiatisches Museum NA

Aššur VA Ass.848 AV Vorderasiatisches Museum bowl

Aššur VA 842 AW Vorderasiatisches Museum bowl

Aššur VA Ass.1483 AX Vorderasiatisches Museum bowl

Nimrud 1992-3-2-66 KA British Museum bowl

Nimrud 1992-3-2-64 KB British Museum bowl

Nimrud 1992-3-2-62 KC British Museum bowl

Nimrud 1992-3-2-239 KD British Museum bowl

Nimrud 1992-3-2-237 KE British Museum bowl

Nimrud 1994-11-5-148 KF British Museum bowl

Nimrud 1992-3-2-238 KG British Museum bowl

Nimrud 1992-3-2-143 KH British Museum cup

Nimrud 1992-3-2-186 KI British Museum N/A

Nimrud 1932-12-12-37 KJ British Museum cup

(Continued)
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Table 1. - continued

Excavation
Museum
Reg. No

Typology
Ref. No. Object location Form

Scientific
analyses

Nimrud 1992-3-2-187 KK British Museum cup

Nimrud 1992-3-2-191 KL British Museum cup

Nimrud 1992-3-2-192 KM British Museum cup

Nimrud 1992-3-2-190 KN British Museum cup

Nimrud 1992-3-2-524 KO British Museum cup

Nimrud 1992-3-2-182 KP British Museum cup

Nimrud 1992-3-2-184 KQ British Museum cup

Nimrud 1992-3-2-525 KR British Museum cup

Nimrud 1992-3-2-188 KS British Museum cup

Nimrud 1992-3-2-526 KT British Museum cup

Nimrud 1992-3-2-477 KU British Museum cup

Nimrud 1992-3-2-522a KV British Museum cup

Nimrud 1992-3-2-522b KW British Museum cup

Nimrud 1992-3-2-484 KX British Museum cup

Nimrud 1992-3-2-494 rim KY British Museum N/A

Nimrud 1992-3-2-494base KZ British Museum bowl

Nimrud 1992-3-2-522.1 British Museum N/A X

Nimrud 1992-3-2-522.2 British Museum N/A X

Nimrud 1992-3-2-522.3 British Museum N/A X

Nimrud 1992-3-2-522.4 British Museum N/A X

Nimrud 1992-3-2-522.5 British Museum N/A X

Nimrud 1992-3-2-522.6 British Museum N/A X

Nimrud 1992-3-2-522.7 British Museum N/A X

Nimrud 1992-3-2-522.8 British Museum N/A X

Nimrud 1992-3-2-522.9 British Museum N/A X

Nimrud 1992-3-2-522.10 British Museum N/A X

Nimrud 1992-3-2-522.11 British Museum N/A X

Nimrud 1992-3-2-522.12 British Museum N/A X

Nineveh 1932-1212-859 NA British Museum jar

Nineveh 1992-3-2-188 NB British Museum cup

Nineveh 1932-12-12-37 NC British Museum cup

Nineveh 1992-3-2-143 ND British Museum cup

Nineveh 1992-3-2-182 NE British Museum cup

(Continued)

Assyrian palace ware definition and Chaîne Opératoire: Preliminary results from Nineveh, Nimrud, and Aššur

Ed. Marcos Martinón-Torres 137



weight-height ratio (complete vessels only); interior and
exterior fabric colour; and decorative element type and
height from base. Attribute pairs were plotted on a
Cartesian coordinate system using SPSS to detect latent
patterns, and multiresponse permutation procedure
(MRPP) analyses were run to confirm the validity of the
observed grouping behaviour. MRPP tests the significance
of sample groups by comparing intragroup and intergroup
Euclidean distance, and was selected as an analytical tool
because it does not require conditions, such as homogen-
eity of variance, which cannot be met by an assemblage of
archaeological artefacts (for a detailed description see
Mielke and Berry 2001).

Scientific analyses of APW were conducted on diagnostic
and body sherds from the UC Berkeley excavation of
Nineveh (1987–1990), area MG22, and Mallowan's
excavation of the NW palace at Nimrud. Petrological
analyses were conducted using a Leica DMRX petrographic
microscope and Hitachi S3700N scanning electron micro-
scope (SEM). SEM micrographs were taken by C.R.
Cartwright at 15 kV and are published here courtesy of
the Trustees of the British Museum. Petrographic descrip-
tions use terminology and methods outlined by Whitbread
(1995). Digital radiographs were collected using Varian
Viva software (revision K3, build 45), a tungsten X-ray
source (X-tek 160 kV gun), and Varian PaxScan 4030

detector, at 40 kV, 400 A, and 20 frames per image
(approximately 10 minutes run time).

3. Results

Typology
Every attribute of a ceramic vessel results from intentional
human behaviour; however, not all of the relationships
among attributes are typologically useful. Attributes can
correlate naturally, for example wall thickness and weight:
as wall thickness increases, so does the weight of the vessel.
These intrinsic relationships between attributes display
linear or horizontal asymptotic behaviour (the flattening of
a curve with respect to the y-axis as it approaches infinity
on the x-axis), easily distinguished from the non-
continuous or cluster behaviour of intentional attribute
relationships.

Attributes were considered definitional of palace ware
when 90% or more of the assemblage consistently formed
a cluster or non-continuous pattern. These definitional
clusters are reported in Table 2 as value ranges, two
endpoints, and a mode. Mode more accurately describes
definitional attribute clusters than mean, because mode is
a measure of frequency which is not affected by end
behaviour. Outliers are defined as vessels falling outside

Table 1. - continued

Excavation
Museum
Reg. No

Typology
Ref. No. Object location Form

Scientific
analyses

Nineveh G 1441 NF UCL Institute of Archaeology cup

Nineveh ND 883 NG UCL Institute of Archaeology bowl

Nineveh ND 1312 NH UCL Institute of Archaeology cup

Nineveh ND 3066 NI UCL Institute of Archaeology cup

Nineveh ND 6662 NJ UCL Institute of Archaeology cup

Nineveh 3/1030-122 UC Berkeley Excavation N/A X

Nineveh 3/1316-22 UC Berkeley Excavation N/A X

Nineveh 1058 UC Berkeley Excavation N/A X

Nineveh 3/1307-15 UC Berkeley Excavation N/A X

Nineveh 1129 UC Berkeley Excavation N/A X

Nineveh 3/1278-17 UC Berkeley Excavation N/A X

Nineveh 1129(2) UC Berkeley Excavation N/A X

Nineveh 3/1390-50 UC Berkeley Excavation N/A X

Nineveh 3/1031-65 UC Berkeley Excavation N/A X

Nineveh 3/1059-2 UC Berkeley Excavation N/A X

Nineveh 3/1065-3 UC Berkeley Excavation N/A X

Nineveh 1219 UC Berkeley Excavation N/A X

Hunt
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the cluster clouds of more than one attribute and are not
considered palace ware.

Five diagnostic typological criteriawere detected for the entire
palace ware assemblage: maximum diameter is 6–14cm;
capacity is discontinuous and forms three clusters around 500,
1500 and 3000 cc.; the wall thickness range is 0.15–0.4cm
with a mode of 0.2cm; rim diameter ranges from 6 to 14cm;
and base diameter ranges from 0 to 8cm. Three form clusters
were also identified in the assemblage, differentiated by neck/
collar length and capacity (Fig. 1): bowls, cups, and jars.

Palace ware bowls (Fig. 2) occur in two related forms. Type I
bowls are prevalent in the bowl assemblage andhave everted
collars and rims extending from a sharp shoulder carination
and thinned lips. Their bases are rounded to flat, with no
visible basal element such as a disk, ring, or knob. Type I
bowls are unequally biconical and the ratio of collar to body
height is between 1:3 and 1:6. Type II bowls are equally
biconical,with flat disk bases andeverted rimswith ‘rounded’
lips. Both type I and II bowls can be decoratedwith engraved
circumferential lines; however,only type I bowlsaredimpled.

Palace ware bowl capacity ranges between 200 and 700 cc.
(500 cc. mode), regardless of type; however, a small group
of thick walled outlier bowls have capacities between 967
and 1119 cc. (1000 cc. mode). These vessels (Fig. 2) are
equally biconical, have stepped bases and bodies, ‘bow tie’
or triangular lips, thick walls (0.6–1cm), and, while they
may represent the ‘thick’ palace ware described by Rawson
(1954), these bowls are probably ‘typical’ Neo-Assyrian
tableware (Anastasio 2010).

Palace ware cups also occur in two shapes (Fig. 2). Type I is
characterised by short, wide necks (mode 3cm long and
6cmwide) and slightly truncated body height (4.4–8.2cm).
The second cup shape (type II) has longer (mode 4.5cm),
narrower (mode 5cm) necks and an elongated body (mode
8cm). Despite these subtle differences, palace ware cups
are remarkably consistent in shape. They are unequally
biconical, with pronounced v-shaped bodies and carinated
shoulders. Cup necks are ‘trumpet’ shaped, with everted,
horizontally flattened rims and thinned or rolled lips. APW
cup bases are typically flat, although pointed, knob, ring,
and elevated ring bases are also represented in the

Table 2. Table summarising the metric characterisation of palace ware forms.

Bowls Cups Jars

Rim diameter 8.5–13cm
12cm mode

4–10cm
7cm mode

6.5–11.5cm
8.5cm mode

Neck length 0.2–1cm
1cm mode

2.5–6.7cm
3cm mode

2.5–7.5cm
4.6cm mode

Neck diameter
(mouth)

8–12cm
11cm mode

4.5 -7.5cm
5cm mode

5.5–8.5cm
5.7cm mode

Shoulder angle – 25–58°
45° mode

28–57°
45°

Maximum diameter 9–14cm
12cm mode

4–10cm
7cm mode

8.8–11cm
10.5cm mode

Body length 1.6–3cm
2.8cm mode

4.4–10cm
8cm mode

8–14cm
13.5 mode

Wall thickness 0.2–0.4cm
0.3cm mode

0.15–0.3cm
0.2cm mode

0.2–0.4cm
0.3cm mode

Vessel capacity 190–750 cc
478 cc mean

300–800 cc
658 cc mean

1250–1840 cc 2350–3049 cc
1450 cc mean 2700 cc mean

Total height 2.5–5.5cm
3cm mode

7.6–13.6cm
12.4cm mode

10–20cm
20cm mode

Base diameter 2–7.5cm
4cm mode

0–2.5cm
0.9cm mode

0–1.6cm
1.5cm mode

Figure 1. Scatter plot of palace ware vessel capacity against
neck/collar length. Three distinct form clusters are visible:

bowls, cups, and jars.
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assemblage (Fig. 2). Palace ware cup capacity is slightly
larger than that of bowls (550 cc. mode), although the
cluster clouds for both vessel types are similar. Palace ware
cups are decorated by dimples, circumferential engraved
lines, appliqué ridges, and basal steps.

Palace ware jars are morphologically similar to cups, with
increased body height (13.5cm mode) and total height (20
cmmode) to accommodate their larger capacities (1500 cc.
and 3000 cc. mode) (Fig. 2). The majority of APW jars have
capacity clusters around 1500 cc., triple the volume held by
cups and bowls. Like cups, jars are unequally biconical,
with pronounced v-shaped bodies and ‘trumpet’ necks.
Most palace ware jar bases are pointed, however flat and
rounded bases are also represented. Jars are decorated
with engraved circumferential lines, appliqué, and dimples.

Chaîne opératoire

Raw material acquisition and processing
Fabric characterisation of APW reveals an extremely fine-
grained fabric, < 2% inclusions, and no inclusions larger
than 0.05 mm. Petrological analysis of Neo-Assyrian
tableware, selected for comparison because tableware
does not contain the chaff temper common in most Assyrian
ceramics, reveals the fine-grained nature of Assyrian fabrics
in general (inclusions < 2 mm). Comparison of grain size
distribution profiles for APW and non-APW vessels shows
significant truncation, suggestive of levigation (Fig. 3).

Differentiation between alluvial and artificial levigation is
difficult and subjective. The proximity of Aššur, Nimrud,
and Nineveh to the Tigris suggests an alluvial origin for the
matrix material, a suggestion supported by the rounded/

well-rounded (almost spherical) mineral inclusions. Given
the alluvial origin of the palace ware matrix and the energy
of the Tigris river system, it is reasonable to assume that
natural levigation took place. However, the marked
difference in inclusion frequency between APW and
‘typical’ Neo-Assyrian tableware, and the sharp truncation
of palace ware grain size distribution are probably
indicative of human behaviour. Palace ware fabrics are
intentionally and consistently finer than other Assyrian
‘fine wares’, either through mechanical processing of the
raw material or exploitation of natural processes, such as
seasonal acquisition or sediment beds out in the flood plain.

Forming and shaping
Scarring, parallel to the base, on the internal and external
surface of palace ware vessels indicates rotary processing,
leading Rawson to conclude that the vessels were wheel-
made. Radiography of palace ware cups (types I and II)
revealed diagonal orientation of voids and inclusions on
the surface of the vessel and the subtle variation in wall
thickness resulting from drawing the paste upwards using
rotative kinetic energy (cf. Middleton 1995; 1997; Berg
2008), confirming that APW was wheel formed (Fig. 4).
The lack of obvious joins also seems to confirms Rawson's
assertion that palace ware was ‘thrown in one piece’.
Further work on a larger sample set including all three
forms is needed to confirm this observation.

Firing
Determination of firing temperature is difficult without
conducting experimental firing of the raw material in
question. Colour, while a useful guideline for calcareous
clays, can be altered by depositional and post-depositional
environments. Quantifying the vitrification of a ceramic
body can also be used to estimate firing temperature (cf.
Tite et al. 1982; Wolf 2002). Palace ware fires buff (10YR)
to green-grey (2.5YR, 5YR), indicating a firing temperature
above 900 °C (Nicholson and Patterson 1989). Moderate
vitrification visible in palace ware sherds also suggests
a relatively high firing temperature (850–900°C) for an
intermediate soak time (Freestone 1982) (Fig. 5). Firing
temperature is important for the determination of the
palace ware production cost, therefore, further work
including experimental firing of raw material from the
Tigris is planned.

Figure 2. Neo-Assyrian palace ware typology. Note that
due to the thinness of vessel walls, in order for vessel
profiles to print, they could not be drawn to scale, except
for the outliers. Bowls: (a) Type II; (b) Type I. Cups: (a)
and (c) Type I; (b) Type II. Cup and Jar base shapes: (a)
ring; (b) flat; (c) knob; (d) elevated ring; jar (a) pointed.

Figure 3. Grain size distribution plot for palace ware fabrics
from Nimrud, Nineveh, and non-palace ware ceramic bowls
from Nimrud. Note the pronounced truncation indicative

of levigation.
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Decoration
The elegance of palace ware decoration, circumferential
engraving, appliqué, and dimples, is deceptive in its
simplicity. The perfect execution of these techniques, the
symmetry and regularity of the engraving and consistent
spacing of the dimples, reflects the mastery of the potter.
Engraved lines and appliqué bands were created when the
vessel was leather-hard, using rotary motion and probably
a tool to ensure even spacing and placement. Dimpling
methods are currently under investigation and will be the
subject of a future publication. However, experiments
replicating APW dimpling reveal the difficulty of creating
dimples on a leather-hard surface without rupturing the
vessel wall: deformation and dendritic cracking visible
‘behind’ the dimple are evidence that dimpling was
conducted during the leather-hard stage. While dimples
are unique in the Neo-Assyrian ceramic corpus and
restricted to palace ware, engraving and appliqué are
widely used. None of the APW decorative styles are unique
to any particular form, although dimpling on bowls is less
common.

4. Conclusions
Typological and scientific analyses identified 11 defini-
tional criteria for palace ware in the Neo-Assyrian
heartland:

. Three basic forms: bowl, cup and jar, described
above and in Figure 2.

. Restricted vessel capacities: bowl and cups approxi-
mately 500 cc.; jars approximately 1500 or 3000 cc.

. Maximum diameter: 6–14 cm.

. Rim diameter: 6–14 cm.

. Base diameter: 0–8 cm.

. Wall thickness: 0.15–0.4 cm, with a mode of 0.2 cm.

. Fine-grained levigated fabric: < 2% inclusions; no
inclusion larger than 0.05 mm.

. Wheel thrown formation.

. Fired colours: buff (10YR) to greenish-grey (2.5YR,
5YR).

. Estimated firing temperature: 850–900°C.

. Decoration applied when vessels were leather-hard,
often using rotary motion.

5. Archaeological implications and
further work
In light of these definitional criteria inferred from artefacts
from the Neo-Assyrian central polity, it becomes possible to
evaluate the movement of palace ware as object (trade)
and as idea (local non-Assyrian manufacture), in contrast
to the movement of Assyrian potters throughout the empire
(local Assyrian manufactured APW). During the next phase
of this research, chaîne opératoire and provenance of palace
ware in the Neo-Assyrian imperial provinces of Syria,
Turkey, and Israel will be evaluated to assess mechanisms
of palace ware diffusion throughout the empire.

Another implication of this study is the potential use and
social significance of palace ware. Palace ware is expensive
and technically difficult to produce. At least in the Neo-
Assyrian central polity, palace ware forms are not unique,
occurring in Middle Assyrian assemblages as early as the
13th century BC (cf. Duistermaat 2008) and, in the
Neo-Assyrian period, as contemporary thicker forms
(cf. Hausleiter 1999). Therefore, it is likely that the value
of these vessels was related to the palace ware fabric itself
and vessel capacity. The specific capacities of palace ware
vessels, 500, 1500 and 3000 cc., suggest that these vessels

Figure 4. Radiograph of a palace ware cup from Nineveh
(ND1312). Gradation between the base and shoulder
reflects subtle variations in wall thickness introduced as the
paste is pulled during formation on the wheel. Voids
diagonal to the basal plane are also indicative of processing

using rotary motion.

Figure 5. SEM-BSE micrograph of palace ware fabric from
Nineveh (1129). The spongy or honeycomb texture of the
matrix is indicative of moderate vitrification at high firing
temperatures (850–900°C). Note the almost spherical
quartz grain. Image reproduced courtesy of the Trustees

of the British Museum. Image: C.R. Cartwright.
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were used together, probably as a drinking set. Planned
future work includes investigating the Neo-Assyrian
drinking culture and rituals, and liquid measurements
listed in the cuneiform texts to refine this hypothesis.

Experimental firing of raw material from the Tigris and
raw material sources in Syria, Turkey, and Israel is also
planned, to provide a quantitative baseline for firing
temperature determinations and a better understanding of
production cost, particularly with regard to fuel.
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1. Introduction
The application of ceramic petrography in archaeology is
celebrating now about seven decades since its introduction.
Over the years, it has become one of the most common
scientific methods in archaeology, due to its availability,
low cost and impressive track record. Even the introduction
of other, often more sophisticated methods for provenan-
cing ceramics, first and foremost Neutron Activation
Analysis (NAA), has not effected the use of petrography
due to its ability to supply a wide range of technological as
well as provenance data. However, the method has always
been limited by its destructive nature, making the analyses
of delicate artifacts practically impossible.

During the last decade, one of us (YG) developed a
methodology for petrographic examination of delicate clay
objects, such as cuneiform tablets and clay seal impressions
(bullae). Amongst other things, it has been used for
provenance studies of cuneiform tablets from Amarna
(Goren et al. 2004), Ugarit (as yet unpublished), Hatti
(Goren et al. 2011) and Israel (Goren et al. 2004; 2007;
2009), and the so-called Knossian Replica-Rings from Crete
and Thera (Goren and Panagiotopoulos, as yet unpub-
lished). The present paper presents the methodology,
results, and implications of the examination of Iron Age
bullae from the City of David, namely Iron Age Jerusalem.

Little has been preserved in the archaeological record from
the rich literary material of the Kingdom of Judah (Fig. 1).
Despite the discovery of some contemporary written
sources, such as ostraca and seals, it may be assumed that
many of the documents were apparently written on scrolls
or papyri that have not survived. Consequently, most of the
scholarly records from this period often referred to in the
biblical sources, have been lost forever. Only some meager
remains of these texts have been preserved in the form of
bullae, namely, the clay sealings that were once attached to
them. Bullae are small lumps of clay, often fingernail-sized
and shaped as flat disks. They were usually affixed to a cord
binding a papyrus-document and then stamped with a seal
(Fig. 2). Other bullae were apparently sealing basketry or
fabrics, most likely small bags containing some commod-
ities, as evident by the impressions on their reverse sides.

Only a relatively small amount of bullae have been found in
the course of over a century of archaeological exploration of
the major Iron Age sites of Judah (Avigad 1997, 167-241).
The reasons for this situation are as follows: First, due to
their small size, such tiny clay objects can easily escape the
attention of inexperienced workers who do not search
specifically for them. Moreover, careful sifting was not
always the common practice in many of the large-scale
excavations of the major Judahite tells in the past. Last but
not least, the preservation of unfired bullae is often
impossible in the sub-humid conditions of the southern
Levant, hence most of the bullae found in recorded
excavations were discovered as part of very few caches,
which survived due to specific depositional conditions.

The bullae sampled in our research include two major
groups, dating to two different phases of the Iron Age. The
first group, comprising 51 items, was uncovered during the
1982 season of excavations in Area G at The City of David
by Shiloh (1984, 19-20; 1986; Shiloh and Tarler 1986) and
was published by Shoham (2000) and Brandl (2000). At
the base of the famous stepped stone structure, a series of
buildings was erected during the seventh century BCE.
They spread over two terraces: the ‘House of Ahiel’ and the
‘Burnt Room’ were found on the upper terrace while on the
lower one stood the ‘Bullae House’. The floor of the latter,
only partly excavated, was covered by a thick charred
destruction layer containing the bullae together with
pottery vessels, arrowheads, a scale weight and four
limestone altars. The finds are typical of the final stage of
the Iron Age and the bullae found in this context clearly
date to the last phase before the Babylonian destruction of
Jerusalem in 586 BCE. Most of the bullae are in very good
state of preservation, hence fully legible (Fig. 2); four of
which are unepigraphic. They bear dozens of Hebrew
personal names, two of which belong to figures known
from the Bible. The first is Gemaryahu son of Shaphan
(Shoham 2000, 33), a high official at the court of King
Jehoiakim, and the second is ‘Azaryahu son of Hilkiyahu
(ibid, 43), a member of a priestly family appearing in the
book of Chronicles (Schneider 1988).
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The second group of bullae includes over 120 items, dating
to the 9th - late 8th Centuries B.C., discovered only recently
in the water system of City of David near the Gihon spring
(Reich et al. 2007, 156-157). Being earlier to the second
group, these bullae are not epigraphic and their seal
impressions contain only decorative patterns. These bullae
will be discussed in here only with regard to the
methodology of their examination.

2. Method
This study was aimed at providing the opportunity to
analyze some as yet undetermined aspects of the Judahite
bullae. Since it is widely believed that bullae were used to
seal documents or small parcels sent from one authority to
another, ensuring the discrete reading of a message or
opening of the parcel by the addressee alone, we first
attempted to disclose the geographical origin of the bullae
through the provenance of their clays, in order to map the
network of the administrative correspondence of Judah
during the middle to the end of the Iron Age. By doing so,
we hoped to reveal the location of several personalities and
to draw the network of Judahite bureaucracy. Therefore,
our first question was whether the material composition of
a given assemblage of bullae would reflect sufficient
similarity to justify their assignment to a single site, or
whether the analysis would show that they were made of
clay from different locations. The answer to this question
was the key to the research questions that followed, since if
the first option were true, then the following question had
to be related with the issue of provenance of the entire lot.
However, if greater diversity of raw materials were
recognized, then the study would need to focus on the

correlation of the clay types with the textual and stylistic
characteristics of the bullae and the location of their
discovery. As in standard provenance studies of ceramics
in archaeology, it would be naïve to expect that the
mineralogical or chemical analyses of small samples of clay
would enable provenance determinations to the single site
level. Moreover, there are obviously some fundamental
differences between bullae and pottery, and consequently,
between the preferences of potters and scribes or other
officials. However, as is the case of pottery, the background
of the study of bullae is such that the interpretation of the
results can be considerably narrowed by many archae-
ological and historical considerations. In fact, the distri-
bution of the Judahite Late Iron Age sites where bullae
could have been issued and used is such that it leaves only
very few possibilities open, if the analysis were to suggest
even a general area within the confines of Judah.

As a result, our research project was planned to be made in
three stages. In the first stage we examined the structural
and technical aspects of the bullae based on surface
microscopic observations under a stereomicroscope, with
magnifications ranging between 10 to 100 times. This was
made in order to record minute details of the papyrus,
fabric, or leather, and the cord impressions, the fingerprints
and other imprints, and of course the seal impression
themselves. These examinations attempted to address
some technical questions, such as the general composition
of the fabric and the formation process.

In the second stage, minute samples were extracted from
the bullae by the peeling technique and examined in thin
sections under the petrographic microscope. In this

Figure 1. Jerusalem and the boundaries of the Kingdom of Judah between the 8th and the 6th century BCE.
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method, a shallow lamina, sizing only few millimeters, is
peeled off from a broken facet of the bulla or from its
reverse side under the stereomicroscope with the aid of a
scalpel or a botanical needle. The samples were set in
improvised moulds made of small rounded polyethylene
test tube cups, and dried at room temperature for a few
hours. Then the cups with the samples were put in a
dessicator, where the samples were impregnated with
Buehler Epo-Thin low viscosity epoxy resin under vacuum
conditions. After curing, the resulting pellet was used for
the preparation of a standard thin-section and subjected to
routine petrologic examination under a polarizing micro-
scope using X40 - X400 magnifications.

The petrographic definition of each sample was then
supported by structural and chemical examinations under
the analytical Quanta 200 FEG Environmental Scanning
Electron Microscope (ESEM), operated by the Wolfson
Applied Materials Research Center of the Tel Aviv

University. The microscope combines high vacuum, low
vacuum and wet-mode to support a variety of material
characterization applications. The specific instrument was
chosen because it allows for the examination of non-
conducting, contaminated, hydrated and even living
samples without significant sample preparation, in addition
to those samples that have always been viewable under
conventional scanning electron microscopes. It allows for
user selection of accelerating voltage, magnification, gas
type, gas pressure, and detector type. The microscope uses
tungsten electron source and allows wide range of
accelerating voltages from 200 V to 30 kV. It also has
complete set of detectors providing imagining in secondary
and backscattered electrons in all the operating modes
(high and low vacuum) at the resolution of 3.5 nm. The
system also includes energy dispersive spectroscopy (EDS,
supplying qualitative and quantitative data)with Ultra-Thin
Window for light element detection down and including
carbon with spectral resolution better than 132 eV. Hence

Figure 2. General stereomicroscopic view of one of the inscribed bullae from the “Bullae House” in Area G, the City
of David (IAA 84-123). The palaeo-Hebrew seal reads: “(of) Nachum son of Sha’ala”. Late 7th - early 6th century BCE,

field width: about 2.5 cm.
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the ESEM enables the examination of the intact bullae at
low vacuum, without any process of coating.

3. Results
Based on the petrographic data, combined with the ESEM
results, the raw material of all the examined specimens are
readily identified as derived from soil deposits which are, in
fact, Quaternary alluvial beds derived from Terra Rossa
soils and, in few cases, Terra Rossa from in situ exposures. It
should be emphasized that none of the bullae that we have
examined so far were made of clay or marl from older
geological formations, such as the local Moza and Teqiye
clay formations, even though these were extensively used
for pottery production in Judah throughout the ages.

In thin section, most of the bullae appear as non calcareous,
ferruginous matrix (Figure 3a). This fabric is typified by
reddish-tan to dark matrix in thin section, highly optically
active to nearly opaque under crossed polarizers, with silt
ranging between 5% (rare) to nearly 20% (common). The
silt is mainly quartzitic but it often contains some accessory
heavy minerals of which hornblende and zircon are the
most common. The inclusions are made of fine sand
containing mainly quartz or limestone. Other minerals or
rock fragments that rarely appear in the inclusions are chert
or chalcedony.

Terra Rossa soils occur on hard limestone and dolomite
exposures in the semiarid to subhumid Mediterranean
climatic zones. This soil material is eroded downslope,
forming colluvial-alluvial soils. All the soil materials in

Israel include, to varying extents, aeolian dust of desert
origin. Carbonate rocks do not contain silt-size quartz
grains, but large amounts of such grains occur in the soils
that developed on these rocks. The external source of the
silt-size quartz grains is considered to be an aeolian
contribution to the soil. The largest amount of aeolian dust
occurs in soils that developed on hard limestone and
dolomitic limestone, in which the residual material
released from the dissolution of the rocks is only about
2% (Adan-Bayewitz and Wieder 1992). Only in a few cases
nearly non-silty Terra Rossa was used (Fig. 3b), indicating
the employment of soil from an in situ exposure.

The inclusions are sparsely spread and occasional,
reflecting opportunistic use of different soil mixtures
where often fine sand naturally occurs. This sand is
essentially quartzitic, often with the addition of calcareous
rock fragments (Fig. 3c). In many cases, very fine splinters
of vegetal material were added, as indicated by the void
structure, often infilled by secondary re-crystallization of
calcite (Fig. 3d). This vegetal material can be, in fact, the
result of the inclusion of cords in the bullae. In one case,
delicate fibers of unidentified type were densely packed
within the matrix of a bulla (Fig. 3 e,f).

The petrographic examinations were enhanced by the
ESEM-EDS analyses. The latter were made on the entire
surfaces of the bullae rather than on samples which were
extracted from them. This necessitated the opening of the
vacuum chamber of the ESEM whenever the bulla needed
to be tilted, hence in many cases we preferred to define
a priori the desired surface for scanning. In many cases, this

Figure 3. Bullae fabrics in thin section: (a)Bulla 20867, XP, Alluviated Terra Rossa with high silt contents. Field width:
2.5 mm. (b) Bulla 18692, XP, Terra Rossawith low silt contents, note the typical high optical activity with striated b-fabric.
The elongated voids indicate vanished vegetal material. Field width: 2.5 mm. (c) Bulla 16771, XP, Terra Rossawith nearly
isotropic silty matrix and sand inclusions containing spherical quartz and some limestone. Field width: 2.5 mm. (d) Bulla
19314, XP, as 3c but with secondary (post-depositional) crystallization of calcite in the voids. Field width: 2.5 mm.
(e) Bulla 22112, PPL, the Terra Rossamatrix is mixed with fine fibers (see also Figure 5). field width: 0.8 mm. (f) As 3e but

under XP. Field width: 0.8mm.
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was the surface where the sample for petrography was
extracted by the peeling method. This enabled a
comparison between the petrographic sample and the
surface scanned by the ESEM. A few examples can be seen
in Figures 4 and 5: the non plastics (silt and fine sand)
could be observed also by the ESEM and identified on the
spot with the aid of the EDS system. Structural features,
such as the cord impressions, fibers within the clay (Fig. 4),
secondary crystallization of calcite (Fig. 5) and other
phenomena, could be observed by the ESEM using the
secondary and backscattered electron detectors.

To sum up, both the petrographic and the ESEM analyses
revealed that the entire two groups of bullae from the City of
David in Jerusalem were made of Terra Rossa soil, having
the same mineralogical composition of silt and temper
inclusions. Although Terra Rossa soils are quite widespread
in the Mediterranean sub-humid parts of Israel, where they
develop on hard limestone and dolomite of the Mediterra-
nean climatic zones, the uniform composition of the silt with
its accessory minerals, and the coarse fraction, suggests that
the assemblage is the product of a single location.Moreover,
the distribution of Terra Rossa in the confines of Judah is
limited to the Judean Anticline, where Jerusalem is the only
major site of this period. In addition, this composition is
identical to the fabric of the numerous local pillar figurines
from the City of David (Goren et al. 1996). Therefore, the
entire two sets of bullae from the City of David may be
regarded as the local production of this site.

4. Discussion
The rather unexpected results of this study indicate that the
entire assemblage of bullae from the City of David was most
likely made locally around Jerusalem. It enables us now to
define more precisely the nature of bureaucratic networks
of Judah according to the evidence at hand. The fact
that all the bullae were found to be made of clay from the
major city where they were deposited negates the
assumption that the bullae sealed letters that arrived
from far away. Instead, it appears that either the bullae

sealed locally circulated documents, restricted to the
immediate surroundings of the city in which they were
found, or that they were used to seal local legal and
administrative documents.

The contents of the Lachish ostraca (Torczyner 1938),
dating to the same period as the later lot of bullae sampled
in our research, indicate that letters written on papyrus
were sent together with ostraca. Na’aman’s analysis of
the archive of Ya’ush points out that the ostraca uncovered
in the gate of Lachish were part of a much wider
correspondence, most of which was written on papyri
(Na’aman, 2003, 175, 179). The assumption that letters
were written on papyri is reinforced by the Wadi
Murabba’at document, the only provenanced Iron Age

Figure 4. (a,b) ESEM view of bulla 22112 showing the fiber imprints in the matrix seen also in Figure 3e.

Figure 5. ESEM view of secondary re-crystallization of
calcite in a void as seen in thin section in Figure 3d.
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papyrus found so far in the southern Levant (Milik 1961,
93-100). Although it is a palimpsest and its text is
fragmented, it is clear that it was a personal letter. Hence it
seems that while ostraca are more frequent than papyri in
the archaeological record, they substituted for papyri only
for economic reasons, while the latter constituted the
common writing material.

Can we thus assume that the bullae in question represent a
local correspondence of letters? Before jumping to a
conclusion, let us check some more data that might help in
our interpretation. Two important archives of papyri dated
to the Persian period, hence somewhat later than our case,
were unearthed in our region. The first one, dated to the 5th
century BCE, was discovered at Elephantine in Upper Egypt
(Porten 1992; 1996). It consists of almost one hundred
Aramaic documents from several private and communal
archives that were mostly composed of contracts and
letters. The second archive was found in a cave in Wadi
Daliyeh, in the desert east of Samaria (Cross 1974; Lapp
1974; Leith 1997; Gropp 2001). It was dated to the 4th
century BCE and contained 18 legal documents, all written
in Aramaic. In these two groups, found in areas of extreme
aridity, some papyri were discovered with their bullae still
attached (Gropp 2001, Pls. 1-3, 17). Their perfect state of
preservation and their proximity in time to the Late Iron
Age may hint at the possible contents of the Iron Age sealed
papyri as well.

The papyri from Elephantine and Wadi Daliyeh illustrate
the sealing practices used in the Persian period. After the
text was written and witnessed, it was rolled from bottom
to top, flattened and folded. Strings and pieces of papyrus-
fiber were looped around separately to tie the documents,
which in turn were sealed by the bullae.

A comparison between the letters and the contracts found
in Elephantine made by Porten (1992, 447-448) raises
some significant technical differences, which are relevant
to our case: letters were shorter than contracts and unlike
contracts, they were usually written on both sides of the
papyrus. While contracts were rolled up and folded in
thirds, letters were rolled up and folded in half. Since
contracts were meant to be stored for an extended period of
time, a blank space at the top of the contract was an
insurance against any external damage obliterating any
part of the opening lines. These differences illustrate the
special treatment of legal documents, most likely due to
their long-term importance, as opposed to letters.

The archives from Elephantine and Wadi Daliyeh demon-
strate that most of the sealed documents were formal legal
records, which were concerned with the most personal
forms of social interaction. The impression of personal seals
upon these papyri was thus a highly complex act of
signification. The seal must have had a complex power and
its imprint was the insurance of the owner for the authority.
A seal impression therefore established a set of moral
obligations, which bound those who encountered it. To
break or forge of a seal was an act which everyone knew
was wrong.

Therefore we join the opinion first presented by Avigad
(1997, 33-39) and Shiloh (1986, 36-37) and we assume
that Judahite bullae were used as sealings of legal
documents. In order to support this hypothesis, a brief

cross-cultural account of sealing practices of legal
documents is required. The most informative description
of the preparation of a deed of sale in the days of the
monarchy is found in the Book of Jeremiah (32:1-15). It
concerns the purchase of a field by Jeremiah just a few days
before the Babylonian conquest. The story reveals the
technical features of the legal bureaucracy during the same
days of the later group of bullae examined in our research.
Although Jeremiah’s purchase was of symbolic nature, this
is most likely an accurate description of the legal process by
which deeds were carried out at that time. Two texts, an
original and a duplicate copy, were written on two separate
sheets of papyrus. The first was termed the “sealed deed”
because it was rolled up and sealed with a bulla or bullae; it
would be opened before judicial authorities only when
absolutely necessary. The second, “open deed” was a copy
of the sealed one and was intended for daily use.

5. Conclusion
The use of delicate sampling techniques for petrographic
analyses, combined with other complementary methods for
the examination of extremely small samples, is a rewarding
approach. It enables now the study of unique, delicate
artifacts which could not be hitherto examined by the
highly efficient and informative method of petrography.
The results of the present study, which were not predicted
by the visual examination of the bullae under discussion,
provide significant information about the nature of the
Judahite bureaucracy and the historical significance of the
few clusters of Iron Age bullae which were discovered in
recorded excavations. Since hundreds of contemporary,
unprovenanced bullae originating from the antiquities
market are found now in several museums and private
collections, this methodology can be applied also on them.
Besides serving as a tool for authenticity determinations, it
may disclose the possible existence of some other Judahite
administrative centers where legal administration may
have been practiced.
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Abstract - A reconnaissance survey carried out within the territory of Sagalassos yielded vast
amounts of unknown ceramic wares, tentatively dated to the Archaic, Classical, and Hellenistic
periods. An archaeometric programme including geochemical analysis and applied multivariate
statistics was applied in order to grasp the diversity of the wares and consequently identify
variability in production. Within the chemical spectrum, it becomes clear that at least two large
production groups exist, with a substantial ‘internal’ distribution of wares. Elemental evidence
supports the hypothesis of a local production of ceramics related to the geographical situation of
the sites.

1. Introduction
Mineral resources within the territory of Roman Sagalassos
(Pisidia, SW Turkey) were used for the production of a
wide array of artefacts, especially pottery. During several
survey campaigns, sites were revisited and discovered
within the study area, spanning the Epipaleolithic to late
Ottoman times, reconstructing regional occupation (Van-
haverbeke and Waelkens 2003). At each of the surveyed
sites, ‘grab samples’ were taken of the artefacts present.
Sites belonging to the Archaic, Classical, and Hellenistic
period were identified. These were situated at focal points
within the entire territory, seemingly producing a wide
array of pottery. Crucial questions that remain pertain to
how and when these activities and the associated socio-
economic patterns occurred.

The main purpose of the study was to fingerprint the
material belonging to six sites (Düver, Seydiköy, Hisar,
Kepez Kalesi, Belören, Kozluca and Aykırıkça; Fig. 1)
attested in the study area which was later to become the

territory of Sagalassos (Vanhaverbeke and Waelkens 2003;
Degryse and Waelkens 2008). In this case, the extent of
geochemical diversity of the wares is important in order to
explain possible variability in production. In addition,
determining the scale of distribution and circulation of
these wares on a regional level is of importance, as it would
allow a synchronic and diachronic socio-economic pottery
study, and identifying production in the region from the
Archaic period into Classical and Hellenistic times. In
addition, the question of whether the growth of Sagalassos
as a regional centre in Pisidia can be measured against
regional production of the ceramics needs evaluation.

2. Materials and methods
Substantial amounts of pottery were found at each site, and
samples were thus collected from each assemblage. The
collection was carried out after a macroscopic assessment
of the main features, following an initial macroscopic
classification as described by D.P.S. Peacock (1977). For
the purposes of a reconnaissance study, we opted to select
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the main fabric groups that are most substantially
represented on each site for chemical analysis. In this
selection, rare fabric groups, representing only a marginal
amount of the sherds encountered, were not sampled.
Nevertheless, the characteristics of these ceramics need to
be explored in future work.

A classification of ceramics dating from the Early Iron Age
(and thus the Archaic period) in Southern Anatolia was
proposed by J. Mellaart (1954, 1955), incorporating
Phrygian-influenced grey wares, Southwest Anatolian
painted wares (‘black on red’, ‘black on buff’, and ‘bichrome
black and red on buff’) (Birmingham 1964; Aydal et al.
1997), Central Anatolian wares, ‘red on buff’, and ‘black on
purplish grey’ wares; all incorporating geometric decora-
tion patterns.

As the survey of the area carried out by the Sagalassos
archaeological team continued, only occasional sherds
could be ascribed to a Southwest Anatolian ‘black on red’
tradition (Poblome and Degeest 2003; Talloen et al. 2006).
In this respect, no grey wares, commonly associated with
the contemporaneous Phrygian tradition were recorded,
nor was any other class of geometric decorated pottery.

Although no immediately identifiable wares belonging to
the categories identified above were recognised, most sites
in the region exhibited a fairly macroscopically similar
assemblage of wares. These included relatively high-fired,
wheel-thrown oxidised coarse wares, ranging from light
orange to dark reddish brown sherds, as well as a partly
slipped finer group of wares. These more levigated wares,
although dissimilar in quality from the defined Southwest
Anatolian wares, often bear some banded slipped decora-
tion in various forms, representative of the so-called
‘matt-painted’ wares. After the macroscopic assessment, it
has been noted that ware groups seem to circulate and
are not restricted to any one site. Also, infrequent amounts
of Classical-Hellenistic pottery were retrieved at nearly
all sites, suggesting a (partial) occupation of the sites,
whether or not continuous, during the 5th-2nd centuries BC.

This suggestion was based on typological analogies of
echinus bowls and sparse Achaemenid bowls, omphalos
bowls, fishplates, and more generic technomic types
(Robinson 1950; Sparkes and Talcott 1970; Rotroff 1997,
2006; Çokay-Kepçe 2006). In this respect, mostly
an ‘orange’ coloured type of wares seemed to have been
used, for common wares, cook wares, and table wares
alike, thus suggesting several varieties of levigation and/or
inclusions. Less frequently, a bleaker, ‘white’ type of ware
was attested.

Samples (Table 1) include material from the site of Düver,
which had been occupied already during the (Late) Bronze
Age, as suggested by the fewMycenaean pottery remains in
the area (Mee 1978; Mellaart and Murray 1995). Düver is
situated on a promontory overlooking the salt lake of
Yarısli, surrounded by fertile plains (Waelkens and Loots
2000). At the site, Archaic material was collected, of which
some sherds are richly decorated with a geometric pattern,
dated to the 8th-6th centuries BC, and related to a
Southwest Anatolian tradition (Birmingham 1964;
Cummer 1970; Waelkens and Loots 2000). Two groups
of grey-cored ‘Düver’ technomic wares were discerned
along with generic ‘orange’ wares, and brown and red
slipped wares that were associated with Classical-Hellenis-
tic traditions and ‘buff’ technomic wares. No Phrygian
influence was visible in the ceramic assemblage, despite the
presence of Phrygian-influenced architecture at the site
(Waelkens and Loots 2000; Talloen et al. 2006). The site of
Kozluca also procured significant amounts of both Archaic
and Classical-Hellenistic pottery (Waelkens and Loots
2000), albeit somewhat different in nature from the
material from Düver at first sight. The locations of Düver
and Kozluca are of rather significant importance, as both
sites controlled part of a road system linking Central and
Western Anatolia with the Southern coast of Turkey
(Waelkens and Loots 2000). Ceramics at Aykırıkça include
a coarse, ‘typical’ dark grey reduced fabric, abundantly
present at the site, and buff-reddish sherds with occasional
traces of painted decoration. No sherds dating to the
Classical-Hellenistic period were found within the survey

Figure 1. Approximate location of the studied sites on a geological map of the study area, indicating the major geological
units within the region.

Braekmans et al.

152 Craft and science: International perspectives on archaeological ceramics



Table 1. Sample list, including survey site, statistical code, macroscopic identification, and geochemical group.

Sample
nr. Site

Site-
code Macroscopic Identification

Geochemical
group

1 Aykırıkça AYK Archaic, Aykırıkça technomic ware A

2 Aykırıkça AYK Archaic, Aykırıkça technomic ware B

3 Aykırıkça AYK Archaic, Aykırıkça technomic ware B

4 Aykırıkça AYK ‘matt-painted’ ware D

5 Belören BEL Class/Hell, ‘orange’ technomic ware C

6 Belören BEL Archaic, technomic ware E-1

7 Belören BEL Class/Hell, levigated ‘orange’ ware E-1

8 Belören BEL Archaic, ‘matt painted’ ‘Brown on red’ D

9 Belören BEL Class/Hell, oxidized storage vessel C

10 Belören BEL Archaic, brown slipped technomic ware D

11 Belören BEL oxidized tugla C

12 Belören BEL oxidized tugla D

13 Belören BEL Archaic, Aykırıkça technomic ware A

14 Belören BEL Class/Hell, ‘white’ technomic ware E-2

15 Belören BEL Class/Hell, oxidized ware, grey slipped D

16 Belören BEL Archaic, Aykırıkça technomic ware A

17 Düver DUV Archaic, Düver technomic ware II E-3

18 Düver DUV Archaic, Düver technomic ware I F

19 Düver DUV Southwest Anatolian, ‘Black on Red’ E-4

20 Düver DUV ‘matt-painted’ ware E-4

21 Düver DUV Southwest Anatolian, ‘Black on Buff’ E-2

22 Düver DUV Archaic, Düver technomic ware I E-4

23 Düver DUV Archaic, Düver technomic ware I F

24 Düver DUV Class/Hell, ‘orange’ technomic ware E-4

25 Düver DUV Class/Hell, ‘orange’ technomic ware, brown slipped E-4

26 Düver DUV Class/Hell, res slipped table ware E-4

27 Düver DUV ‘matt-painted’ ware E-1

28 Düver DUV Class/Hell, ‘orange’ technomic ware, brown slipped E-3

29 Düver DUV Archaic, Düver technomic ware I E-4

30 Düver DUV Archaic, Düver technomic ware I E-1

31 Düver DUV Archaic, Düver technomic ware I E-3

32 Düver DUV Class/Hell, ‘orange’ technomic ware, brown slipped F

33 Hisar HIS Class/Hell, ‘orange’ technomic ware C

34 Hisar HIS Class/Hell, ‘buff’ technomic ware, grey slipped E-1

35 Hisar HIS tugla, oxidized, brown slipped B

The geochemistry and distribution of Archaic, Classical, and Hellenistic wares of the territory of ancient Sagalassos

Ed. Marcos Martinón-Torres 153



assemblage. However, it was suggested that the site was
abandoned and related in Hellenistic times to the site of
Hisar (Waelkens and Poblome 1997; Vanhaverbeke and
Waelkens 2003). The ‘typical’ dark reduced Aykırıkça fabric
was, however, not attested at Hisar; instead, several likely
Classical-Hellenistic ware ‘buff’ and ‘orange’ ware groups
were sampled. The Archaic site of Belören - a hilltop site -
developed into a Hellenistic city, Keraitai (Waelkens and
Poblome 1995), which is represented in the ceramic
assemblage by a collection of Archaic related ‘matt-painted’
wares, grey and brown slipped table wares, and a wide
array of ‘white’, ‘orange’, and other oxidised common ware
groups, as well as related tile fabrics. In the centre of the
study area lies the settlement of Kepez Kalesi, also situated
on a promontory overlooking a fertile valley. The main
occupation of the site was dated to the early Hellenistic
period, although pottery remains suggest an earlier

substrate with reference to the matt-painted wares
(Waelkens et al. 1997). Furthermore, an ‘orange’ tech-
nomic ware, as well as a more unique reddish brown
coloured ware, have been documented. Seydiköy, similarly
situated, presented a typical brown technomic ware group,
Archaic related ‘matt-painted’ ceramics, as well as
substantial amounts of ‘orange’ technomic wares.

Geochemical analysis is regarded as a robust technique for
assessing the general origin and/or similarity of ceramic
samples. In this respect, variation within the chemical
composition can often be traced back to the clay raw
material, the temper material present or technological
interventions. ICP-MS analysis (Actlabs Ltd., Canada;
standards and quality control: NIST 694, DNC-1, BIR-1,
FK-N, NIST 1633b, SY-3, W-2a, NIST 696 and JSD-3; see
Table 2) was conducted for major elements (SiO2, Al2O3,

Table 1 - continued

Sample
nr. Site

Site-
code Macroscopic Identification

Geochemical
group

36 Hisar HIS tugla, ‘orange’ ‘outlier’

37 Kepez Kalesi KEP Class/Hell, technomic ware C

38 Kepez Kalesi KEP ‘matt-painted’ ware D

39 Kepez Kalesi KEP Class/Hell, ‘orange’ technomic ware, red slipped D

40 Kepez Kalesi KEP Class/Hell, ‘orange’ technomic ware, grey cored E-1

41 Kepez Kalesi KEP Cook ware B

42 Kepez Kalesi KEP Class/Hell, cook ware ‘outlier’

43 Kepez Kalesi KEP ‘orange’ ware C

44 Kepez Kalesi KEP Omphalos bowl, 2nd century BC E-1

45 Kozluca KOZ Class/Hell, ‘white’ technomic ware, grey slipped E-1

46 Kozluca KOZ Class/Hell, ‘orange’ technomic ware, red slipped E-2

47 Kozluca KOZ Class/Hell, ‘orange’ technomic ware, red slipped ‘outlier’

48 Kozluca KOZ Archaic, ‘buff’ technomic ware ‘outlier’

49 Seydiköy SEY Archaic, ‘orange’ ware, incised decoration A

50 Seydiköy SEY Class/Hell, ‘orange’ technomic ware, orange wash F

51 Seydiköy SEY Class/Hell, ‘orange’ technomic ware C

52 Seydiköy SEY Archaic, Seydiköy technomic ware, brown wash C

53 Seydiköy SEY Archaic, Seydiköy technomic ware, brown wash A

54 Seydiköy SEY ‘matt-painted’ ware C

55 Seydiköy SEY Archaic, Seydiköy technomic ware, brown wash D

56 Seydiköy SEY Archaic, Seydiköy technomic ware, brown wash B

57 Seydiköy SEY Class/Hell, ‘orange’ tableware E-2

58 Seydiköy SEY Archaic, Seydiköy technomic ware, incised decoration B
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Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2 and P2O5) and
trace elements (Be, V, Ba, Sr, Y, Zr, Cr, Co, Ni, Cu, Zn, Ga,
Rb, Nb, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu, Hf, Ta, Tl, Pb, Th and U). The accuracy and
precision were consequently high (less than 2-3%), as
expected from the application of this technique. Statistical
procedures were conducted to visualise the raw data, and
to document and explain the variability and importance of
the elements measured as compared to the local geology.
After logarithmic transformation, the data set was analysed
to identify outliers by means of robust Mahalanobis
distance and standard residuals, resulting in the removal
of three samples (36, 47, and 48) from the dataset. A log10
transformation of data is desirable to balance the
magnitude between major and trace elements.

3. Results and discussion
Following the use of Principal Component Analysis (PCA)
as a survey tool for elemental distribution (Fig. 2), the
results showed, from a site perspective, a large variation
correlating to a certain extent with the geographical
situation. The variation is explained to a proportion of
almost 76% for the first two components. Sherds collected
at Düver and Kozluca occupy a different region of the plot,
with a small group from Düver distinguished from the main
group by higher values of Cr, Ni, Co, MgO, Sc, and CaO.
The rest of the sites group together, spanning different
compositional groups differentiated by variations in either
MgO, CaO, and Sc; Co, Cr, Ni; Rb, K2O, Cs, Sr, Ba, Th, Na2O
and the REEs.

The issue of discriminating production workshops within
the chemically distinguished zones was approached by
analysing data from the regions under consideration.
Hierarchical cluster analysis using Ward’s method (Ward
1963) and squared Euclidean distances was applied
(Johnson and Wichern 1992) for both the Düver-Kozluca
assemblage and the Aykırıkça, Kepez Kalesi, Belören, Hisar
and Seydiköy assemblages to evaluate ware groups. The
dendrogram resulting from the hierarchical cluster analysis

is reproduced in Fig. 3. Descriptive statistics of the
measurements are provided in Table 3.

The cluster analysis shows a similar grouping pattern as
previously shown with the PCA, resulting in six cluster
groups. Because of large distance values, these were
normalised to 100 (DLink/DMax*100) to allow an over-
view of the groups. When looking at the raw chemical data,
cluster E exhibits a wide variety of values; therefore, it
should be possible to discriminate between the products
from this large cluster. This analytical data was analysed
separately from the other groups, in more detail, by a
subsequent cluster analysis. This resulted in the discovery
of four possible (sub)groups (labelled E-1 to E-4; Fig. 4).

To explain the clusters defined by the statistical procedures
and to document variability, multi-element plots (Al2O3,
Fe2O3 (total), CaO, Na2O, K2O, TiO2, Sc, Ba, Sr, Zr, Cr,
Co, Ni, Rb, Cs, REE: La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb &
Lu, Hf, Ta, Th) were constructed for each group, allowing
for an examination of enrichments or depletions in
comparison to an ‘average’ sediment signal. We opted
to use NASC-normalisation (North American Shale
Composite) as ceramics are most closely related to
sedimentary material. Values for the normalisation are
derived from Gromet et al. (1984), and are plotted on
a logarithmic scale (cf. Fig. 5 for the most significant
chemical signals).

Cluster A is characterised by notable enrichments in Na2O,
TiO2, Ba, Sr, Zr, Hf, Ta, Th, and LREEs, exposing a positive
Eu anomaly. Cluster B exhibits a highly similar pattern,
only showing sample 2 as being depleted in Hf. Cluster C,
however, exhibits a strong enrichment in Cr and Ni as
compared to clusters A and B, and also varies strongly in
CaO content. Sample 51 has an anomalous high Cs
enrichment for this cluster. Within cluster D, a strong CaO
enrichment is visible, as well as a minimal enrichment in
Na2O and depletion in Cs and Rb. Once again, one sample
exhibits a high Cs value; in this case, sample 15.

Figure 2. Graphical output of Principal Component Analysis and variables on the factor-plane.
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Groups E-1 through E-4 show a large variability and do not
present consistent signals; their main attribute is the
absence of any substantial REE enrichments. Also, no Th,
Ta, or Hf enrichment is visible. Instead, this group is mainly
distinguished by a substantial CaO, Sr, Cr, and Ni
enrichment, and a Na2O depletion for group E-1. Within
group E-2, the Cr and Ni enrichment is absent, and instead
a Ba and Co deficiency seems present. In terms of the rare
earth elements, no noteworthy Eu anomaly is visible.
Groups E-3 and E-4 are highly similar, and no strong high
or low values can be indicated apart from a small Cr, Ni, Th,
and LREE enrichment as compared to NASC. Variations are
noted in CaO, K2O, Na2O, and Sr values.

Two distinct signals are accounted for within cluster F,
easily recognised and highly distinctive from the previous
clusters mentioned. As such, all samples have a strong
enrichment in CaO, TiO2, Sc, and most explicitly in Cr and
Ni. Samples 23 and 32 are however more strongly depleted
in K2O, Ba, Sr, Hf, Ta, Th, and LREE. In particular, the
general pattern of the REEs seems to suggest a different
resource usage.

Sample 42, belonging to cluster G, can be described as an
‘outlier’ and varies substantially from the other signals, as
also detected in the PCA. It appears reasonable to describe
this sherd as ‘non-local’.

It becomes clear that clusters A, B, C, and D mainly contain
material from Kepez Kalesi, Belören, Hisar, Aykırıkça, and
Seydiköy, whereas clusters E and F are dominated by
material found at Düver and Kozluca. When examining the
geological substrate of the region, it becomes clear that an
intricate network of ophiolite, flysch, and limestone beds is
situated in the eastern part of the study area, opposite to
the lake sediments in the area of lake Burdur (Düver,
Kozluca). This aspect is in agreement with the elemental
evidence. High Fe and Ni (and compatible Cr) values may
reflect a mafic parent rock of the clay raw material.
Moreover, Cr is also commonly accumulated within the
clayey matrix itself. This regularly dispersed as an accessory
element in zircon, sphene, epidote, and apatite, and thus
commonly related to igneous rocks. Sr substitutes for Ca in
plagioclase and may be the result of the weathering of
carbonates and plagioclase. Na is generally attested in
feldspars and Na-rich mica. Highly compatible alkali metals
and high field strength elements (Zr, Hf) generally do not
show significant variability, an aspect which may reflect the
absence of felsic-based raw material. Clusters E-4 and F, on
the other hand, show a very strong depletion of alkali
metals, arguing for a very different resource. Differences
between the two production regions seem easily detectable
by examining the REE pattern, which is far less pronounced
in clusters E and F. These two clusters are, in addition,
lacking a strong positive Eu anomaly under the NASC
normalisation of the data. Moreover, La is mainly enriched

Figure 3. Hierarchical clustering dendrogram using Ward’s method and squared Euclidean distances of all samples.
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in feldspars under weathering conditions, biotite, apatite,
pyroxene, and precipitated in limestone (Wedepohl 1978),
suggesting an association with the mineralogy of the
immediate hinterland of the mountainous region in the
eastern part (Rollinson 1993; Muchez et al. 2008).

No absolute technological or chronological patterning can
be ascribed to any of the clusters. However, it becomes
clear that cluster A encompasses mainly material
characteristic for the site of Aykırıkça, associated with
a well-defined Archaic ‘fabric’ group. This seems consistent
when evaluating material attributed to cluster B by
focusing on the same type of ware groups.

The extent of chemical variability remains consistent for
cluster C, even though mostly ‘orange’ wares are attributed
to this group. ‘Matt-painted’ sherds seem to concentrate
within cluster D, along with other slipped ceramics. It is
possible that the higher CaO in cluster D is significant as a
provenance indicator, or at least as an indicator of some
significant recipe pattern for these wares; this possibility
remains to be tested. Cluster E shows a more complex
pattern. Although statistically relatively close clusters,
variability between the subgroups seems more elaborate
than with previous clusters. In this respect, subgroup E-1 is
composed of a wide variety of wares incorporating so-
called ‘matt-painted’, ‘buff’, ‘orange’, ‘white’, ‘grey-cored’,
and dark coloured Archaic ceramics. At this point, it is

virtually unfeasible to offer interpretations for this group,
except for its high circulation. Another explanation for this
group composition is the statistical reflection of the mixing
of resources as both high Cr, Ni, CaO and Sr values, and
depletions of Na2O, Th and REEs reflect. Cluster E-2 is
similarly composed of ‘orange’, ‘white’, and Southwest
Anatolian wares, while only characterised by low REE and
Th values, together with strong variability in Na2O, Sr, Cr,
Co, and Cs. Clusters E-3 and E-4 are exclusively composed
of Düver material, strongly suggesting that these ceramics
were locally produced, given the presence of all ceramic
categories ranging from the Archaic to the Hellenistic
period. A conservative use of mineral resources seems
manifest, as for example both ‘black on red’ ceramics and
Hellenistic red slipped tableware have a nearly identical
chemical pattern. Also, on a synchronic scale, local ‘black
on red’, ‘matt-painted’ and technomic ceramics were
produced from this quite homogenous resource, indicating
a socially stratified community and a specialisation of the
pottery craft. Chemically, the sherds attributed to cluster F
show the most significant deviation from the other clusters,
as mainly recognisable in REE pattering and the depletion
of alkali metals. As such, these sherds appear to be derived
from alternative resources not readily associated with the
study area. Again, material from this cluster adds to the
variability of wares and provenance at Düver. It is
remarkable however that no sherds with a signature of

Figure 4. Hierarchical clustering dendrogram using Ward’s method and squared Euclidean distances of cluster E.
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the eastern mountainous region were found at Düver,
while the opposite pattern is clearly visible in the dataset.

It can be concluded that the wide array of technomic wares
attributed to the Archaic period, especially at Aykırıkça and
Düver, are consistent in production. These present the
picture of a more restricted local production, quite
diversified internally, and with only limited circulation.
Possibly, this could even be indicative of political or socio-
economic differences. The category of ‘matt-painted’ wares
seems a regional phenomenon covering a wider
distribution. The ‘orange’ ware group also seems to
represent a consistent widespread pottery practice in the
region, which, although mainly attributed to the Classical-
Hellenistic period, may already have been produced
during the Archaic period. The ceramic assemblages
suggest a strong continuity in the use of both sources and
technologies, even though the variability documented
suggests the presence of several producers.

4. Conclusions
Geochemical analysis proves to be a robust guide for
describing the provenance and circulation of ceramic
wares. The application of multi-element plots following
statistical procedures is useful both for discerning
provenance and/or ‘recipe’ signals of ceramic groups.
Also, it provides the opportunity to examine in detail the
effectiveness of the statistical method chosen. As such,
some ‘statistical’ clusters are often of either more or less
relevance archaeologically. In this respect, the post-

depositional influence on chemical composition in this
region remains a topic calling for future research. In this
paper, geochemical analysis of a regional pottery assem-
blage revealed the presence of at least two largely different
production regions, corresponding to their respective
geological and geographical situations. However, only
very limited exchange seems to have taken place between
these two regions (the so-callled ‘Lake District’ and ‘Çeltikçı
valley system’). Nevertheless, especially when considering
Kepez Kalesi, Belören, Hisar, Aykırıkça, and Seydiköy,
circulation of wares among these sites seems to have
occurred. No attribution to a specific production site can be
undertaken, and therefore it is plausible — when taking
into account the variation of the wares produced — that
several production workshops were active in the region, the
scales of which are yet to be determined. From a
technological point of view, it is apparent that no
distinction in terms of resources was made regarding
table wares, cooking wares, or storage vessels. The
consistent use of few resources seems to have been
employed for all ceramic products. As such, both ‘matt-
painted’ wares and large storage vessels display the same
geochemical signal. One could also expect some differen-
tiation or specialisation of the craft chronologically,
relating to resource procurement. Instead, the obvious
chronological disparity between the Archaic and Classical-
Hellenistic material can be accounted for on a technological
level rather than related to a substantial change in the
organisation of production. This socio-economic pattern
and its historical implications represent important aspects
calling for future research in this area.

Figure 5. Multi-element plots of clusters A, C, D, E-1, E-4, and F, showing NASC-normalised chemical data.
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Abstract - A selection of lustres including 9th century AD polychrome and 10th century AD
monochrome Abbasid lustres from Iraq, and 10th to 12th centuries AD Fatimid lustres from Egypt
and Syria is studied in the present paper. The selection is based on previous studies that
demonstrated that all of them contain metal silver nanoparticles and copper, which, when present,
appears either as Cuþ or Cu2þ dissolved in the glaze. They show different colours, green, yellow,
amber, and brown, and may also show or lack a golden-like reflectivity, which results mainly from
average size and concentration in the layer of the silver nanoparticles. In this paper, a depth profile
composition of the lustre layers is determined using Rutheford Backscattering Spectroscopy,
allowing the determination of the total silver content, concentration of silver, copper to silver ratio,
and thickness of the lustre layers. We show that the enhanced golden-like reflectivity occurs only
for layers with a high concentration of silver, and that the addition of PbO to the alkaline glaze
helps the formation of more concentrated layers. The results obtained provide new hints
concerning the lead enrichment of the glazes during this period.

1. Introduction
The first lustre decorations (Caiger-Smith 1991) on glazed
ceramics can be dated to the 9th century AD in the Abbasid
caliphate, and were probably produced in Bashra. The
earliest examples were found in the Palace of Samarra.
They are polychrome, with the most common combining
green, amber, and brown, but also yellow and red. During
the 10th century AD, they were replaced by a monochrome
green lustre production. At the end of the 10th century AD
and contemporary to the Fatimid occupation of Egypt, a
new lustre production began in Fustat and in Syria, lasting
until the end of the Fatimid rule. These productions are all
monochrome, but show colours ranging from green to
yellow and from orange to brown. The lustre decorations
(Pérez-Arantegui et al., 2001; Padovani et al. 2003) are
extremely thin layers (well below the micrometre) made of
small metal silver/copper nanoparticles inside the glaze

matrix (from a few to some tens of nanometres), which
appear very close to the glaze surface (some tens of
nanometres). The Abbasid and Fatimid lustre layers
studied in this paper contain only silver metal nanoparti-
cles, and, although they also contain copper, it appears
either as Cuþ or Cu2þ dissolved in the glassy matrix
(Pradell et al. 2008a; 2008b).

Lustre was produced following a highly ingenious
procedure in which the lustre design (containing copper,
silver- and sulphur- containing compounds, and clay) was
painted (Molera et al. 2001) onto the glaze, which was
then subjected to a firing at a relatively low temperature
(500–600°C). Agþ and Cuþ ions diffused into the glaze,
substituting alkalis (either Na or K) (Pradell et al. 2005).
The introduction of an external reducing atmosphere
into the kiln favoured the precipitation of the metal
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nanoparticles, which formed in a thin layer close to the
glaze surface. The paint was washed off after firing to leave
the colourful lustre decoration, which often exhibited a
metal-like shine. Previous studies have shown that silver
always appears as metal nanoparticles, while copper, being
more difficult to reduce to metal than silver, often appears
either as Cuþ or Cu2þ ions dissolved in the glaze. Only
when very reducing conditions are applied can the copper
ions form nanoparticles of Cu2O and metal copper.

The colour and shine of these layers are determined by
this nanocomposite structure and produce particularly
beautiful effects. The metal nanoparticles are essentially
transparent to visible light, with the exception of the
resonant absorption at a wavelength characteristic of the
type, size, and shape of the metal nanoparticles (Berthier
et al. 2006; Reillon and Berthier 2006; Reillon 2008).
They also often show an enhanced reflectivity, responsible
for the names ‘lustre’ given to them in English, and
either ‘metallic shine’ or ‘golden’ in Spanish. This ‘golden’
shine may be described as resulting from the increase

in reflectivity, in a manner similar to that shown by a
metallic surface. Laboratory replicas of lustre (Molera et al.
2007) indicated that the size of the nanoparticles, thickness
of the layer, and the amount of copper or silver in the layer
depend on the composition of the glaze and on the firing
protocol, temperature, and atmosphere. Our laboratory
replicas of copper lustres showed that the metallic shine
was directly related to the presence of a high volume
fraction of copper nanoparticles in the layer (Pradell et al.
2007), and that the composition of the glaze is the essential
parameter that regulates this. The paint composition and
firing temperature and atmosphere also play an important
role in determining the success rate.

In the present paper, we discuss the reasons for the colour
and golden shine shown by Abbasid and Fatimid Islamic
silver lustre in terms of the composition and thickness
of the lustre layers, which are obtained by using Rutherford
Backscattering Spectroscopy (RBS); this method has
been applied to the study of other lustre productions
(Chabanne et al. 2008; Polvorinos del Rio et al. 2008;

Figure 1. Images and UV-Vis spectra corresponding to some of the Islamic lustre layers showing different colours,
corresponding to (left) green, amber, and brown Abbasid silver lustres and (right) green, yellow, and brown Fatimid

silver lustres.

Figure 2. Left, photograph of sample p99, Fatimid (11th century AD). Right, photograph of the same area with the surface
tilted in order to show the reflected light. This shows the enhanced golden reflectivity of the layer.
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Gutierrez et al. 2010; Chabanne et al. 2012). Optical
calculations of the absorption and reflectivity of silver lustre-
like layers provide direct clues about the colours and golden
shine shownby the lustre layers. The voluntarymodification
by the Islamic potters of the glaze composition, by increa-
sing the PbO content of the glazes in order to enhance the
development of the golden shine, is discussed.

2. Materials and methods
We have analysed a set of lustre decorations which are
representative of Abbasid lustre from Iraq (9th–10th

centuries AD) and Fatimid lustre from Egypt (10–12th

centuries AD). The selection includes lustre layers showing
all the range of colours: green, yellow, orange and brown.
Figure 1 shows some of the samples studied, on the left
Abbasid and on the right Fatimid lustres, showing green,
orange and brown colours. For all the colours, there are
samples that show a golden shine and some that do not.
Figure 2 shows an image of one of the Fatimid lustres
showing an enhanced yellow reflectivity (golden shine).

UV-Vis diffuse reflectance (DR) avoiding the mirror
reflected light was measured directly on the surface of
the lustre layers by a Spectrophotometer Shimadzu UV-Vis
2401 PC. A small circular spot of 5 mm was used to collect
the data. From these data, the colour coordinates and the
corresponding dominant wavelength were evaluated using
CIE 1931 chromaticity space. The dominant wavelength is
given in Table 1 and shows an increase while red-shifting
the colour, green to yellow to amber to brown. These
measures are related to the total light that is transmitted
through the lustre layer (neither scattered nor absorbed),
reflected on the ceramic white background and transmitted
back to the surface. Figure 1 shows the extinction spectra
corresponding to some Abbasid and Fatimid lustres
showing different colours.

The thickness and depth composition of the lustre layers
are determined by means of Rutherford Backscattering
Spectroscopy (RBS). RBS measurements were carried out
with the 5 MV tandem accelerators at the CMAM facility
(Climent-Font et al. 2004). The analyses were performed in
vacuum using a 3035 keV He beam in order to take
advantage of the 16O(a,a)16O elastic resonance occurring
at this energy, which increases the sensitivity of oxygen
detection by a factor of 23. The RBS beam at the sample
was square, of size 0.7×0.7 mm2. The backscattered ions
were collected by means of two particle surface barrier
detectors, at scattering angles of 170° and 165°. A careful
quantification of the RBS spectra was achieved using the
SIMNRA simulation code (Mayer 1997). Figure 3 shows
the RBS fitted spectra from the white glaze surface and
from the lustre decoration corresponding to one of the
samples (p99). For the glaze, the average composition
corresponds well to the Microprobe data presented
elsewhere (Pradell et al. 2008a; 2008b), obtained from
the glaze surface, but the addition of a thin lead depleted
layer (of about 216×1015 atm/cm2, equivalent to 22 nm)
at the surface is necessary to fit the spectrum. Modelling the
RBS spectra of the lustre layer p99 reveals the same starting
chemical composition as for the glaze, but with reduced
quantities of Na and K, and corresponding increases of Ag
and Cu, as determined from the Microprobe data (Pradell
et al. 2008a; 2008b). As such, it corresponds to the ionic
exchange mechanism responsible for the lustre formation.

To determine depth profiles, a sequence of layers has to
be modelled. Figure 3 shows the depth concentration
profile for the lustre layer, fitted using nine layers of
varying thickness and silver content. For this sample, the
total thickness of the layer approaches 500 nm, although
the silver rich region is thinner, about 205 nm thick.
Moreover, the maximum concentration of silver in the
layer is 20.0 at%, present at a depth of 72 nm. All the lustre
layers have been fitted following the same procedure.

3. Results and discussion
The corresponding depth concentration profiles for all the
Islamic lustre decorations studied were also obtained, and
the silver and copper profiles are shown in Figure 4. Some
characteristics of the lustre layers can be determined from
the fitted RBS data and are summarised in Table 1; that is,
the maximum content of silver in the layer (in at%) and
depth at which the maximum silver content occurs, i.e.,
depth at which the lustre layer forms (in nm), the total
amount of copper and silver that has entered the glaze by
ionic exchange per unit surface (atm/cm2), and, finally, the
thickness of the lustre layer (in nm). The silver/copper ratio
in the lustre layer, wt% Ag/(Ag þ Cu), is also provided.

We can observe that there is great variability in the total
amount of copper and silver in the layers. Silver always
appears as a well-defined layer, although the character-
istics of the profile may vary greatly among samples. The
profile shows some asymmetry, being steeper at the surface
and showing a longer tail inside the glaze. This profile is
characteristic of a diffusion controlled process.

The values corresponding to the total silver and copper in
the layer are very different and are mainly related to the
original paint composition and firing protocol, but do not
influence the reflectivity of the layers (p67b contains a
large amount of silver and does not show a metallic golden
shine, while p92, containing a very low amount of silver,
does show a golden shine). In contrast, the data
unambiguously shows that only those layers containing
a high concentration of silver show golden shine (p51a,
p51b, p92, and p99). What is most interesting of the
data obtained is the inverse correlation that clearly exists
between the depth at which the lustre layer forms and
the lead content of the glaze; this is plotted in Figure 5.
This indicates that the diffusivity of silver ions into the
glaze is lower for glazes richer in lead, which may explain
why, broadly speaking, lustre layers tend to be very thin
and contain a higher concentration of silver. It should be
noted, however, that the original lustre paint composition
and firing protocol followed do also play an important
role (see differences between p99, p92, and p167). We
know from previous replication experiments that copper
enters the glaze mainly under oxidising conditions at about
500–600°C, but afterwards it needs a strong reducing
atmosphere for theprecipitationofmetalnanoparticles; con-
versely, silver can reduce under less reducing conditions.
Therefore, even using a glaze richer in lead, the silver in the
layer may not reach the necessary concentration to produce
a golden shine if a suitable firing protocol is not followed,
or if the paint used does not have the appropriate
composition. Finally, although the thickness of the lustre
layer is a related feature, on its own it does not determine
the presence of a golden shine. P51a and p37 have similar
thicknesses, and only the first shows a golden shine, while
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p51a and p51b have different thicknesses and both show
golden shine.

In an ionic exchange process, the reduced diffusivity of
silver ions in lead-alkali glazes richer in lead has to be
related to the reduced ionic mobility of the alkali ions

in the glaze. Some studies demonstrated that this ionic
mobility is inversely related to the ionic size of the added
ion for divalent ions; therefore, the addition of lead in
the glaze reduces the alkali diffusivity (Doremus 1994).
We can then conclude that the increase of the PbO content
of the glazes from earlier Abbasid to later Fatimid lustre

Figure 3. Left: Fitted RBS spectra corresponding to the white glaze (bottom) and to the yellow golden lustre decoration
(top) for sample p99, Fatimid (11th century AD). Right: The chemical concentration depth profiles obtained by fitting the

spectrum (top left) for the yellow lustre from sample p99.

Figure 4. Silver depth concentration profiles obtained for all the Islamic lustre decorations studied. The samples showing
golden shine (p51, p99, p92) exhibit a high concentration of silver in the lustre layer.
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could have been deliberate, carried out in order to improve
the success rate in producing golden shining decorations.

Concerning the colour (green, yellow, orange, and brown)
shown by the lustre layers, the UV-Vis data (Fig. 1) indicate
that there is a shift of the absorption peak related to the
silver metal nanoparticles to longer wavelengths, as well as
a broadening of the peak itself (Kreibig and Vollmer 1995;
Reillon 2008). This shift is responsible for the change in
colour from green to yellow and orange. This may be
related to the increase in size of the metal silver
nanoparticles, from 20 nm up to 40 or 50 nm. However,
the peak broadening and the general flattening shown for
the brown lustres has to be related to other aspect as well:
on the one hand, the presence of a broad particle size
distribution of silver nanoparticles, and on the other, to the
presence of Cuþ and Cu2þ dissolved into the glaze, which
are known to respectively confer a yellowish or greenish
tinge to the glaze. Finally, the presence of copper in
solution into the glaze is known to produce the formation
of aggregates of silver nanoparticles (Quinten and Kreibig
1993), with the consequent increase in size and a more
heterogeneous distribution of sizes. The presence of
copper in the lustres is therefore, directly or indirectly,
responsible for the development of the yellow, orange, and
brown colours.

Finally, concerning the golden shine, it is possible to
calculate the reflectivity of the lustre layers using a model
developed by Farbman et al. (1992), as a function of the
concentration of metal silver nanoparticles in the lustre
layer. Low concentrations of nanoparticles (up to 5%
volume fraction) result in a low bluish reflectivity; with
an increase in the concentration of metal silver nano-
particles (between 10 to 20% volume fractions), the
reflectivity also increases and shifts to higher wavelengths,
to a green-yellow colour. This enhanced yellow reflectivity
is therefore responsible for the golden shine shown by the
lustre layers.

4. Conclusion
We have demonstrated that the use of high lead content
lead-alkali glazes in Islamic times helped the formation of

more concentrated lustre layers. This seems to indicate an
intentional increase in the PbO content of the glazes from
earlier Abbasid (9th–10th centuries AD) to later Fatimid
(11th–12th centuries AD) lustre productions. However, the
use of an adequate oxidising-reducing protocol and paint
compositions is also fundamental.

The studies of Islamic lustre carried out to date have shown
the high control of the process attained by its makers,
allowing for ionic exchange and the precipitation of metal
nanoparticles, with appropriate control of the type, size,
and volume fraction of the metal nanoparticles. The Islamic
potters produced a true nanomaterial, and their success in
producing layers shining like gold may have contributed to
the ancient alchemical belief in the transmutation of other
metals into gold.
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Experiments with double chamber sunken
up-draught kilns
Dragoş Gheorghiu
Department of Master, National University of Arts, 19 Budisteanu, Bucharest, Romania

Abstract - Sunken up-draught kilns appeared in the 5th millennium BC in the context of the South
Eastern European Chalcolithic Cucuteni-Tripolye tradition, as a mechanism for the mass production
of ceramics fired at temperatures up to 9008C. Compared with the other pyro-instruments of
the respective epoch, the sunken up-draught kiln presented a series of advantages, such as high
temperatures, protection of vessels made of fine paste, and a higher output of vessels. Experiments
allowed identifying and refining the stages of the chaîne opératoire of this type of kiln, as well as
the discovery of new features, such as ergonomics or micro-physical processes, which will help
archaeologists to understand the complex technology involved in Chalcolithic ceramic making.

1. Introduction
Kilns are a subject often encountered in the archaeological
and experimental archaeology literature (Rhodes 1981;
Dawson and Kent 1984; Kingery 1997), and they were
among the first subjects of experimental archaeology in the
last decades. Although this might appear to be a well-
exhausted subject, experiments with this pyro-instrument
have the potential of contributing new data.

This paper will discuss one of the types of prehistoric
draught kilns, which the author believes to represent one
of the most extraordinary prehistoric ‘machines’ due to its
simplicity and efficiency, as demonstrated by experiments
(Gheorghiu 2002; 2006; 2007). This proposition is also
based on the fact that sunken up-draught kilns did not
change from the 6th millennium BC until post-medieval
times in some parts of South Eastern Europe.

Sunken up-draught kilns are attested in the archaeological
record starting from the 6th millennium BC in the Near East
(see Simpson 1997, 39), but only from the 5th-4th

millennia BC in South Eastern Europe (see Comşa 1976;
Markevic, 1981). Their invention occurred very early,
probably before the emergence of ceramics in the Near
East, and they could have been the source of the vaiselle
blanche/white ware (de Contenson and Courtois, 1979),
produced by plastering wickerwork containers with lime
plaster (Gourdin and Kingery 1975), the latter material
requiring a minimum temperature of 9008C (Rehder 2000,
47-8), which could have been reached in draught kilns.

2. The archaeological background
The emergence of efficient sunken up-draught kilns
corresponds to a mastery of fire by means of the control

of the ascending flow of hot gases that carried and fed the
combustion through perforated surfaces conferring an air-
absorbing character to the platform dividing the inner
space of the kiln (see Rye and Evans 1976, 164; Arnold
1997, 213). This technological innovation allowed the
control of the thermal shock, and provided a clean firing for
the decorated pottery, which was separated from the fuel,
thus creating the premises of an increase in the volume of
ceramic production and the emergence of craft specialis-
ation in Chalcolithic South Eastern Europe (Gheorghiu
2001; 2007, 45).

Sunken up-draught kilns dating to the 5th millennium BC
were excavated in this region, belonging to the Chalcolithic
Cucuteni-Tripolye tradition (Dumitrescu et al. 1954;
Markevic, 1981). Additional evidence of the existence of
such kilns in the Cucuteni-Tripolye tradition is the vast
quantity of fine ceramics, modelled from a high quality
paste (resulting from levigated clays), with very thin walls
(down to 3 mm), decorated before firing with complex
patterns, and fired at high temperatures (see Ellis 1984;
Gâţa 2000; Marinescu-Bîlcu, 2000). A large quantity of
pottery could be produced with the help of the slow potter’s
wheel or tournette, identified in the archaeological record
of the middle and final phases of this tradition (Ellis 1984).

The replicas used for experimentation in this study were
reproduced after the sunken up-draught kilns discovered at
Costeşti (Markevic, 1981) and Glǎvǎneşti Vechi (Comşa
1976, 25), dated to the final phase of the Cucuteni-Tripolye
tradition (5th-4th millennia BC). All the theoretical work
presented in this paper is based on the experiments carried
out with replicas of these two kilns during the last decade.
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Open firings vs. controlled firings
While in South Eastern Europe Chalcolithic container-like
pyro-instruments (like ovens or pits) were successfully
used for firing ceramics (Comşa 1976; Gheorghiu 2002;
2007), the level of a mass production of pottery was
reached only after the introduction of sunken up-draught
kilns. The differences between the open structures of
combustion and the sunken up-draught kilns consist of the
following features:

. the fuel is separated from the clay objects, which are
not in direct contact with the flame;

. the inner space of the kiln is divided by a perforated
platform into a firebox and a firing chamber;

. the thermal shock of the hot gases and flames is
moderated by the tubes of the perforated platform;

. the amount of fuel in the firing box is regulated in
order to control the interior temperature;

. the opening or closing of the apertures of the kiln
(Rye and Evans 1976, 164) resulted in a control of
the oxygen, an operation which could create an
oxidising or reduced atmosphere.

All these features defined by the notion of ‘control’
(control of air flow and consequently control of the fire
by changing the time and temperature of firing by means
of manipulating the fuel, or control of the atmosphere
by closing the apertures) render the sunken up-draught
kiln a veritable ‘machine’, i.e., a complex instrument with
inputs and outputs which can be regulated. The term
‘machine’ indicates in this context that the pyro-
container was no longer a simple box, but a space where
the fire was separated, fed and controlled throughout
the firing.

The shape of sunken up-draught kilns
Depending on the direction of the flow of air, up-draught
and downdraught kilns can be distinguished, the former
category being encountered in the archaeological record
of the late Eastern European Chalcolithic. A sunken up-
draught kiln was cut into a slopping bank, whose medium
height allowed the operator, at the same time, to see the
opening of the firebox and the flue of the firing chamber.
The functional shape of a sunken up-draught kiln was
composed of the following parts: a fire tunnel/firebox
situated below a firing chamber, a perforated platform, a
support for the platform, and ceramic waste or a movable
dome (Dawson and Kent 1985) to cover the flue.

The shapes of the Cucuteni sunken up-draught kilns that
were replicated for the purposes of this study could be
reduced to the following basic volumes: a semi-cylindrical
firebox (1.5 £ 0.5 m), intersected with an ovoid volume
(diameter at the base 1.5 m, depth 2 m) divided by a clay
platform (height: 45-50 cm) with perforations (diameter
0.03-0.05 m) (Fig. 1).

It is evident that the small openings of the firebox and of
the flue allowed an easy shutting down of the kiln at the
end of the firing process to homogenise the temperature
inside, a process which could generate a reduced
atmosphere inside the vase chamber. This post-firing
shuttering of the kiln was the method employed for the
production of the light grey ceramics in the final phase
Cucuteni B (Gheorghiu 2006, 38). The ovoid shape seems

to have been the most efficient for creating a good air-
draught and for conserving thermal energy during the
combustion process and after; the difficulty with it consists
in the loading and unloading of the ceramic objects.

Functioning of sunken up-draught kilns
There is general agreement that the key operations
involved in the functioning of a draught kiln are the
following: a gradual evacuation of capillary water (Arnold
1997, 61), heat containment (Shepard 1956, 75; Kingery
1997, 11) and heat transfer to wares, protection of ceramic
objects contained by the firing chamber from thermal
shocks during the processes of heating or cooling,
protection against humidity (rain or moisture) (Arnold
1997, 213), and the production of higher temperatures
(Shepard 1956, 75) compared to other pyro-instruments.
The perforated platform has two important roles: to control
the thermal shock (i.e., to transform the large flames
originating from the firebox into a set of small flames which
came in contact with the vessels long after the initiation of
the fire), and to store heat, being the principal source for
transferring heat (Fig. 2).

3. Experiments

Chaîne opératoire. Physical determinism and
subjective choices of the potter
It is not the purpose of this paper to present a detailed
account of firing with a sunken up-draught kiln, but merely
to emphasise those aspects that have not been mentioned
in the existing literature hitherto. Thus, a significant
number of details concerning the firing process, such as the
time duration of the procedures, the temperatures reached,
or the rate of waste in each firing are not mentioned here.

A first set of operations entailed the loading of the firing
chamber through the flue, followed by the covering of the
flue with shards, in order to form a ceramic strainer, and
the structured positioning of the fuel in front of the firebox.
Both the fuel and shard covering were positioned so as
to allow the creation of an airflow between the firebox
and the flue. Because the environment associated to the
Cucuteni-Trypolye culture was deciduous forest, pinewood
was used in these experiments only to initiate the fire, and
beech wood to continue the firing.

Figure 1. A cross-section through the Cucuteni sunken
up-draught kiln (after Markevic 1981).
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After initiating the fire, the fired fuel was gradually
introduced inside the firebox, the fire being stabilised at a
temperature between 208C and 1208C (see Hamer 1975,
22) to allow ‘water smoking’, i.e., the slow elimination of
capillary water (Arnold 1997, 61) (Fig. 3). There is a
relationship between the duration of this stage and the
dimensions of the sunken up-draught kiln, as well as of the
pieces which form the load.

The temperature can be increased to over 3508C, the limit
of combustion for the organic material contained into the
clay’s fabric, but stabilised under 7008C. This represents
the second stage of firing, when the process of sintering of
the internal particles is initiated (Kingery 1997, 12). At a
temperature between 5708C and 6008C, the elimination of
water from the crystal structure of the minerals begins
(Shepard 1956, 72, 81; Arnold 1997, 610; Gâţa 2000,
124), which is associated with the beginning of the
emission of red glow from the incandescent clay objects
(Fig. 4). The positioning of the wasters on the flue allows
the potter to observe this phenomenon, and consequently
to control the firing.

The heating of the interior of the sunken up-draught kilns
and of the ceramic load over 7008C produces a strong air
draught, which allows the flames from the firebox to reach
up to the flue. Frequently, when the temperature reaches
9008C at the middle of the load, coals already fill the 1.5
£ 0.5 m firebox and the air draught diminish, consequently
impeding the rise of the temperature.

One can infer that the volumetric structure and the
dimensions of this type of kiln are optimal for temperatures
under 9008C (as the analyses of most of the Cucuteni-
Tripolye fine ceramics show). In order to raise the
temperature over this thermal threshold, one should

Figure 3. The ‘water smoking’ of the sunken up-draught
kiln; Vadastra, 2002. Photograph by Dragoş Gheorghiu.

Figure 2. The perforated platform of the sunken up-draught kiln with a thermocouple fitted; Vadastra, 2002. Photograph
by Dragoş Gheorghiu.
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discharge the firebox and initiate a new fire, which would
help increase the temperature to over 10008C. As this is a
procedure with high energy expenditure and a high level of
difficulty, it is possible that high temperatures were not
reached in draught sunken up-draught kilns in the East
European prehistory, a hypothesis supported by the
analysis of prehistoric ceramics (Gâţa 2000, 125).

It is important to mention that a sunken up-draught kiln
does not produce a uniform temperature inside the vessel
chamber, the difference between the temperatures
(measured with the help of Platinum-Rhodium thermo-
couples placed on the upper side of the platform and at the
middle of the load) sometimes being up to 2008C (see
Gheorghiu 2002).

Except for the stages related to water elimination, which
require the observance of a well determined time span, the
other stages of the firing process can be carried out using
different time spans. Therefore, a complete firing process
could last between 5 and 18 hours (see Deca 1982, 214)
depending on the type of load, fuel, and temperature of
the environment, but also on the style of firing adopted by
the potter.

4. Discussion and archaeological
implications
The experiments carried out with sunken up-draught kilns
brought to light a series of problems, not mentioned so far
in the specialist literature. Some of these leave visible traces
in the archaeological record, while some only help
experimenters to refine the chaînes opératoires pertaining

Figure 4. Incandescent clay objects seen through the flue; Vadastra, 2004. Photograph by Dragoş Gheorghiu.
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to the construction and use of this type of kilns. From the
first category, four examples will be discussed.

The first example refers to the technology involved in
digging the ovoid and cylindrical shapes, which is a difficult
operation due to the narrow dimensions of these features.
This is the reason why the author assumed that children
performed this operation. During the experiments, children

were very efficient in loading and unloading the vessels,
with the platform supporting their weight. The dimensions
of the opening of the sunken up-draught (Fig. 5) kiln only
allowed children to excavate its shapes.

When the author built the platform, he asked a child to plait
a twig structure inside the excavated fire chamber, which
he fixed in the walls of the sunken up-draught kiln and on

Figure 5. A child unloading the kiln; Vadastra, 2003. Photograph by Dragoş Gheorghiu.

Figure 6. The ‘walls’ of the kiln after 5 successive firings; Vadastra, 2004. Photograph by Dragoş Gheorghiu.
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the upper part of a pedestal of clay left at the bottom of the
fire chamber. One of the Cucuteni-Tripolye sunken
up-draught kilns displays a profile left on the walls of the
firing chamber (see Markevic 1981) for a better fixing of
the twig structure of the platform.

After finishing the plaiting of twigs, the child pressed wet
clay on this structure and carried out some of the
perforations sitting on the un-perforated area on top of
the pedestal. Other perforations were made from outside
the sunken up-draught kiln, with the help of a long pointed
stick. As the Cucuteni-Tripolye excavated kilns show (see
Markevic 1981), the large dimensions of the pedestals left
the central part of the platforms without perforations, and
so the positioning of the vessels inside the firing chamber
should have been done in such a manner as to allow the
circulation of the air and flames in this area. One might also
assume that a child (entering from the firebox aperture)
finished the lower surface of the wet platform and enlarged
the perforations.

The second example refers to the changes in the
dimensions of the sunken up-draught kiln due to repeated
firings. In a first stage, a sunken up-draught kiln is a
negative shape dug into the ground, but consecutive firings
transform into ceramic not only the load of vessels but also
the soil, creating the ‘walls’ of the kiln, which are visible in
the archaeological record. One can thus conclude that the
kiln is a ceramic construction produced by itself (Fig. 6).

The third example refers to the behaviour of the platform
at high temperatures. For a better understanding of the
functioning of the sunken up-draught kilns, the perforated
platform can be approached as a set of tubes for air
absorption, with the role of inducing a distribution of
the thermal shock. At temperatures over 11508C, one can

notice the beginning of a process of vitrification in the
filling up of the air-draught tubes with glass and slag,
with consequences on the lowering of the temperature
in the vessel chamber. It is assumed that the tubes of
the platforms were cleaned periodically, because the
occurrence of glass is not mentioned in relation to the
Cucuteni-Tripolye excavated sunken up-draught kilns.
The experiment with the collapsed alluvial clay platform
at temperatures over 11508C led to the hypothesis that
the respective feature was made from a refractory material,
probably clay with a high proportion of sand. The repair
of collapsed platforms (Fig. 7) in the Cucuteni-Tripolye
tradition is not mentioned either in the existing literature,
but only the repeated plastering of the interior of the firing
chambers (Markevic 1981). This experiment could thus
offer some hints for future analyses of the platform
materials and for potential reconstructions.

The fourth aspect refers to the micro-processes of
evaporation of capillary water. When a wet sunken up-
draught kiln is fired for the first time, one can observe
rhythmic fluctuations of the temperature inside the vessel
chamber (Gheorghiu 2002, 92, diagram 3), due to the
recurring evaporation of the water contained in the
platform and the walls, which decreases the level of heat
inside the sunken up-draught kiln on each occasion. One
may infer that this phenomenon occurs (but at a micro-
scale) also on the surface of the vessels fired during the
‘water smoking’ stage.

5. Conclusion
Although sunken up-draught kilns seem to have been
studied in depth, one can conclude that every time
experiments are conducted, they could bring new data and
a new perspective that would lead to a better under-
standing of these complex ancient machines. Experiments

Figure 7. The partially collapsed platform at 12008C. One can notice the filled perforations near the fracture line;
Vadastra, 2003. Photograph by Dragoş Gheorghiu.
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demonstrate that the Cucuteni-Tripolye sunken up-draught
kilns showed good visual ergonomics (since one operator
could control the inputs and outputs of the kiln at every
stage of the process), a good ergonomic dimension (both
for adults and for the children who helped in the process)
(Gheorghiu 2012), and that these dimensions, together
with the shape of the vessel chamber, conferred to the
machine the advantages of thermal efficiency. From
the physical processes related to the growing in time of
the efficiency of the vessel chamber, one can infer that
sunken up-draught kilns were used for long periods of time,
thereby constituting specialised places that lasted for years.
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Jud. Vâlcea. Buridava - Studii şi materiale, 211-216,
Râmnicu Vâlcea Museum, Râmnicu Vâlcea.

Ellis L., 1984, The Cucuteni-Tripolye culture: A study in
technology and the origins of complex society, British
Archaeological Reports International Series 217, Oxford.

Dumitrescu Vl., Dumitrescu H., Petrescu Dâmboviţa M. and
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Abstract - As a continuation of previous research carried out by the authors, further
characterisation and provenancing of Middle Neolithic Bükk pottery (NE Hungary) were
undertaken for the purposes of this study. In the context of the current project, a systematic and
representative study of Bükk pottery products was initiated at the core of the tribal area. Our basic
aim was to compare Bükk fine ware from different sites and to identify local or regional raw
materials and production technology. In addition, characteristic incrustation of this fine ware is
currently under observation.

The current paper summarises the first results obtained at an important site related to the Bükk
Culture in NE Hungary, Garadna - Elkerülő út, site No. 2, the object of a recent large scale rescue
excavation. At this site, material belonging to the typology of Bükk fine ware of consecutive
chronological phases showed strong similarities, and indicted that the artefacts might have been
made from local raw material. Additional conclusions on the collective features of Bükk fine ware
were also added. On the one hand, it was proved once again that raw materials of specific,
delimited physical properties were utilised by potters making Bükk fine ware at different sites. This
suggests the technological preparedness of craftsmen when selecting raw material. On the other
hand, the formerly published hypothesis concerning a restricted chemical composition of this raw
material appears controversial.

1. Introduction - overview of the project
The Bükk Culture is one of the ‘industrial’ prehistoric cultures
in the Carpathian Basin (Middle Neolithic, ca. 5200-4800
BC).The coreof thedistribution area is located inpresent-day
NE Hungary and SE Slovakia (Fig. 1). The culture is famous
for its intensive role in lithic trade, and evenmore famous for
its pottery of artistic perfection. Bükk fine pottery has thin
(1-5mm) walls made from very fine-grained paste and
decorated with incised geometric motifs, infilled with white
through yellow to red paste (so-called ‘incrustation’).
Bükk pottery is claimed to have been traded over large
areas, much beyond the limits of the tribal quarters.
The authors of the present study also wrote the first essay

(Szilágyi et al. 2008) on the subject of Bükk pottery
distribution, carrying out a petroarchaeological analysis of
the ceramic in the framework of a German-Hungarian
collaboration project focussed on Early Neolithic pottery.
As a valuable by-product, the characterisation and
provenancing of Bükk pottery was emerging, providing a
basis for the continuation of the collaboration.

Based on the results of a previous collaboration (2005-
2006) between Tübingen University and numerous
research centres in Hungary in the framework of bilateral
research projects between Germany and Hungary, we are
addressing the complex topic of the prehistoric long
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(2014). Petro-mineralogical and geochemical characterisation of Middle Neolithic Bükk Culture fine ware from Garadna,
NE Hungary. In M Martinón-Torres (Ed.), Craft and science: International perspectives on archaeological ceramics.
Doha, Qatar: Bloomsbury Qatar Foundation http://dx.doi.org/10.5339/uclq.2014.cas.ch20
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distance trade of ceramics. The previous project was
focussed on the investigation of Early Neolithic pottery,
potential raw materials, and the characterisation of site-
specific features in different geographic environments
in Hungary. Neolithic pottery manufacturing was found
to have been a typically local activity, with potters utilising
raw materials obtained from local or nearby sources.
Typical examples in support of this argument are
supplied by the case studies of Vörs (Gherdán 2009) and
Szarvas-Endró́d (Szakmány and Starnini 2007; Starnini
and Szakmány 2009). Long distance trade of pottery can be
hypothesised only for some outstandingly high quality
ceramics. In Hungary, the first vessels produced also for
‘export’ as objects of art were claimed to be the fine ware of
the Middle Neolithic Bükk Culture (Tompa 1929). The
distribution of Bükk pottery was mapped, based on
archaeological arguments (style, form, decoration, etc.),
by N. Kalicz and J. Makkay (Kalicz and Makkay 1977,
Abb. 1). The Bükk Culture is a descendant of the local
facies of the Linear Band Pottery Culture, dated around
5000 BC. A limited set of Bükk fine ware was already
investigated in the framework of our previous project
(Szilágyi et al. 2008).

In the present project, we carried out a detailed archaeo-
metric investigation which may be of help in determining
whether different occurrences of Bükk fine ware with the
same quality, shapes, and decorations were produced using
the same raw material, or whether it was the knowledge of
the craftsmen that was adapted in other cultural regions
using the local raw materials. In order to answer these
questions, samples of Bükk fine ware have been system-
atically examined together with coarse pottery and
comparative geological samples (local clay/soil) from

each archaeological site. Applying a combination of
petro-mineralogical and geochemical investigations (PM,
XRF, m-techniques for incrustated decorations of vessels),
complex information regarding the material of the pottery
(fabric, tempering, surface decoration) could be obtained.

The aims of the project are (1) to reconsider the
distribution map of the Bükk Culture fine ware by scientific
investigations and to understand better the civilisation that
produce these archaeological objects in light of the
obtained results; (2) to determine and gather those
(chemical, physical, petro-mineralogical) characteristics
which specifically describe the Bükk Culture fine ware
using mainly non-destructive methods; and (3) to
investigate the surface treatments and materials employed
in the making of the Bükk Culture fine ware.

2. Notes on the chronology of the Bükk
culture
To date, the internal chronology of the Bükk Culture has
not been determined with precision. Temporal divisions
have been based on the changes of the engraved motifs.
According to Lichardus (1974), there were four consecutive
phases of Bükk Culture which he denominated as ‘A’, ‘AB’,
‘B’, and ‘C’ (see also Šiška 1995). Hungarian scholars
(Kalicz and Makkay 1977) distinguished three phases of
Bükk Culture, namely I, II, and III. In the present study,
Lichardus’ classification is followed. The early phase of the
Bükk Culture, i.e., phase ‘A’, can only be distinguished from
the late phase of the preceding Tiszadob Culture (end of
the 6th millennium BC) with difficulty. The major
characteristic feature of its fine ware is the engraved
linear and wavy pattern with white incrustation on the

Figure 1. Distribution area of Bükk Culture on the map of the Carpathian Basin (dashed lines). The sites included in our
study are marked with white circles, Garadna is marked with an asterisk. The presence of Bükk import ware (according to

archaeological argumentation) is marked with black dots.
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vessels (Fig. 2a). These motifs show a connection to the
decorations of the earlier Tiszadob Culture. The subsequent
phases ‘AB’ and ‘B’ can be interpreted as the pre-classical
and classical phases of Bükk Culture, when the develop-
ment and refinement of the ceramic fashioning technique
can be observed, with more dense decoration and common
arched motifs. The fine ware of phase ‘AB’ has dense
engraving with white incrustation (zigzag and arched
pattern) (Fig. 2c). The late, so-called ‘C’ phase of Bükk
Culture shows an extremely high quality fine ware with
refined decoration of dense-filigree lines and plain sectors

(Fig. 2e). Its characteristic feature is the appearance of
yellow-red incrustation.

It has to be emphasised that there are presently no
radiocarbon dates available for associating the coincidence
of these ‘ceramic phases’ with time intervals.

3. Samples and methods
The framework of the project involves detailed petro-
graphic, mineralogical, and geochemical characterisation.
Following the collection of these data on both archaeological

Figure 2.Macro- and microscopic scale outlook of fine ware of subsequent Bükk Culture phases from Garadna: (a-b) early
‘A’ phase; (c-d) (pre)classical ‘AB’ phase; (e-f) late ‘C’ phase.

Table 1. Localities of Bükk Culture sampled so far (HOM: Herman Ottó Museum, HNM: Hungarian National Museum).

Locality
Bükk Culture
phase Museum

No. of archaeological
samples

No. of soil
samples

Garadna - Elkerüló́ út, No. 2 A, AB, C HOM 40 21

Felsoó́vadász-Várdomb B, C HOM 28 18

Sajószentpéter-Kövecses AB HOM 20 27

Szendró́-Ördöggáti-barlang AB HOM 20 17

Edelény-Borsod-Derékegyháza B, C HOM 30 27

Boldogkó́váralja-Tekeres-patak A, AB HOM 22 10

Boldogkó́váralja-Leányvár C HNM 11 4

Aggtelek-Baradla-barlang A, AB, B HNM 23 23

Bodrogkeresztúr-Tokaji országút AB, B, C HNM 10 19

Miskolc-Szeleta-barlang AB, B, C HNM 13 -
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Table 2. Samples analyzed from Garadna-Elkerülő út, site No. 2 (collection of HOM).

Inv. nr/
Lab nr Description

Type of analysis

Thin
section XRF m-techniques

GRDN-01 Coarse ware, pot, line of holes under the rim þ
GRDN-02 Coarse ware, pot, line of holes under the rim þ
GRDN-03 Coarse ware, pot, line of holes under the rim þ
GRDN-04 Coarse ware, bowl þ
GRDN-05 Coarse ware, bowl þ
GRDN-06 Coarse ware, bowl þ þ
GRDN-07 Coarse ware, storage vessel þ þ
GRDN-08 Coarse ware, amphorae þ
GRDN-09 Coarse ware, amphorae þ
GRDN-10 Coarse ware, decorated þ
GRDN-11 Coarse ware, decorated þ
GRDN-12 Coarse ware, decorated þ
GRDN-15 Fine ware, AB phase, bit coarser, not polished þ
GRDN-16 Fine ware, AB phase, bit coarser, not polished þ
GRDN-17 Fine ware, AB phase, “Sajószentpéter type” þ þ
GRDN-18 Fine ware, AB phase, “Sajószentpéter type” þ
GRDN-19 Fine ware, AB phase þ þ
GRDN-20 Fine ware, AB phase, fine, polished þ þ
GRDN-21 Fine ware, AB phase, fine, polished þ þ
GRDN-22 Fine ware, AB phase, fine, polished þ
GRDN-23 Fine ware, AB phase, fine, polished þ
GRDN-25 Fine ware, AB phase, fine, polished þ
GRDN-26 Fine ware, C phase, fine, polished, red-yellow incrus. þ
GRDN-27 Fine ware, C phase, fine, polished, red-yellow incrus. þ þ
GRDN-28 Fine ware, C phase, fine, polished, red-yellow incrus. þ þ þ
GRDN-29 Fine ware, C phase, “Sajószentpéter type”, incrus., not polished, coarser þ þ
GRDN-30 Fine ware, C phase, “Sajószentpéter type”, incrus., not polished, coarser þ
GRDN-31 Coarse ware, C phase þ
GRDN-32 Coarse ware, C phase þ
GRDN-34 Fine ware, Tiszadob phase, fine, polished, white incrus. þ þ
GRDN-35 Fine ware, Tiszadob phase, fine, polished, white incrus. þ
GRDN-36 Fine ware, Tiszadob phase, fine, polished, white incrus. þ þ
GRDN-37 Fine ware, Tiszadob phase, fine, polished, white incrus. þ þ
GRDN-38 Coarse ware, Tiszadob phase þ
GRDN-39 Coarse ware, Tiszadob phase þ
GRDN-40 Coarse ware, Tiszadob phase, decorated þ
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finds and comparative soil/clay samples from the field, the
determination of the applied special raw materials and/or
special manufacturing techniques of Bükk fine ware
becomes possible.

For the purposes of the current project, a number of 10
archaeological sites were already sampled, for a total of
214 samples (Table 1, Fig. 1). The archaeological
specimens were obtained from the collections of the
Herman Ottó Museum (HOM) and the Hungarian National
Museum (HNM). The sample set contained both fine-
grained, thin-walled and coarse-grained, thick-walled
pottery. In addition to the archaeological samples, we
collected 165 local clayey sediments from the environs of
the sites, by 2.0-2.2m deep hand borer, typically at 5-10 cm
intervals (Table 1, Fig. 1). The most suitable (plastic,
clayey) soil samples were selected and small brick-form test
objects were made and fired at 7008C in an electric kiln.
Both the archaeological pieces and the experimental
objects were sampled and petrographic thin sections were
obtained from them. After the evaluation of the thin
sections, a further selection was made for geochemical and
mineralogical investigation.

As the basic descriptive part of the research, the petro-
mineralogical and chemical composition is essential. For
this purpose, petrographic microscopic investigations
(Department of Petrology and Geochemistry, Eötvös
University of Budapest) on a Nikon-ALPHAPHOT-2
polarising microscope and X-ray fluorescence analysis
(Department of Geochemistry, University of Tübingen) by
a wavelength dispersive X-ray fluorescence instrument
(Bruker AXS S4 Pioneer X-ray spectrometer, Rh tube at 4
kW; Hahn-Weinheimer et al. 1984) were applied. In order
to observe the similarities and differences from an
archaeometric point of view, the same methodology was
applied on both the archaeological and the comparative
raw material samples.

The investigation of the incrusted decoration of ceramics
was also part of the research. This was undertaken by the
application of completely non-destructive micro-analytical
techniques, such as m-X-ray diffraction (Bruker D8 Dis-
cover), m-X-ray fluorescence analysis (custom made m-XRF
instrument at the Department of Geochemistry, University
of Tübingen) and m-Raman (DILOR LabRam)/Fourier
Transform Raman (Digilab FT-Raman) spectroscopy, and
by using the quasi-nondestructive attenuated total reflec-
tion Fourier Transform Infrared (ATR-FTIR) spectroscopy
(Varian 2000 Scimitar with ‘Golden Gate’ diamond micro-
ATR accessory).

For this paper, we have chosen the Garadna - Elkerüló́ út
site No. 2, with good internal stratigraphy and recent
excavations covering all the chronological phases of the
Bükk Culture (Fig. 1). Thus, in this study, we present a
representative site for further comparisons.

4. Garadna- Elkerüló́ út, site No. 2: a
prolonged habitation associated with the
Bükk culture
As an ideal example for tracking changes in the pottery
manufacturing of the Bükk Culture, the Garadna - Elkerüló́
út, No. 2 sitewas selected for this presentation of our results.
Garadna is situated in the valley of Hernád river, Northern

Mountain Range, NE Hungary. The excavations were led by
P. Csengeri in 2003, and extended to 2000m2 on the top and
slope of a slightly raised hill near the river. According to the
archaeological study of the excavated finds, the settlement
was inhabited from the earliest Bükk ‘A’ phase (or the latest
Tiszadob Culture). Evidence of continuous settlement
comes from the ceramic finds of the pre-classical ‘AB’, the
classical ‘B’, and the late ‘C’ phases. The most significant
feature of the earliest phase of settlement is a large-sized pit
complex. The later phases are associated with storage and
refuse pits, hearths, kilns, and 13 burials.

About half of the excavated 15,000 ceramic pieces
associated with the Bükk Culture represented fine ware
with thin walls, incised or incrustated decoration, and
polished surface. From this ceramic assemblage, a total of
37 samples were analysed (Table 2), among which phase
‘A’ was represented with 3 coarse and 4 fine pottery
specimens, phase ‘AB’ with 12 coarse and 11 fine (partly
white incrustated) ceramics, while 2 coarse and 5 fine
(partly yellow-red incrustated) pots were selected from
phase ‘C’. Almost all the selected samples were investigated
by petrography and 11 representative samples were further
analysed by XRF.

5. Petrography and geochemistry of the fine
ceramics
The results of the petrographic microscopic investigations
are briefly summarised here. Concerning the fine pottery
belonging to the subsequent phases of the Bükk Culture,
the ceramic groups proved to be quite homogeneous from
a petrographic point of view. Their descriptions will be
presented phase by phase. Ceramics of the early ‘A’ phase
have serial, fine-grained (fine silt) fabric. The clay paste is
very dense, pure, and not oriented (which suggests that the
raw material was not too plastic). The major aplastic
constituents are monocrystalline quartz with undulatory
extinction, muscovite, and some phyllite fragments
(Fig. 2b) which indicate the metamorphic derivation of
the sediment. Samples of the (pre)classical ‘AB’ phase are
characterised by a weakly hiatal, fine-grained (fine-coarse
silt) fabric. The very dense, pure and less oriented paste
of the ceramics emphasises the weak plasticity of the
raw material (Fig. 2d). Concerning the mineralogical
composition of the aplastic inclusions, there are two types
of pottery in this group. On the one hand, ceramics
containing monocrystalline quartz with undulatory extinc-
tion and muscovite together with phyllite rock fragments
suggest a raw material of metamorphic origin. On the other
hand, other samples have plagioclase, orthopyroxene, and
volcanic lithofragments (effusive rock and tuff related glass
shards) grains as aplastic inclusions. The latest ‘C’ phase
of the Bükk Culture is represented by ceramic fragments
of hiatal, less fine-grained (coarse silt) fabric. The clay
paste is still very dense, pure, and not oriented (which
suggests that the rawmaterial was not too plastic) (Fig. 2f).
The aplastic composition (undulatory extinguishing mono-
crystalline quartz, muscovite, and phyllite clasts) supports
the idea of a metamorphic-derived raw material.

The chemical composition of the Garadna ceramic samples
is listed in Table 3. In addition to the Garadna samples,
geochemical data of archaeological ceramics from other
Bükk Culture sites were also used for the interpretation (see
Fig. 3a). As previously suggested in the study of Bükk fine
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ware by our research group (Szilágyi et al. 2008; 2011), a
compositional rangewas identified for the high quality Bükk
fine ware, indicating the usage of a certain raw material
type. However, placing our new data points (among which
Garadna pottery is also present) into the formerly applied
Y/V vs. TiO2/Al2O3 discrimination diagram (these major
and trace element ratios proved to be useful for provenance

investigations due to their resistance under conditions of soil
forming and ceramic making processes), it seems that the
chemical composition of fine pottery is more varied than it
was suggested before. Even if samples from Garadna scatter
on the higher Y/V ratio side (right edge) of the former
compositional category of Bükk fine ware, samples from
other sites show significant deviation.

Table 3. Bulk chemical composition of Bükk pottery from the Garadna site by XRF.

Name GRDN-06 GRDN-07 GRDN-17 GRDN-20 GRDN-21 GRDN-27 GRDN-28 GRDN-29 GRDN-34 GRDN-36 GRDN-37

Major elements (w%)

SiO2 62.49 63.93 65.44 65.32 68.46 69.82 69.90 66.37 67.95 68.75 69.56

TiO2 0.79 0.93 0.85 0.89 0.81 0.90 0.90 0.85 0.87 0.86 0.85

Al2O3 17.20 20.07 17.26 18.76 14.63 15.67 15.88 16.35 15.26 14.88 13.55

Fe2O3 5.56 5.35 5.54 6.70 5.34 5.46 5.49 4.68 3.89 3.80 4.22

MnO 0.07 0.05 0.06 0.09 0.04 0.08 0.08 0.04 0.05 0.05 0.03

MgO 2.07 2.23 1.84 1.95 1.54 1.44 1.51 1.80 1.55 1.36 1.37

CaO 2.21 1.27 1.65 1.06 1.52 1.24 1.14 1.38 1.83 1.66 2.15

Na2O 0.58 1.15 1.10 0.63 1.17 0.84 0.84 1.11 0.87 0.83 0.88

K2O 3.13 3.36 2.80 3.14 2.45 2.54 2.57 2.84 2.78 2.59 2.37

P2O5 1.27 0.16 1.54 0.20 0.55 0.32 0.24 0.64 0.36 0.45 0.54

LOI 5.43 2.01 2.73 0.98 3.45 2.71 1.92 4.34 4.68 5.16 5.09

Trace elements (mg/g)

Ba 1173 730 1202 613 881 590 557 783 1146 1194 910

Co 2 u.d. 26 4 2 9 8 u.d. 4 u.d. 1

Cr 120 98 113 114 101 108 111 107 94 88 92

Ni 34 77 88 114 66 101 95 50 33 24 37

Rb 130 171 128 148 112 117 122 123 120 118 102

Sr 153 122 177 92 127 117 104 121 177 160 154

V 132 131 114 141 100 113 112 105 94 89 105

Y 31 45 40 35 38 37 39 38 35 33 40

Zn 94 121 72 84 58 58 58 89 82 138 75

Zr 174 244 260 194 283 315 312 259 256 259 321

Ce 98 121 110 120 96 110 114 103 98 98 110

Eu 0.8 0.8 0.8 0.6 0.9 0.7 0.8 0.7 0.8 0.8 0.9

La 25 39 27 29 27 27 30 28 20 19 30

Nb 16 21 18 20 21 21 23 20 19 17 22

Nd 35 50 42 34 29 42 41 35 47 46 34

Sm 4.7 6.8 5.3 5.1 7.0 5.5 6.2 5.3 5.5 5.2 7.4

Yb 3.4 4.8 4.1 3.7 3.8 3.6 3.8 4.0 3.7 3.4 3.9

Sum 101.01 100.71 101.04 99.89 100.15 101.19 100.63 100.59 100.31 100.61 100.81
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In the observation of fine ware collected exclusively from
the Garadna-Elkerüló́ út site No. 2, the trace element
distribution shows strong similarities (Fig. 3b). This feature
is true for both mobile (e.g., Rb, Sr, Ba) and immobile (e.g.,
Zr, Y) elements. In addition, the ceramic composition is
quite similar to the reference composition (average value
for Post Australian Average Shale ¼ PAAS) used for the
normalisation (Nance and Taylor 1976; Taylor and
McLennan 1985; McLennan 1989; 2001). The only
exceptional elements are Co and Ni, but this can be related
to the measuring peculiarities of XRF for these elements
(quite high detection limits). The homogeneous chemical
behaviour of Garadna fine ware suggests their production
from similar raw materials.

6. Mineralogy of incrustations
For the detailed investigation of both white and yellow
incrustations, some sherds with well-preserved decoration
were selected (see the complete number of such samples in
Table 1). Applying non-invasive techniques was an
essential requirement for the analysis of these covers of
paste, some tens of micrometres thick. In the case of the
Garadna site, we illustrate our findings with two examples
- a white incrustated one, GRDN-24, as representative of
the (pre)classical ‘AB’ Bükk phase, and a yellow incrustated
one, GRDN-28, as representative of the late ‘C’ phase.

The m-XRF technique was used for fast qualitative
screening of the elements of the incrustations. The major

Figure 3. Geochemical data on Bükk fine ware from Garadna: (a) Y/V vs. TiO2/Al2O3 diagram of both new and former
(Szilágyi et al. 2008) data from Garadna and other Bükk Culture sites; (b) trace element distribution (normalised to

PAAS) of Bükk fine ware from the Garadna site.
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elements were Fe, Ca, Si, and K. Neither P - corresponding
to bone grit (the main component of bone being apatite:
Ca10(PO4)6(OH)2) - , nor an increased concentration of Ca
- indicating the presence of calcite (CaCO3) - as compared
to the ceramic matrix was identified.

The m-XRD measurements revealed quartz, feldspar, and
an amorphous phase (presumably heat-treated kaolinite/
metakaolinite) as the main minerals of the incrustations.
According to our tests, pure kaolinite resulted in the same
amorphous-like diffraction pattern after heating up to
5008C for 30 minutes. No further information could be
gained by the m-Raman technique, which indicated the
presence of an amorphous phase (possibly carbon?).

The m-ATR-FTIR spectra of the two selected samples,
GRDN-24 and GRDN-28 (Fig. 4), resemble typical spectra
of clays. The spectra are dominated by the absorption
bands of quartz (symmetric Si-O stretching and bending at
795 and 698 cm21, respectively) and by the Si-O-Si
stretching bands of alumino-silicates around 1200-
1000 cm21. The broad bands at around 3400 and
1630 cm21 can be attributed to adsorbed water. The well
separated -OH bands at 3690 and 3620 cm21, however,
are diagnostic for kaolinite, belonging to interlayer and
inner O—H groups. When studying the thermal behaviour
of clay artefacts, Maniatis et al. (1982) observed that clay
minerals begin to lose their crystalline hydroxyls and start
disorganising at 500-6008C. For some iron-rich minerals,
the weak band around 3620 cm21 can persist even up to
8008C, indicating an incomplete dehydroxylation.

The m-XRD and m-ATR-FTIR results are summarised in
Table 4. All the above results reinforce the assumption
of the use of a clay (kaolinite) grit for the incrustated
decorations, probably followed by a (re)firing of the
incrustated pottery at a temperature higher than 500-
6008C. As for the GRDN-28 sample with yellow incrusta-
tion, no goethite as colouring mineral was found. The
increased relative intensities of the OH stretching bands
and the shift of the main Si-O-Si band towards lower
wavenumbers (Fig. 4) suggest a lower firing temperature
as compared to GRDN-24.

7. Discussion and conclusion
According to our research, the Bükk fine ware at the
Garadna site proved to be generally made of fine-grained,
very dense, and not very plastic raw material — which was
probably washed for obtaining such a paste — in the
subsequent phases of the Bükk Culture. However, some
differences can be outlined. Finer-grained raw materials
were used in the earlier periods. In the latest Tiszadob
Culture (, early ‘A’ phase of Bükk Culture), silt of
metamorphic provenance was utilised. Later on, during
the pre-classical period (‘AB’ phase), similarly fine raw
materials were applied, but with two kinds of provenance,
volcanic and metamorphic. In the latest (‘C’) phase, the
used fine sediment became coarser-grained and more
homogeneous, of metamorphic origin. These fabric
similarities suggest similar paste preparation techniques,
although the raw materials were derived from more
sources during the pre-classical period. The observed

Figure 4. The m-ATR-FTIR spectra of white (phase ‘AB’) and yellow (phase ‘C’) incrustations of Bükk fine ware from
Garadna (Q indicates quartz).

Table 4. Comparison of mineralogical data on white and red incrustated decoration gained by different m-techniques.

Non-destructive methods Quasi-destructive (2-3 mg)

Sample m-XRD m-Raman/FT-Raman m-XRF m-ATR-FTIR

White incrustation (phase AB) amorph amorphous carbon Fe, Ca, Si, K clay (disordered kaolinite)

Red incrustation (phase C) amorph amorphous carbon Fe, Ca, Ti, K clay (disordered kaolinite), magnetite
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similarity of the raw materials is also supported by the
similar chemical element distributions.

The limitations in the scope of this paper exclude a detailed
analysis of the geological setting. In short, the geographical
position of Garadna provides access to a Palaeozoic
metamorphic sedimentary source in the form of eroded
sediments transported by the Hernád River. This extended
alluvial deposit could be appropriate for making fine ware
of metamorphic provenance, which was identified through-
out the entire Bükk era. The closest source for the
occasionally observed volcanic type of fine ware might be
located on the opposite side of Hernád River, at the edge
of the volcanic Tokaj Mountains.

In the present study, we found new ways of interpreting
the chemical data on the fine pottery. In contrast to our
previous suggestions based on material from other sites
(Aggtelek, Felsó́vadász, Borsod-Derékegyháza; Szilágyi
et al. 2008), the chemical composition of Bükk fine ware
samples from the Garadna site did not fit into the same
range. This indicates that it is not possible to determine one
distinct source of raw material for all vessels from different
sites. It is more probable that they were manufactured
using different raw materials, site by site. This aspect
supports the hypothesis of local raw material utilisation
rather than that of the use of a regionally accessible source.

Concerning only the fine ceramic from Garadna, the
investigation of samples of metamorphic derived aplastic
inclusions indicated strong similarities to coarse pottery
and to each other (regardless of the different chronological
phases of the Bükk Culture) in trace element composition.

As a result of the investigation of the incrusted decorations
of the subsequent phases, we observed no significant
difference between the white and yellow pastes. The
utilisation of kaolinitic clay (probably followed by a (re)
firing of the incrusted pottery) could be identified.

Former and new petrographic data clearly indicate that raw
materials of similar and relatively delimited physical
properties were used for the manufacture of Bükk fine
ware at different sites. This means that a clayey silt of less
plasticity was preferred for the production of Bükk fine
ware. This aspect proves that Bükk Culture potters acted on
a special technological ‘trick’ when selecting raw material
for the manufacture of their unique fine ware. With more
data added to our database, it has to be stated that a more
diverse chemical composition than previously assumed
characterises this special ceramic type. In the case of
Garadna, Bükk fine ware of consecutive chronological
phases show strong similarities both petrographically and
geochemically. As they are geochemically similar to the
coarse ware, it is very probable that they were made from
local raw material.
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Abstract - Graphite-tempered ceramics from two Celtic archaeological sites in South Hungary,
Dunaszentgyörgy (Highway No. 6) (LT B2-C1) and Bátaszék (Körtvélyes-dűló́) (LT D), were
investigated in the context of the present project. The main aim of the research was to compare the
graphitic temper of the vessels found at the archaeological sites and to provide a preliminary outline
about the possible provenance of the graphite.

Ceramics from both Dunaszentgyörgy and Bátaszék contain similar graphitic temper: graphite
fragments and clasts of graphitic paragneiss. Graphitic gneiss contains sillimanite and kyanite.
Metamorphic rocks with similar medium- to high-grade minerals cannot be found in outcrops
located on the territory of present-day Hungary. Based on the mineralogical composition, the
potential source area of the graphitic temper can be restricted to the Variegated Unit of the
Moldanubicum zone, in the Czech Republic.

In addition to the graphitic rock fragments found as archaeological artefacts at Bátaszék, the
comparison of graphite-tempered ceramics to non-graphite-tempered vessels from the same
archaeological sites also suggests that graphite was imported as raw material and that ceramics
were produced ‘locally’. Firing temperatures for both graphitic and non-graphitic wares were
usually below 8008C, and for several non-graphitic vessels below 6508C.

1. Introduction
The Celtic ‘graphitic ware’ is a distinctive type of pottery
known frommost parts of the Central European Celtic world.
The Celtic ‘graphitic ware’ category includes a range of
pottery forms; the situla-likepotwithdecorationsof vertically
incised bundles of lines being themost common.Other vessel
types, such as bottles, shallow and deep bowls, plates, cups,
and mugs also occur (Kappel 1969). The use of graphite in
pottery making had already started in Neolithic times, but
the importance of graphite as temper increased considerably
starting with the early La Tène period (von Carnap-
Bornheim 1998). The use of ceramics containing graphite as
non-plastic inclusion (temper) reached a peak in the
territory of present-day Hungary during the period between
the beginning of the 3rd century BC and the middle of

the 1st century AD in the form of the classical Celtic
‘graphitic ware’, mostly situla-like pots (Szabó et al. 1999).
These vessels occur both in settlements and cemeteries
(Benadík 1961).

Graphitic ceramics can be found in a wide geographical
area, not only around graphite sources, an aspect which
suggests extended trade. Determination of the exact
provenance (i.e., mine or mining district) of the graphite
used for preparing vessels constitutes a significant topic
within research on Celtic artefacts. Another aspect which is
also not clear pertains to the form in which graphite was
distributed. There is evidence for distribution of raw
graphite (e.g., Meduna 1998; Sievers 2006), clay mixed
with graphite (Kappel 1969), as well as of finished
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graphitic vessels (Waldhauser 1992). Graphite or graphitic
raw materials are thought to be useful for objects which are
constantly exposed to high temperature (Kappel 1969;
Martinón-Torres and Rehren 2009). There are numerous
open questions regarding the function of graphite in the
vessels, the most widely accepted view being that these
vessels were used for cooking and/or storing food and
liquids (Trebsche 2003).

This study was performed on Celtic graphitic ceramics from
the Dunaszentgyörgy (Highway No. 6) (LT B2-C1) and
Bátaszék (Körtvélyes-dűló́) (LT D) settlement sites, which
are located in South Hungary, on the flood plain of the
River Danube, about 40 km from each other (Fig. 1). The
main purpose of this study was to compare the graphitic
temper, as well as the technological characteristics (firing
conditions) of the vessels found at the two sites, and to
assess the possible provenance of the graphite using
petrographic and X-ray diffraction analyses. Non-graphitic
ceramic artefacts from the two archaeological sites were
also studied for comparison.

Graphitic rock fragments (graphitic gneiss) were found in
pits and post holes from the Celtic layer in Bátaszék. These
rock fragments were probably used as temper for the
graphitic vessels; therefore, their mineral assemblage was
compared with the temper of ceramics.

2. Sample description
In this work, 132 ceramic vessels from the two
archaeological sites were studied. The examined sherds
are both typologically and technologically representative of
the ceramic assemblages of the studied sites.

From Dunaszentgyörgy, 19 graphitic and 21 non-graphitic
ceramic sherds were analysed (Havancsák et al. 2009a;

Kreiter et al. 2009). The group of graphitic ceramics
contained fragments of 16 situla-like vessels (Fig. 2a), two
dishes, and one bowl. Most of the sherds have grey colour
and metallic lustre; however, two sherds have a light red
colour. Several samples (11 sherds) exhibit a sandwich
structure with 0.5 to 3 mm light surface rim and thick (4 to
8 mm) black core or a thin red surface on one side.

The non-graphitic ceramics from Dunaszentgyörgy belong
to the following forms: biconical pots (4 pieces), bowls with
s-profile (9), bowls (3), pot with swollen rim (1), cooking
pot (1), storage vessel (1), bottle (1), and mug (1). Half of
the non-graphitic ceramics from Dunaszentgyörgy exhibit
a sandwich structure with 1.5 to 5 mm light red surface and
black-grey core, while two sherds have black-grey surfaces
and red cores. The non-graphitic sherds are mostly red
coloured, fine and semi-fine ceramics.

A total of 35 graphitic and 57 non-graphitic ceramic sherds
from the Bátaszék archaeological site was studied
(Havancsák et al. 2009b). The graphitic sherds mostly
belong to the categories of situla-like pots (Fig. 2b) and
dishes. The graphitic sherds are grey-black in colour (24
pieces), and 11 sherds show a sandwich structure with red
surface and black core.

The non-graphitic ceramics can be classified as bowls with
s-profile (39 pieces) (Fig. 2b), bowls (5), deep conical
bowls (4), dishes (4), cooking pots (3), hemispherical
bowl (1), and biconical cooking pot (1). Among the non-
graphitic ceramics, fine, semi-fine and coarse sherds can
be found.

3. Analytical methods
The petrographic investigation was carried out using a
Nikon Eclipse E600 polarising microscope. The texture

Figure 1. Location of the studied archaeological sites on a schematic map of Hungary.
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recording suggested by the Prehistoric Ceramics Research
Group (PCRG 1997) was used for these ceramics. The
mineralogical composition of pottery was determined
by X-ray diffraction analysis using a Philips PW 1730
diffractometer with a Bragg-Brentano alignment. The
instrument parameters were: Cu Ka radiation, 45 kV
tension, 35 mA intensity, 0.058 -0.018 2u step size, time
constant 1 sec, and graphite monochromator. In the case
of sandwich-structured ceramics, the core and the surface
were analysed separately.

4. Results

Petrography
Graphite-bearing sherds from Dunaszentgyörgy have black
or brown colour with one polariser (1N), depending on the
amount of the graphite. Graphite appears as an opaque fine
powder colouring the matrix and may disguise the real
isotropy of the groundmass. The original isotropy can be
observed where the amount of graphite is subordinate. The
isotropy of the graphitic ceramics from Dunaszentgyörgy is
weak. The sherds display a hiatal texture with two
characteristic grain size maxima. The first grain size
maximum is between 0.1 and 0.3 mm. The dominant non-
plastic components are graphite, quartz, K-feldspar,
plagioclase, and muscovite. Occasionally, calcite, rutile,
and opaque phases also occur. Quartz and feldspar often
contain numerous apatite and zircon inclusions.

The second grain size maximum is between 0.8 and 5 mm.
Graphite grains, angular graphitic lithoclasts (Figs. 3a, b),

sharp crystal fragments (quartz, K-feldspar and plagio-
clase), and spherical argillaceous rock fragments (ARF)
occur in this grain size interval. Graphite grains appear as
opaque, individual fresh flakes, and in lithoclasts with
silicate minerals (Figs. 3a, b). Graphitic lithoclasts consist
of quartz, K-feldspar, sillimanite, kyanite, tourmaline, mica
(muscovite and biotite), occasionally amphibole, calcite,
and opaque minerals (Fig. 3b). Quartz and muscovite
crystals in the lithoclasts often show petrographic signs of
compression: quartz crystals have cataclastic texture, and
muscovite flakes are kink-banded. Sherds show great
variability in the amount and size of graphite. The size of
graphite flakes varies between very fine and coarse (from
0.05 to 5 mm). The amount of graphite is rare or sparse in
8 sherds, moderate in 1, common in 2, and very common in
8 ceramic fragments.

The non-graphitic ware from the Dunaszentgyörgy archae-
ological site shows a light and dark brown groundmass
with weak isotropy. The texture of the samples is
dominantly serial, and fundamentally composed of very
fine and fine (rarely medium), moderately and well-sorted
non-plastic components (Fig. 3c). The dominant grain size
varies between 0.1 and 0.3 mm in the serial samples,
containing quartz, K-feldspar, plagioclase, muscovite, and
opaque minerals. Numerous apatite and zircon crystals
occur in quartz and feldspar grains (Fig. 3d). Four non-
graphitic ceramics show a hiatal texture with another
grain size maximum of 0.8 to 1 mm. Angular quartz,
K-feldspar, spherical calcareous nodules, ARF, occasionally
epidote, calcite, and biotite can be found in this grain size
interval.

Figure 2. (a) Situla-like pots from Dunaszentgyörgy; (b) Situla-like pot and bowl with s-profile from Bátaszék.
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Graphitic vessels from Bátaszék are black and brown in
colour with 1N, and only two samples are light brown-grey
colour. The graphitic vessels showweak isotropy and a hiatal
texture with two grain size maxima of 0.1 to 0.2 mm and 0.5
to 1.2 mm. Well-sorted grains of 0.1 to 0.2 mm size are
composed of quartz, feldspar, biotite, muscovite, calcite, and

fine-powdered graphite (Fig. 3e). Occasionally, tourmaline,
calcite, garnet, epidote, and amphibole also occur. Some of
the feldspar grains contain zircon inclusions.

Crystal fragments and lithoclasts occur in the second grain
size interval. Quartz, K-feldspar, plagioclase, biotite, calcite,

Figure 3. Texture and mineralogical assemblage of the studied ceramics from Dunaszentgyörgy (a, b, c, d) and Bátaszék
(e, f, g, h). (a) texture of graphitic ceramic with graphitic lithoclast and graphite flakes; (b) graphitic lithoclast in graphitic
sherd with sillimanite, quartz, feldspar, zircon, and graphite; (c) quartz, feldspar, and muscovite in non-graphitic ceramic;
(d) feldspar-hosted apatite and zircon inclusions in a non-graphitic ceramic; (e) texture of graphitic ceramic with graphite,
quartz, feldspar, and biotite; (f) graphitic lithoclast in graphitic ceramic with sillimanite pseudomorphs, quartz and
feldspar; (g) texture of non-graphitic ceramic with quartz and feldspar; (h) granitic lithoclast in non-graphitic ceramic.
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amphibole, and graphite occur as fragments; they are
generally idiomorphic and fresh, except for the K-feldspar
grains, which show slight alteration. Angular granitic and
graphitic lithoclasts can be found in the studied ceramics
(Figs. 3e, f). Granitic rock fragments consist of quartz, K-
feldspar (often altered into clay minerals), plagioclase,
biotite, and amphibole. Graphitic lithoclasts contain quartz,
K-feldspar, plagioclase, sillimanite, kyanite, biotite, calcite,
and also graphite. Sillimanite crystals are mostly pseudo-
morphs after biotite and kyanite (Fig. 3f). The size of
graphite in the ceramics varies between 0.05 and 7 mm. The
sherds have variable amounts of graphite: traces in 6 sherds,
rare or sparse in 8, moderate in 14, common in 5, and very
common in 2 ceramic fragments.

Non-graphitic ceramics from Bátaszék have a light brown-
grey colour, and the isotropy of the groundmass is weak.
The sherds are predominantly serial in texture (Fig. 3g),
but hiatal texture occurs as well (Fig. 3h). Serial samples
contain very fine to fine (0.1 to 0.4 mm), well-sorted non-
plastic components, such as quartz, K-feldspar, plagioclase,
muscovite, and, in some samples, calcite and shell
fragments (Fig. 3g). Non-plastic components are altered
and fractured. Sherds with hiatal texture have another
characteristic grain size maximum at 0.5 to 1.5 mm. The
grains are angular granitic lithoclasts (made of quartz,
K-feldspar, plagioclase, muscovite, and biotite) (Fig. 3h),
ARF, calcareous nodules, and occasional shell fragments.

The graphitic rock found at the Bátaszék archaeological site is
a dark grey, fine- to medium-grained metamorphic gneiss
with a slight foliation (Fig. 4a). It has a granoblastic-
lepidoblastic texture and consists of idiomorphic K-feldspar
crystals, isometric quartz grains, graphite, sillimanite and
biotite flakes, and some calcite (Figs. 4b, c). The texture shows
petrographic signs of compression and shearing stress: K-
feldspar grains are often fractured, polycrystalline quartz
grains showundulatory extinction, andbiotite is kink-banded.

X-ray diffraction analysis
The graphitic ceramics from Dunaszentgyörgy consist
predominantly of graphite, quartz, plagioclase, K-feldspar
and small amounts of calcite, 10Å phyllosilicate (sericite-
illite), magnetite and/or maghemite, and sillimanite. One
sample contains chlorite (14Å), and diopside is also
present in another sample.

The non-graphitic ceramics from Dunaszentgyörgy are
composed predominantly of quartz, plagioclase, and

K-feldspar. Small amounts of calcite (and dolomite), 10Å
phyllosilicate, magnetite and/or maghemite, chlorite (14Å
in 9 samples), and amphibole (in 2 samples) also occur.
Diopside and gehlenite were observed in two samples.

The graphite-bearing ceramics from Bátaszék show a
similar mineralogical composition to the graphitic vessels
from Dunaszentgyörgy: quartz, graphite, K-feldspar,
plagioclase, 10Å phyllosilicate and small amounts of
magnetite and/or maghemite, sillimanite, and occasionally
calcite. Three samples contain chlorite (14Å), and one
sample contains diopside.

The non-graphitic sherds from Bátaszék mainly contain
quartz, plagioclase, K-feldspar, 10Å phyllosilicate, calcite,
dolomite, maghemite and/or magnetite, some dolomite,
and amphibole. Small amounts of chlorite can be observed
in 24 samples (14Å). Three samples contain gehlenite and/
or diopside.

Both graphitic and non-graphitic ceramics with a sandwich
structure from Dunaszentgyörgy and Bátaszék contain
trace amounts of hematite in their red surfaces.

5. Discussion
Based on the petrographic observations, both the graphite-
tempered and non-graphitic ceramics are characterised by
similar very fine to fine-grained non-plastic components.
Apatite and zircon inclusions are frequently present in the
quartz and feldspar grains. It follows, therefore, that the
graphite-tempered and non-graphitic ceramics from
Dunaszentgyörgy were most likely made from similar raw
materials. The results of X-ray diffraction analysis
correspond well with the petrographic observations. Except
for the graphite and graphitic lithoclasts, the phases of both
types of ceramics are similar. The hiatal texture of graphitic
ceramics suggests that they were intentionally tempered
with graphite-bearing rock fragments; however, the
argillaceous rock fragments (ARF) found in the hiatal-
textured ceramics were originally present in the clay raw
material.

The non-graphitic ceramics from Bátaszék can be divided
into two types based on the petrographic observations:
serial- and hiatal-textured. Serial sherds contain common
non-plastic components (quartz, feldspars, calcite, and
shell fragments), while hiatal-textured ceramics contain
granitic lithoclasts, as well as granitic phenocrysts.

Figure 4. Graphitic rock found as an archaeological artefact at Bátaszék. (a) macroscopic view of the graphitic rock
fragment; (b), (c) texture of the graphitic rock with graphite, quartz, feldspar, sillimanite, and biotite.
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Outcrops of granite (the Carboniferous Mórágy Granite)
with the observed mineralogical composition can be found
in the vicinity of the archaeological site, about 6 to 8 km
from Bátaszék. The granitic rock fragments could originally
have been present in the argillaceous raw material as
eroded clasts, but it is more probable that they were added
intentionally to the clay as temper. The clast and crystal
fragments (mostly feldspar and biotite) do not show signs
of transportation, and are mostly angular and idiomorphic,
which suggest that granitic rock fragments were added to
the raw material as temper.

Graphitic ceramics from the same archaeological site also
contain granite-related lithoclasts andphenocrysts, aswell as
graphitic rock fragments added as temper. Raw graphite in
the formof the graphitic rock artefact found at Bátaszék has a
similar mineralogical composition to the graphitic lithoclasts

found in the ceramics. The utilisation of granitic temper and
the presence of raw graphite at the archaeological site
confirm that graphite-bearing and (at least hiatal-textured)
non-graphitic ceramics in Bátaszék were produced locally or
in the vicinity of the site, and imported graphite temper was
used for the graphitic ceramics.

Firing conditions
The firing temperature of the ceramics was estimated on
the basis of optical observations and X-ray diffraction
analysis, with consideration of the results of former studies
(e.g., Heimann 1979; Maggetti 1982; Duminuco et al.
1998; Cultrone et al. 2001).

Ca silicate minerals (gehlenite and diopside) formed at
high-temperature firing were detected only in three sherds

Figure 5. Location of the Bohemian Massif and the detailed geological map of the Moldanubicum (modified after
Dallmeyer et al. 1995 and Finger et al. 2007).

Havancsák et al.

196 Craft and science: International perspectives on archaeological ceramics



from Dunaszentgyörgy (one graphitic, two non-graphitic).
The absence of Ca silicate minerals in most of the graphitic
and non-graphitic vessels, as well as the presence of
unreacted carbonate indicate firing below a range of 800 to
8508C. The 14Å reflection of chlorite in nine non-graphitic
samples and in one graphitic sherd indicates that the firing
temperature was below 6508C for these ceramics.

Only a few ceramics (three non-graphitic and one graphitic)
from Bátaszék contain Ca silicates (gehlenite and diopside).
Absence of Ca silicates in the majority of graphitic and non-
graphitic sherds suggests that the maximum firing
temperature was usually between 800 and 8508C. The
14Å peak of chlorite indicating firing temperature below
6508C is detected in almost half of the non-graphitic
ceramics (24 samples) and in three graphitic vessels.

The mineralogical composition of ceramics indicates that
the vessels from both archaeological sites were fired at
similarmaximum firing temperatures:,8008C for graphitic
vessels and ,8008C or ,6508C for non-graphitic vessels.

The occurrence of magnetite and/or maghemite as iron-
bearing compound(s) in graphitic ceramics indicates
firing under reducing conditions. Reducing firing allowed
the survival of graphite. The presence of hematite in the
surface of sandwich-structured ceramics (both graphitic
and non-graphitic) suggests a locally oxidising atmosphere.
The thin red surfaces indicate ceramic firing with high
heating rate and short duration. However, the thin red
outer layers of the ceramics could also have developed as a
result of the use of pots for cooking on fire.

Earlier studies on the firing conditions of graphitic ceramics
sometimes indicated lower firing temperatures. Gregor and
Čambal (2009) observed firing temperatures of 500 to 6008C
in an oxidising atmosphere, and in some cases of 9008C in a
reducing atmosphere for Celtic graphitic ceramics from
Bratislava (Slovakia). Jerem and Kardos (1985) inferred a
firing temperature range of 600 to 6508C for the Celtic
graphitic ceramics of the Sopron-Krautacher (Hungary)
archaeological site. However, Friederich et al. (2010)
determined that Celtic graphitic and non-graphitic ceramics
found at Bopfingen (Germany) were fired in a reducing
atmosphere at 800 to 8508C, followed by re-oxidation during
cooling. According to Kappel (1969), the firing temperature
for Celtic graphitic ceramics in general did not exceed 9008C.

Provenance of graphite
The studied ceramics were tempered with graphite and
graphitic lithoclasts. The best way to determine the
provenance of the graphitic temper is to study the mineral
assemblage of the graphitic lithoclasts in the ceramics.
Graphitic lithoclasts in the vessels of both archaeological
sites show similar mineral assemblages, suggesting that the
graphitic raw materials presumably originated from similar
geological environments. The mineralogical composition
(quartz, K-feldspar, muscovite, biotite, sillimanite, kyanite,
and calcite) and petrographic characteristics of the rock
fragments indicate that the temper was derived from
metamorphic gneiss, which was formed during the
metamorphism of organic matter-bearing sediments (para-
gneiss). The presence of kyanite and sillimanite suggests
medium- to high-grade (amphibolite facies) metamorph-
ism (Bucher and Frey 2002).

Low-grade metamorphic graphitic phyllite outcrops adja-
cent to Velemszentvid in West Hungary; however, based on
the mineral assemblage of the graphitic lithoclasts, this
phyllite was not used for the tempering of the studied
ceramics. Medium- to high-grade metamorphic graphite-
bearing rocks cannot be found in outcrops located in the
surroundings of the archaeological sites, or even in
Hungary. However, there are large graphite resources
hosted by paragneiss, located in the Moldanubian zone of
the southern Bohemian Massif in the area of Czech
Republic, Austria, and Germany, which could represent
potential sources of the graphitic temper (Fig. 5). In all of
these countries there are localities where graphite was
mined and also used for vessels in historical times, already
present in the Celtic period. Graphite from Český Krumlov
(Czech Republic) was used for ceramic production in the
Celtic oppidum of Třísov (Břeň 1987). Graphite was
transported from Kropfmühl (Germany) to the Manching
oppidum (Kappel 1969; Gebhard et al. 2004), and graphite
from Obernzell (Austria) was mixed with argillaceous raw
material for the production of triangular crucibles in the late
Middle Ages (Martinón-Torres and Rehren 2005; 2009).

The possible provenance territory can be further restricted
based on geological analogies. In Kropfmühl (Germany),
graphite occurs in micaceous cordierite-bearing gneiss
(Wayland 1951). Cordierite was not identified in the
studied ceramics. The presence of cordierite in metamorphic
rocks suggests lower grade metamorphism (Bucher and
Frey 2002) than that of the observed index minerals
(sillimanite, kyanite) of the graphitic lithoclasts of
ceramics. Calc-silicate, gneiss and marble host the graphite
in the Austrian part of Moldanubicum (Schrauder et al.
1993). The mineral assemblage of the gneiss in Austria is
quartz, graphite, K-feldspar, plagioclase, calcite, muscovite,
kyanite, and sulphide minerals. Sillimanite is not yet
known in the metamorphics of the territory; however,
sillimanite was observed in most cases in the graphitic
ceramics of Dunaszentgyörgy and Bátaszék. Following a
comparison of the geology of the main tectonic units and
the mineralogical composition of graphite-bearing rocks
with the mineralogical composition of graphitic lithoclasts
in the ceramics, the most likely potential source for the
graphite seems to be located in the Variegated (Varied)
Series of the Moldanubicum, in the Czech Republic. In the
Variegated Series, mainly biotite-sillimanite paragneiss,
graphitic paragneiss, graphitic quartzite, marble, and
amphibolite occur (Kachlík 1999; Finger et al. 2007).
Graphite-bearing paragneiss is composed of quartz,
feldspar, mica (biotite, muscovite), sillimanite, and
occasionally kyanite (Kachlík 1999; Houzar and Novák
2002; Janousek et al. 2008). The graphitic rock temper in
the Dunaszentgyörgy and Bátaszék ceramics contains the
above-mentioned minerals.

From the archaeological point of view, graphitic temper is
not the only link between Celtic cultures inhabiting the
geographical areas of the present-day Czech Republic and
Hungary. For example, shale used as raw material for the
LT B2-C1 age ‘black bracelets’ commonly found in Hungary,
originated from the Kounov area of the Czech Republic.
The bracelets are likely to have been manufactured in the
area of the Czech Republic, and were transported to the
area of present-day Hungary through trade networks
(Venclová 2001).
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6. Conclusions
In this study, graphitic and non-graphitic ceramics from
two Celtic archaeological sites in Hungary were examined.
The graphitic and non-graphitic ceramics from Dunaszent-
györgy have similar raw materials except for the graphitic
temper. Similar conclusions can be drawn from the results
corresponding to the Bátaszék ceramics: both graphitic and
some of the non-graphitic ceramics were tempered with
locally available granitic lithoclasts, and, in addition, the
graphitic ceramics were tempered with graphitic raw
material.

Based on the mineralogical composition, the graphitic and
non-graphitic ceramics at both archaeological sites were
fired at a temperature below 8008C, and several non-
graphitic vessels below ,6508C.

Graphitic lithoclasts in the ceramics of Dunaszentgyörgy
and Bátaszék show similar mineral assemblages, which
suggest that the graphitic raw materials originate from
similar geological environments. Graphite-bearing rock
fragments derive from medium- to high-grade graphitic
(para)gneiss - an aspect that can be inferred from the
presence of sillimanite and kyanite minerals. The nearest
locality of the graphitic gneiss with these index minerals is
the Moldanubicum zone of the Bohemian Massif. The
potential source for the graphite was thus presumably
located in the Variegated Series, in the area of the present-
day Czech Republic.
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Abstract - This paper summarises the main archaeological questions regarding the medieval
(12th–14th century) ‘Buda white ware’ (BWW), based on our knowledge accumulated from the
last 50 years of research. Considering the known facts and contradictions concerning typology,
chronology, raw material sources and workshops, and distribution of this peculiar pottery group,
the necessity of a scientific characterisation of its composition becomes clear. Our initial results are
based on the investigation of a limited set of archaeological samples, but they confirm that the
group of BWW, formerly described as homogenous, can be classified into at least three types based
on differences in the raw materials used. In addition, there is evidence of contemporary lower
quality imitations. These preliminary results establish the need for further analyses of a larger set
of the BWW finds.

1. Introduction
The first appearance of the white-body pottery and red-
on-white painted table ware was a unique event in the
history of ceramics of early medieval Hungary, and can be
dated to the 12th century AD. Its utilisation very quickly
became widespread, and the white table ware was already
a popular product during the 13th century. The largest
amount of this pottery was excavated at Buda, the capital
of the medieval Hungarian Kingdom, and in its vicinity.
This aspect resulted in the name ‘Buda white ware’ (BWW),
and the description of these ceramic finds from Buda
provided a basis of characterisation for archaeologists
carrying out research around the middle of the last century.
Since at Buda and the surrounding sites the BWW appeared
to be a homogeneous group, this idea has been accepted as
an axiom in most of the subsequent publications. However,
in excavations carried out in NE Hungary, white ceramic
assemblages with white table ware types different from
BWW were found. A meaningful description of the spatial
and temporal distribution of the different white ware types
cannot be fulfilled without the investigation of their raw
materials. The present research was undertaken because no
information about the raw materials used was yet available
for reaching archaeological conclusions.

The aim of this paper is to describe the problems
concerning BWW from an archaeological point of view,
and to report the results of the first preliminary
investigations on a limited sample set. For this purpose,
the principal facts of the archaeological research on BWW
are provided first. Subsequently, the archaeometric data
that we gained by petro-mineralogical investigations of a
limited white ware sample set from some selected
archaeological sites is presented.

2. Summary of the previous ‘Buda white
ware’ research
In 1930, Höllrigl was the first researcher who noted the
preponderance of yellowish white to pale rose coloured
pottery among Arpadian age (1000–1301 AD) vessels
(Höllrigl 1930). Later on, Holl published some basic
statements about this ceramic group in the framework of an
investigation of the potting techniques of the 13th century
(Holl 1956). It was his observation that the white ware was
manufactured using the coil technique on a turntable. This
process was in use even until the 15th century, but, at that
time, only for the white pottery. Holl (1963) concluded
that the first appearance of BWW can be estimated to
either the end of the 12th century or the beginning of the
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13th century. As this type of white pottery was produced
continuously at various locations until the 19th century,
he assumed that more than one source of raw material
was used.

Due to the recent excavations at Buda Castle, the
predominance of the BWW in the pottery of the royal
palace during the 13th and 14th centuries was established
by finds of cultural layers dated by coins. White vessels
found with coins that were hidden from the Tartar invasion
(1241–1242) have a special importance from the point of
view of dating (Parádi 1963, 206–8, Figs. 2/7 and 9). An
early occurrence of BWW (at Budaújlak – Kárpáti 2002,
509, comment no. 8, and 603, Fig. 10) and a ceramic
assemblage with a high proportion of BWW dated before
the 1240s were noted (at Kána – Terei 2010) in the local
rural surroundings of the royal court. BWW was commonly
utilised in this region (Pest County) from the 13th century.
White pottery forms an easily identified group in the
chronologically overlapping ceramic assemblages of the
Arpadian age settlements dated from the 10th–11th until
the 14th century (Rácz 2010). The highest amount of BWW
was detected in ceramic assemblages dated to the 13th–14th
century (e.g., Ülló́ -7, Maglód-1 sites). However, BWW also
appeared at sites (e.g., Vecsés-67) with only a few pits
dated to the 13th century. As an earlier example, white
pottery fragments were discovered in a smaller quantity in
a 12th century context (e.g., Ülló́ -1, Ülló́ -2 sites).

It is very probable that the white ware became common
soon after its first appearance, and replaced the former red
or brown ware almost entirely. There is strong evidence for
that from the 13th–14th century objects of the Maglód-1
site, where more than 700 ceramic fragments were
excavated, with only 10 remains of the formerly known
handicraft and seven pieces of 14th century grey pots
(interpreted as imported). All the other pottery finds
proved to be BWW. However, among the 10th–11th century
objects of the same site, there were no white ceramics at all.
At the Ülló́ -7 site (dated to the 13th century and deserted
before the 14th century), the ceramic assemblage contained
85% BWW. This phenomenon has to be connected to
the high quality and usefulness (for cooking) of BWW. It
was better fired, and hence less porous and liable to break
than the former red and brown ceramics. Another general
trend was that, paralleling the appearance of BWW, the
enrichment (5–6 times) of the quantity of pottery at the
13th–14th century settlements could be observed.

In addition to the region near the capital, the white ware
also spread to the northern and north-eastern part of
present-day Hungary (Nógrád, Heves, and Borsod-Abaúj-
Zemplén Counties). It could be dated to a period anterior to
the late 13th – early 14th century at Salgó Castle (Feld 1984,
228–9, 261, Fig. 32). The spirally engraved BWW could
be detected from the first part of the 13th century (e.g., at
the castle of Füzér – Cabello and Feld 1980; at the castle
of Komlósla-Pusztavár – Gál-Mlakár 2007), while the red
decorated BWW (at Felsó́ zsolca – Simonyi 2003, 126)
appeared at the turn of the 14th century. Archaeological
sites of this eastern region provided ceramic assemblages
with significant (sometimes predominant) amounts of
BWW (e.g., at Fehérkó́ Castle at Sámsonháza – Rácz 2006;
at Sárospatak, Roman Catholic cemetery – Gömöri
1970; at Mezó́nyárád – Wolf 1986; at Hejó́keresztúr –
Wolf 1999, 169).

Although the presence of BWW can also be detected at
early medieval sites located west of Buda, their occurrence
is sporadic (at Gyó́ r-Homokgödör – Takács 2000, 268,
Fig. 10/1; at Kajárpéc-Pokolfadomb – Takács 1993, 219,
Fig. 12/5-6). These finds were interpreted as represen-
tative of a non-local ceramic production.

The distribution of the 13th–14th century white ware in
present-day Slovakia was observed by Hosso, who provided
a map of regions with different ceramic types (Hosso 1983,
220, and Fig. 1) (see the boundary indicated by Hosso
on our Fig. 1). According to this author, two territories
(an eastern – south-eastern and a north-western) can be
said to be characterised by the presence of medieval white
body pottery in present-day Slovakia. He estimated its first
appearance to have taken place during the 13th–14th
centuries. The eastern boundary of Hosso's eastern – south-
eastern, so-called ‘painted and white pottery’ territory was
drawn at Trebišov (Terebes) and the Košice (Kassa) basin.
Its northern limit is associated with the sites of Obišovce
(Castle of Abos), Jelšava (Jolsva), and Filakovo (Fülek),
while the region extended till Chl'aba (Helemba) at the
Duna-Ipoly junction to the south-west.

The later history of the BWW from NE Hungary was partly
recorded by Tomka (2004, 82–95). He indicated that –
three centuries after the general extension of red
decoration on liquid container vessels – red painting of
white cooking pots became common in the 16th century.
White pottery seemed to be less abundant in the late
Middle Ages: from 40% of the total in the 13th–14th

centuries, its proportion decreased to 10% in the 16th–17th

centuries.

3. The question of the raw material of
‘Buda white ware’
Clayish rawmaterial displaying a white colour after firing is
not known among the geological formations around Buda.
This means that either the raw material or the finished
product had to be traded from the source to the potters or
consumers. However, this hypothesis presupposes a very
intensive exchange of goods throughout the region around
Buda, since BWW could be detected at every settlement of
this era in the vicinity of Buda and in Pest County, even in
the smallest and most inaccessible villages (MRT 9, XIII/2).
The large amount of white pottery suggests that the raw
material used was easily accessible for most potters.

Ethnographic studies of the 19th century found that white
pottery was manufactured at former Gömör and Kis-Hont
County (in present-day Slovakia), in the vicinity of
Rimavska Sobota (Rimaszombat) and in villages south of
Jelšava (Jolsva) during the 19th century, and its trade
extended especially to the Great Hungarian Plain and
partly to other regions. The direction of the trade was
determined by the geographic circumstances of the
territory, namely closed in from the north by mountains,
and with southward oriented valleys. The distribution of
this 19th century pottery overlaps with the occurrences of
BWW in the 13th century. It has long been an assumption in
Hungarian ethnography that the white ware of the 13th

century was connected to the Gömör pottery handicraft
(Kresz 1960, 315; Kiss 2006, 158). However, archaeolo-
gists did not yet take a stand on the source of the raw
material for the 12–13th century products. Accepting Holl's
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first idea about a domestic production of BWW in
settlements around Buda, typology and dating became
the more emphasised topics. A hindering factor in the
archaeological research to date is that no kiln or firing pit
producing BWW has been as yet excavated anywhere.

As a result of ethnographic data collected by Kresz (1960),
potential regions of white ceramic production could be
identified in the former Gömör, Nógrád, and also Bihar (in
present-day Romania) Counties. She presumed that in
these counties, significant clay sources were employed for
pottery production in medieval times. In the northern
region (Gömör and Kis-Hont and Nógrád Counties, present-
day SE Slovakia), this source was identified as the Poltár
Formation of the Košice (Kassa) basin by Hosso (1983,
222). New ethnographic studies reported this type of raw
material in the middle parts of the Gömör and Kis-Hont
Counties in the valleys of the Rimava (Rima), Blh (Balog),
Murán (Murány), and Turiec (Túróc) rivers, and described
it as high quality, white firing colour clay rich in kaolinite. A
similar clay outcrop is known near Csákvár at the Vértes

Hills, Hungary, from the written sources (Kiss 2006, 156).
Likewise, in the eastern region (in present-day Romania),
a clay type resulting in a white colour after firing
is known near Vadu Crişului (Körösrév) in former Bihar
County, and in the former Hunyad County, in the middle of
Transylvania (Kiss 2006, 156). It is an ethnographic suggestion
that the clay exploitation was more significant at the northern
sites, but an identification of raw material source sites for
various BWW has yet to be achieved.

The 13th century proved to be a turning-point in the
Hungarian potter's craft from the point of view of raw
materials, and also of vessel shapes and types. Some
features of the BWW were known from former ceramic
products, e.g., spiral decoration and bottom
stamp. However, some esentially new characteristics also
occurred, e.g., standardisation of the raw material and the
shaping of the rim. In addition, the simultaneous
qualitative and quantitative improvement of the vessels
suggests the introduction of a new social group highly
specialised in pottery manufacturing. It is also presumable

Figure 1. Distribution of ‘Buda white ware’ in Hungary and Slovakia. The map follows the compilation of Gál-Mlakár
(2007). Archaeological sites included in this study are marked with numbers: (1) Castle of Füzér; (2) Castle of
Komlóska-Pusztavár; (3) Sárospatak - parish church cemetery; (4) Felsó́ zsolca-Várdomb; (5) Hejó́kürt-Cifrahát;

(6) Mezó́keresztes-Lucernás; (7) Maglód-1; (8) Ülló́ -1, Ülló́ -2, and Ülló́ -7; (9) Vecsés-36; (10) Gyál-9.
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that the handicraft traditions of this new group did not
derive directly from the former regional practices.

Investigating the raw material of the BWW, some
comprehensive questions concerning the archaeological
era are raised: (1) Which social group started to make this
type of pottery? (2)What was the region of production? (3)
Where did the raw material come from? (4) How could this
ware become so popular and disperse so densely in the
central part of the Hungarian Kingdom? (5) Is it realistic to
assume such an intensive exchange of raw material or
finished products already in the 13th century? These
questions have no answer in the written sources, but the
solutions to them are hidden in the ceramic fragments.

4. Methods and samples
Preliminary archaeometric data on the BWW was provided
by microscopic petrographic observations and basic
mineralogical investigations (XRPD carried out at the
Chemical Research Center, Hungarian Academy of
Sciences). The Nikon ALPHAPHOT-2 polarising microscope
was used with the permission of the Department of
Petrology and Geochemistry, Eötvös Loránd University.
XRPD scans were taken on a Phillips PW3710/PW1050
diffractometer with Cu Ka radiation, graphite monochro-
mator, and a proportional counter.

Our first attempts to characterise the BWW and identify its
raw material sources concentrated on the ceramic
assemblages of rural settlements and fortresses of the
13th–14th century in NE Hungary. The white ware finds
from Komlóska-Pusztavár Castle were selected as a
reference material since its BWW assemblage is one of
the best described and seems to be very heterogeneous. By
the characterisation of the diversity of this white pottery
assemblage, we can obtain a comparative reference
material for the classification of the BWW sherds from
other 13th–14th century NE Hungary sites (Castle of Füzér,
Sárospatak – cemetery of the parish church, Felsó́ zsolca-
Várdomb), and the contemporary BWW pots from villages
close to Buda (Ülló́ -2, Ülló́ -7, Maglód-1, Vecsés-36), which
were also included in our study (Fig. 1). In this first stage
of the research, a limited number (27 pieces) of ceramic
finds was investigated from 12 archaeological sites dating
to the 12th–14th centuries, located at different distances
from Buda. A list of samples and a short classification
determined by archaeological and archaeometric research
are provided in Table 1. The selected samples cannot
represent the ceramic assemblages of the selected sites in
their entirety. However, as easily distinguished com-
ponents of the pottery collections of each site, these sherds
can be compared to each other and help us understand
the white ware supply of the Hungarian Kingdom in the
period between the 12th and the 14th century.

5. Results

Determining diversity of BWW by macroscopic
archaeological observations
BWW was basically described as white pottery (table ware
and cooking pots) without decoration, or characterised by
engraved and/or red painting of strips, spots, or spiral
motifs around them (Höllrigl 1930). This description
suggested that the BWW is a homogeneous, easily

recognisable group of pottery. However, recent excavations
in NE Hungary identified BWW artefacts with a more
heterogeneous macroscopic appearance.

The ceramic assemblage of the medieval Castle of
Komlóska-Pusztavár (Gál-Mlakár 2007) contains white
ceramics in proportion of 20% of the total, a number which
can be further divided into three distinguishable types
(Fig. 2) based on their macroscopic features (Gál-Mlakár
2009 and Table 2). The first type of BWW is the so-called
‘white type’, which is interpreted as the sensu stricto ‘Buda
white ware’. Its pure white colour, both on the surface and
in section, suggests a well controlled atmosphere during
the firing. The second type of BWW is denominated as
‘greyish white type’, since its colour is greyish white both on
the surface and in section, which also indicates well
controlled firing. The third type of BWW is generally
referred to as the ‘yellowish white type’, and includes
potsherds differing greatly from the classical BWW in their
colour (sandwich structured, which can be interpreted as a
result of less controlled firing), quality (thin-walled), and
material. All of the three types of BWW have – probably –
washed paste and sand temper.

Although it is very probable that – because of their
decoration and fragment shapes – the majority of the BWW
consisted of table ware (bottles, jugs, etc.), the fragmented
condition of the finds makes it impossible to verify this
statement. Nevertheless, there are also vessels with other
functions in all three types of BWW (e.g., cooking pots of
greyish white colour, mugs of white colour).

In order to comprehensively investigate the characteristics
of BWW in the eastern part of the distribution area, further
archaeological sites were included in this research. The
major point of interest was whether the above distin-
guished types of BWW could also be identified at these
sites. White ceramic remnants from the early 13th century
stratum of the castle of Füzér (Simon 2006) could be
classified into all three types of BWW. One 13th century pit
and some strata of the cemetery at Sárospatak (Gömöri
1970) also contain white ceramic fragments belonging to
all three types of BWW.

Other eastern Hungarian archaeological sites (Hejó́kürt-
Cifrahát, Mezó́keresztes-Lucernás, Felsó́ zsolca-Várdomb)
with a smaller quantity of white ware in their ceramic
assemblages were also included in this preliminary study.
Although represented by only one or a few samples, their
investigation contributes to the understanding of BWW
production and distribution. The 12th–13th century ceramic
collection of Hejó́ kürt-Cifrahát is quite homogeneous
(Simonyi 2005). It contains almost exclusively beige (rosy
white), spirally engraved pots, mugs, and cauldrons of
plastic but grainy (sand-tempered?) material which were
fashioned on a turntable. Based on the physical appearance
(compact, dense body), we can ascertain that the vessels
were well fired. The excavation at Mezó́keresztes-Lucernás
identified 12th–13th century dated beige cauldrons and
vessel fragments with spirally engraved decoration and
coarse sand tempering (Simonyi 2005). The ceramic
material of the third archaeological site, Felsó́ zsolca-
Várdomb, contained greyish white cauldrons, a pure white
pot, and rosy-white ceramics (Simonyi 2003; 2005).
In addition, some fragments of white cooking pots made
of sandy material, a ribbed-rimmed mug, and red painted
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Table 1. List of samples included in this study with the archaeological classification of ceramics and grouping on the basis
of archaeometric analysis. Abbreviations: W BWW ¼ ‘white’ Buda white ware; GW BWW ¼ ‘greyish white’ Buda white
ware; YW BWW ¼ ‘yellowish white’ Buda white ware.

Arch. site Inv. No. Lab. No. Age Arch. class. Petrogr. class.

Castle of Füzér 1998.2.17.7.22. FUZ-1 13th c. ‘yellowish white’ pot High quality YW BWW

1998.2.8.2.7. FUZ-3 ‘white’ pot High quality W BWW

1998.2.13.2.1. FUZ-2 ‘greyish white’ pot High quality GW BWW

Komlóska-Pusztavár
(Castle of Solymos)

2007.3.294. KOM-1 13th /14th c. ‘yellowish white’ pot High quality GW BWW

2005.118.121. KOM-3 ‘white’ pot High quality W BWW

2007.3.69. KOM-2 ‘greyish white’ pot Silty clay

Sárospatak - cemetery 71.3.45. SP-1 13th /14th c. ‘yellowish white’ pot High quality YW BWW

71.3.15. SP-3 ‘white’ pot High quality W BWW

71.2.55. SP-2 ‘greyish white’ pot High quality GW BWW

Felsó́zsolca-Várdomb 1992/ditch
No.1/ white pot

FZS-19 13th c. Buda white ware High quality W BWW

IVth oven FZS-21A 12th - 13th c. ‘beige’ pot Lower quality W BWW

1992/ditch
No.1/ cauldron

FZS-21B 13th c. ‘beige’ cauldron Lower quality YW BWW

Painted bottle FZS-10 13th /14th c. ‘beige’ painted bottle Fine silt

1993/ditch No.1 FZS-20 15th c. white pot High quality YW BWW

Obj. 1994/1, well FZS-9 13th c. Buda white ware Lower quality W BWW

Hejó́kürt-Cifrahát 1/12 HC-8 beg. 13th c. ‘beige’ pot Lower quality GW BWW

Mezó́keresztes-Lucernás S6/7 ML-7 12th /13th c. ‘beige’ pot Hiatal fabric þ sand temper

Maglód-1 2008.2.409.8. M1-8 13th - 14th c. Painted, white bottle High quality W BWW

2008.2.409.2. M1-2 White pot (szilke) High quality W BWW

Ülló́ -1 2006.8.36.3. Ü1-3 end 12th c. White cooking pot High quality GW BWW

Ülló́ -2 2006.9.9.2. Ü2-2 12th c. White cooking pot High quality W BWW
(bit ferrous)

Ülló́ -7 2006.10.38.2. Ü7-2 beg. 13th c. White cauldron ‘white’ High quality W BWW
(bit ferrous)

2006.10.3.5. Ü7-5 Painted bottle Lower quality W BWW

2006.10.40.1. Ü7-1 White pot High quality W BWW
(bit ferrous)

2006.10.40.3. Ü7-3 White cauldron
‘beige/rose’

Lower quality W BWW

Vecsés-36 2006.11.31.2. V36-2 13th c. White ceramic High quality W BWW
(bit ferrous)

Gyál-9 2007.10.206.1. GY9-1 13th - 14th c. White caldron High quality W BWW
(bit ferrous)
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ceramics were also found. The pure white pottery seemed
to be different from other white ware found at Felsó́ zsolca
and similar to the white ware of Buda Castle. A red painted,
beige (rosy)-white bottle manufactured on a turntable with
potter-mark was also mentioned from the material of the
ditch (a similar bottle is published from Muhi – Laszlovszky
et al. 1997, 147, Fig. 151), which was dated to the end of
the 13th – beginning of the 14th century.

Similarly to their eastern relatives, representatives of BWW
at sites near Buda were manufactured with a coil technique

on a turntable from gravelly, sometimes micaceous raw
material. The colour of the vessels is esentially white, even
if some greyish hues appear, due to the use of open fire. At
sites Ülló́ -7 and Maglód-1, there are some vessels (mainly
bottles and cauldrons) of bright orange or rose colour.
However, this latter colour is more possibly related to a less
controlled firing technique than to a different raw material.
A majority of the ceramic assemblage consists of cooking
pots (or small pots), but new, formerly unknown vessel
shapes also occur (e.g., bottle, cup, jug) (Fig. 3). As part of
their uniform appearance, homogeneous raw material,

Figure 2. Macroscopically distinguished ‘Buda white ware’ types at Komlóska-Pusztavár.
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double rim, and spiral engraving can be observed.
Nevertheless, the vessels' sizes and rim diameters are
unique, piece by piece, with the exception of the cups.
While bottles and jugs have variable fashioning, the cups
seem to be more consistent, with a wide, bent out rim, less
curved bulge, and narrow bottom. Bottles have spiral
decorations, simple motifs of red pigment are visible on
jugs, while parallel engraving on the shoulder or bulge of
small pots are common. Although a white cauldron was a
rare vessel type, fragments of nine white and four red
cauldrons were discovered at the Ülló́ -7 site.

Differentiation by petro-mineralogical composition
In the first stage of the archaeometric research, the aim was
to investigate whether the macroscopically distingui-
shed white ware types from the eastern part of the
Kingdom can also be differentiated by material analysis.

The petrographic-mineralogical characterisation concen-
trated on the classified samples from three archaeological
sites (Füzér, Komlóska, and Sárospatak) of the eastern
region. After obtaining instrumental data pertaining to the
three provisional categories of BWW, the further identifi-
cation of white ceramic fragments from sites closer to Buda
became easier.

According to our petrographic investigations, the ‘white’
type of the BWW has a very pure, plastic paste deriving
from iron-free, micaceous clay. The fragments have hiatal
fabric, from artificially added medium to coarse-grained,
metamorphic (granitoid) sand. The aplastic constituents
are quartz, muscovite, K-feldspar, and quartzite fragments
(Fig. 4b). The XRDmeasurements proved that these vessels
were derived from mixed, (15) illitic-smectitic clay, and
contain quartz, feldspars, and an amorphous phase (Fig. 4a).
The petro-mineralogical characteristics summarised here

Table 2. Macroscopic characteristics of the three main types of Buda white ware found at Komlóska-Pusztavár
(see abbreviations in Table 1).

Feature W BWW GW BWW YW BWW

Surface colour Pure white Greyish white Yellowish white - beige (rosy)

Section colour Homogeneous, pure white Homogeneous, greyish white Sandwich structured, light-dark-light grey

Paste Fine-grained Fine-grained Very fine-grained

Temper Micaceous fine-grained
(,1mm) sand

Medium-grained
(#1mm) sand

Medium to coarse-grained sand
(.1mm, even up to gravel size)

Surface Smooth, dry touch Grainy, greasy touch, matt Smooth, uneven and grainy, greasy touch,
shiny (sometimes porous, blistered)

Wall thickness 5-6 mm 4-6 mm 3-4 mm

Decoration Engraved/painted red Engraved Engraved/painted red

Figure 3. Characteristic vessel shapes of ‘Buda white ware’: (a) cauldron; (b) cooking pot; (c) cup; and (d) bottle.
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could be associated to samples FUZ-3, SP-3, and KOM-3,
which represented the ‘white’ type of BWW in the initial
archaeological sample set.

Ceramic fragments belonging to the ‘greyish white’ type
have a very pure, plastic paste which derives from ferrous
clay. Their hiatal fabric contains artificially added, coarse-
grained, metamorphic (granitoid) derived sand. The
average mineralogical composition is quartz, muscovite,
K-feldspar, and quartzite lithofragments (Fig. 4c). Based on
XRD analysis, the plastic paste of the pottery is illitic clay.
Quartz, amorphous phase, and feldspar relate to the
aplastics. In one case, absence (decomposition) of the
primary phyllosilicate and neoformation of the high-
temperature mullite phase could be detected, indicating
firing at a temperature consistently above 900°C (Fig. 4a).
The neoformation of mullite indirectly attests the (at least
partly) kaolinitic composition of the raw clay. These
features correspond to samples FUZ-2 and SP-2, which
were archaeologically described to belong to the ‘greyish
white’ type of BWW. However, a ceramic fragment of the
same archaeological classification from Komlóska (KOM-2)
did not fit into this group. Furthermore, another sample
(KOM-1), macroscopically determined to belong to the
‘yellowish white’ type of ceramic proved to belong to this
petrographic group.

The ‘yellowish white’ type of BWW contains hiatal fabric
ceramics which have very pure, very plastic paste of
pleochroic clay and artificial tempering with coarse-grained
sand of metamorphic (granitoid) origin. The mineralo-
gical composition of the aplastics is quartz, muscovite,

K-feldspar, and phyllite lithofragments (Fig. 4d). XRD
analysis showed an illitic-smectitic clay mineral composition
of the clay paste. In addition, quartz, feldspar, and a lower
amount of amorphous phase could be identified (Fig. 4a).
This description is valid for samples FUZ-1 and SP-1, which
weremacroscopically classified into the ‘yellowishwhite’ type
of BWW. The above detailedmixing of selected samples from
Komlóska has to be mentioned here too.

Utilisation of grouping
Since it is suggested above that the provisional three
categories of BWW can often be distinguished according to
petro-mineralogical characteristics, white ceramic finds
from archaeological sites closer to Buda can be described in
a similar way and classified into one of the three groups (or
differentiated from them). For this purpose, white ware
types from Komlóska, Füzér and Sárospatak were chosen as
reference samples. The comparison was based on petro-
graphic microscopic investigations, since instrumental
analysis of the mineralogical composition could not be
carried out at this stage of the research for these western
samples (for brief descriptions, see Table 1).

The reference samples for the ‘white type’ of BWW were
FUZ-3, SP-3, and KOM-3. This group proved to be the most
abundant type of BWW in the western part of the
investigated region, since vessels of the same raw material
quality (sometimes with patchy ferrous clay) were described
from the Felsó́zsolca, Ülló́-2, Ülló́-7, Vecsés-36, Gyál-9, and
Maglód-1 sites (8 pieces). In addition, four potsherds of
similar but lower quality raw material (less pure, grainy
clay) were also found at Felsó́zsolca and Ülló́-7.

Figure 4. Mineralogical composition (a) and fabric features (b-d) of the three raw material types of ‘Buda white ware’
obtained as a result of microscopic petrographic and XRPD investigations. Two samples of each BWW type were measured

by XRD.

Szilágyi et al.

208 Craft and science: International perspectives on archaeological ceramics



The reference samples of the ‘greyish white’ type of BWW
were FUZ-2 and SP-2. One vessel sherd of the same raw
material quality was analysed from Ülló́ -1, and another
sherd from Hejó́kürt showed similar but lower quality (less
pure) raw material. Hence, this group seems to have had
a limited distribution in the western part of the investi-
gated region.

The only sample that proved to be of the same raw material
quality to the ‘yellowish white’ type of BWW (reference
samples FUZ-1, SP-1) originated from Felsó́ zsolca, and was
described as a fragment of a white slipped vessel from the
15th century (Simonyi 2003; 2005). Another fragment from
the same site showed similar but lower quality rawmaterial
composition (less pure, patchy anisotropic clay). The
‘yellowish white’ type of BWW was also found less
frequently at archaeological sites closer to Buda.

Some of the white vessel fragments proved to be made from
a raw material different from all of the above distinguished
compositions (see Table 1). These fragments originated
from the ceramic assemblages of Komlóska, Felsó́ zsolca,
and Mezó́keresztes. The samples had a less pure clay
component than the BWW, and thus have to be excluded
from the category of BWW. The fact that in spite of their
macroscopic appearance, some white ceramic fragments
cannot be classified into any of the here described BWW
types suggests the complexity of the raw material supply
and the manufacturing sectors of this pottery during the
period between the 12th and 14th century.

6. Discussion
Based on our results, it was possible to differentiate 12th–
14th century BWW into subgroups according to microscopic
petrographic and XRD analyses. A common feature of BWW
potsherds is the usage of very fine-grained, very plastic clay
tempered with sand derived from low-grade metamorphic
and granitoid rocks. Our identification of measurable
physical differences between the representatives of BWW
which were formerly considered as a homogeneous group
by the archaeological researchers represents a new
archaeological and archaeometric insight. According to
the differing mineralogical compositions, three archae-
ological types of BWW could be distinguished: ‘white’,
‘greyish white', and ‘yellowish white’ types. The main
difference lies with the quality of the clay (iron-free and
mixed clay mineral; ferrous and illitic/kaolinitic?; ferrous,
pleochroic and mixed clay mineral, respectively) and partly
with the sometimes variable firing conditions. These
collective and distinctive features suggest that during the
manufacturing of all three types of BWW, potters tried to
follow the same fashion (style of vessel shapes, surface
quality and treatment), but the raw material supply
differed from place to place. According to the suggestions
of the archaeologists, the sensu stricto, i.e., highest quality
‘Buda white ware’ is the ‘white’ type described above.

The above created categories are the result of the
investigation of BWW finds from NE Hungary (Castle of
Füzér, Komlóska-Pusztavár, Sárospatak cemetery), where
the three types also seem to be distinguishable macro-
scopically. This region was considered as a ‘reference
territory’ for the purposes of our research. White ceramics
from other medieval sites closer to Buda show a

heterogeneous distribution among these three BWW
categories, as well as other material types.

One group of the archaeological sites included in this study
is situated close to our ‘reference territory’, e.g., Felsó́ -
zsolca-Várdomb, Hejó́kürt-Cifrahát, and Mezó́keresztes-
Lucernás. Macroscopically, potsherds of BWW and also a
so-called ‘beige’ type were distinguished in the ceramic
assemblage of these sites. The latter type was interpreted as
a local version (Simonyi 2005). Following the archaeo-
metric investigation, the BWW fragments were identified as
belonging to the ‘white’ type, and the beige sherds as
belonging to the ‘yellowish white’ and ‘greyish white’ types
of BWW.

Another group of the archaeological sites included in this
study is located close to Buda, e.g., the Ülló́ -1, Ülló́ -2,
Ülló́ -7, Maglód-1, Gyál-9, and Vecsés-36 sites. White
ceramic fragments found at these sites can be determined
almost entirely as belonging to the ‘white’ type of BWW.
The only exception is Ülló́ -1, which has white pottery of the
‘greyish white’ type.

Our suggestion is that the ‘beige’ group is identical with
the ‘yellowish white’ type of BWW. According to the
former interpretation of the so-called ‘beige’ ceramics,
their first appearance was (18) estimated to be in the first
half of the 14th century (Wolf 1986, 157). However, the
earliest ‘yellowish white’ specimens from Komlóska-
Pusztavár and Castle of Füzér are dated to the first half
of the 13th century. A continuous production of the
‘yellowish white’ type can be assumed to have been in
place until the 15th century. In addition to the extension
of the dating of the ‘beige’ or ‘yellowish white’ ware,
another suggestion is that this type of BWW was common
exclusively in the eastern part of the Kingdom.

At this stage of our research, it was not possible to collect
comparative raw material samples from the regions
suggested by the ethnographic sources. However, a
kaolinitic clay source of white firing colour is mentioned
by Kiss (2006). This is partly in contradiction with our
results regarding the rather illitic clay component of the
investigated BWW.

7. Conclusion
The present paper summarises the main questions
concerning the medieval (12th–14th centuries) ‘Buda
white ware’ raised during the last five decades of
archaeological research in Hungary. Including the archae-
ological records of the recent excavations, research on
BWW – which was formerly considered as a homogeneous
group – reached the stage where further scientific analyses
appeared necessary to answer questions concerning the
source(s) of the raw material(s). Our preliminary results
indicate that BWW can no longer be considered as a
homogeneous ceramic category. At least three types of raw
materials – and probably of pottery-making techniques –
have to be assumed for the understanding of the
manufacturing and distribution processes of the Arpadian
age BWW. Some of the investigated ceramic fragments can
be classified into the three material types suggested by our
research, while in some cases the sherds look like lower
quality imitations made from almost the same raw clays.
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These results commend further study of this peculiar white
ware of the medieval Hungarian Kingdom.

Further and detailed petro-mineralogical and geochemical
investigations of more BWW samples will be essential. It
is necessary to obtain more evidence concerning the
classification of BWW reported here both from a
macroscopic and a microscopic-instrumental point of
view. For comparison, the study of excavated materials
from Buda, the capital of the Kingdom, other sites (e.g.
Muhi, Ónod), and of potential raw materials will
contribute to the better understanding of the observed
archaeological context. In addition, white pottery from
the 18th–19th centuries should also be investigated. This
can be useful since the market region of the 18th–19th

century white pottery known from Hungarian ethnogra-
phy and the distribution area of the Arpadian age white
ware are highly overlapping. Correlating these data by
tracking back the ethnographic information further to the
past might render these two similar pottery groups
comparable. For this purpose, it is our future task to
collect written sources and to observe the chronology of
BWW in detail (from the point of view of vessel shapes),
a task which requires a standardised description of the
archaeological records of BWW. This could be followed
by the revision of the distribution map of the Arpadian
age white pottery. In addition, previous and recent
archaeological data on the Slovak sites of the era could
be included in this study.
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Fejérkó́ von Sámsonháza (2004–2005). In ”Gondolják,
látják az várnak nagy voltát…” Tanulmányok a 80 éves
Nováki Gyula tiszteletére, (eds. Gy. Kovács and Zs.
Miklós), 237-246, Budapest.

Rácz T.Á., 2010, Árpád-kori települések szerkezetének
sajátosságai Pest megyében. Kutatások az M0-s autópálya
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Abstract - An assemblage of architectural glazed tiles from Huangwa Kiln, Haicheng in Liaoning
Province, was analysed using XRF, XRD, and petrography. Microstructure and chemistry indicated
the mixing of multiple components. Two potential rawmaterials for the tile body, a red argillaceous
component and a white metamorphic component, were identified and analysed. Experimental
replicas were prepared with varying recipes, investigating firing, refinement, and proportions of
material, and compared with archaeological compositions. One of the proposed recipes offers a
technological justification for the use of two raw materials. This work has clear implications for
restoration work on two World Cultural Heritage sites in Liaoning Province.

1. Introduction
Glazed tiles have been used for the decoration of imperial
palaces in China since the times of the Northern Wei
Dynasty, 386-534 AD (Pang 1998/1999). Until the Song
Dynasty (960-1279 AD), this was a relatively minor
ornamental form, with small amounts of glazed tiles used
architecturally on important buildings, such as palaces and
temples. Their use then grew to real prominence during
the Ming (1368-1644 AD) and Qing (1644-1911 AD)
Dynasties, when application, quality, and scale of
production increased significantly (Liu 1984). Historical
records of official production indicate that kilns were
established at Jubaoshan in Nanjing, Jiangsu Province, and
Liulichang and Liliqv in Beijing, along with Huangwa Kiln
in Liaoning Province (Wang 2004).

Huangwa Kiln, located in North East China (Fig. 1), is a site
showing evidence of glazed tile production for the palaces,
tombs, and temples of Liaoning Province from the late Ming
Dynasty to the beginning of the Republic of China, 1912
AD. Excavations at the site have uncovered the presence
of a domestic production kiln in use prior to the official
production of architectural glazed tiles (Fu and Lu 2007).

The site has been subject to multiple campaigns of
excavation, with the initial field surveys conducted by a
team from the Shenyang Palace Museum in the 1970s
resulting in unpublished reports (Fu and Lu 2007).
Following this, field projects carried out from 2002 to
2006 by archaeologists from the Anshan Museum led to

the discovery of a biscuit firing kiln (Fu and Lu 2007). In
the course of these excavations, significant quantities of
architectural glazed tiles were collected, notably including
a subsample inscribed with buildings’ names, indicating
the intended sites of tile consumption. Inscriptions found
include “太庙”, translated as Taimiao, indicating the Tai
Temple - a temple in the Shenyang Imperial Palace - or
“永陵”, translated as Yongling, indicating the Yongling
Tomb, and so on. This type of glazed tiles can be seen
throughout sites in Liaoning Province: Beizhen Temple in
Beizhen, Yongling Tomb in Xinbin, Shenyang Imperial
Palace, Fuling Tomb and Zhaoling Tomb in Shenyang.
Among the materials in the earlier strata of the site,
pottery has been identified, including vats, bowls, and
dishes dated to a period from the Jin Dynasty (1115-1234
AD) through to the Ming Dynasty. These tiles and
domestic wares are currently interpreted as local
productions.

In the conservation and understanding of the cultural
monuments of the region, including World Cultural
Heritage sites at Shenyang Imperial Palace and at three
Imperial Tombs, these glazed tiles present major aesthetic
and functional considerations. A technological study into
these tiles was initiated by the Palace Museum. They
identified two deposits in the region of the kiln site as
potential raw materials for the body fabric of the
architectural glazed tiles. Preliminary research into these
deposits and the composition of the bodies and glazes of
the tiles was undertaken (Kang et al. 2009), leading to the
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proposed identification of two separate material types
within the tile fabric.

Our aims in conducting this further study were to use a
variety of analytical techniques to determine the compo-
sition and ceramic technology of the archaeological
assemblage, and to produce experimental ceramics for
compositional comparison to local rawmaterials. It is hoped
that by providing insights into the technological choices
of the imperial potters, conservation procedures at the
Imperial Palaces and related buildings may be improved.

2. Materials
A total of 34 tiles from the Huangwa Kiln site and a variety
of regional tile consumption sites were provided by Anshan
Museum; they are labelled as WLLM-0008 to WLLQ-0062.
This assemblage was intended to be representative of
material covering four production periods (Fu personal
communication 2010):

Period I, from Nurhaci’s reign to Huang Taiji’s reign
(1616-1643 AD);
Period II, from Shunzhi’s reign, through Kangxi’s and
Yongzheng’s reign, to Qianlong’s reign (1644-1795 AD);
Period III, from Jiaqing’s reign to Daoguang’s reign
(1796-1850 AD);
Period IV, from Xianfeng’s to Xuantong’s reign (1851-
1911 AD)

In addition, three items belonging to the pre-imperial
domestic ceramic production were analysed: a vat, a bowl,
and a dish.

Within the local region, outcrops of several possible raw
materials were identified and sampled. The most signifi-
cant were a red, clay-rich raw material (hongtu) and a
white crystalline rock (baitu), collected from exposures to
the northwest and northeast of the kiln site, respectively. In
hand specimen, hongtu is a brown-red, fine grained, and
homogeneous clay (referred to herein as the ‘red clay’).
Baitu is a crystalline rock composed of various mineral
phases of differing size, friability, and hardness, supported
by a matrix of fine laminated minerals, with a coarse
crystalline fraction as discrete minerals. The bulk material
was presented in sample Ly-0014. However, ethnographic
evidence from interviews with a local descendant of one of
the terminal period potters (Fu personal communication
2010) suggests that a refined material composed of the
friable fraction (baitu-hou) was used in the manufacture of
the glazed tiles.

Seven subsamples, including three refined samples, were
prepared from the baitu material with the purpose of
emphasising its different fractions. These subsamples are
denoted herein as ‘washed friable’, ‘washed soft block’,
‘washed hard block’, and ‘B1’ through to ‘B4’. Washed
samples were mechanically separated using distilled water,

Figure 1. The location of Huangwa Kiln, Haicheng, Liaoning Province (diamond). The triangles represent
consumption sites.
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with the resulting non-friable fraction separated into
‘washed-soft block’ and ‘washed-hard block’ according to
hardness. The ‘B’ sequence of samples was labelled in order
of increasing hardness. The raw material samples are
described in Table 1.

3. Analytical methods
Major and minor elemental compositions of the archae-
ological tiles were obtained using wavelength dispersive
X-Ray Fluorescence (WDXRF) on fused beads. These
analyses were conducted on a PANalytical AXIOS
instrument using a rhodium target and SuperQ software.
Energy dispersive X-Ray Fluorescence (EDXRF) data were
obtained for simulated experimental materials using an
EDAX Eagle III XXL operated under the following
conditions: tube voltage 25 kV, tube current 600 mA, live
time 450 s, and a fundamental parameters standard-
less calibration with a spot size of 300 mm. Published
results show a mean average composition of three spot
analyses.

Archaeological samples were prepared by removal of the
glazes using an abrasive bladed saw, followed by the
crushing and milling of a representative body of material,
which was then sieved through a 74 mm mesh. Of the
resulting powder, 0.5 g of each sample were mixed with 4.5
g Li2B4O7, 0.5 g LiF, and 0.2 g NH4NO3, and prepared as
a fused bead. The Loss on Ignition (LOI) was determined
to constant weight using an electrical furnace running at
1000 8C and added to major and minor element results.
Where the total values did not fall between 99.5% and
100.3%, they have been normalised to 99.8%, but original
totals are also presented. The accuracy, precision, and
detection limits of this method have been discussed
elsewhere (Duan et al. 2009).

X-Ray Diffraction (XRD) analyses were performed on raw
materials and fired mixtures. For the raw materials
analyses, powdered samples were analysed using a Rigaku
D/max 2550PC diffractometer running between 38 and 908
2u at 40 kV and 100 mA, using Cu Ka radiation, graphite
monochromator, and a scan speed of 88 min-1. For the
analysis of fired mixtures, including the domestic products,
a tube voltage of 40 kV with a current of 150 mA was
applied, while other conditions remained constant.

4. Results of analysis

Chemical analysis
Sample information and the chemical composition of the
34 tile bodies and the raw materials ‘red clay’ and ‘Ly-0014’
are listed in Table 2. It can be seen that the bodies fall into
the MgO-Al2O3-SiO2 ternary system, with ranges of 15-25
wt% MgO, 13-17 wt% Al2O3, 50-56 wt% SiO2, 3-4 wt%
Fe2O3, and less than 2 wt% CaO.

The unusually high MgO and Al2O3 contents in these
ceramics render them unique in the China region among
the materials analysed to date. The closest published
comparable compositions come from a sequence of Mg-rich
Neolithic pottery from southern China (Li 1996), although
the much earlier date of these ceramics indicates they are
the result of a different tradition. Southern Chinese
ceramics show a lower Al2O3 content, and may derive
from raw materials composed of talc-rocks lacking an
aluminium-bearing mineral.

Bivariate analysis of bulk compositions suggested co-
variance into at least two groups of elements. The oxides
of iron, aluminium, potassium, and titanium all positively
co-varied, suggesting the variable concentration of a

Table 1. Description of geological materials.

Sample name Visual appearance Colour

Argillaceous Material

Red clay Clay Brown-red

White Metamorphic Materials

Ly-0014 Fine friable fraction
with some blocks

Gray-white

Washed friable Fine powder Gray-white

Washed soft block Discrete minerals White with layered structure

Washed hard block Discrete minerals Yellow-white

B1 Discrete minerals Green-white

B2 Discrete minerals White with gray-black intercalated layer

B3 Discrete minerals White with yellow intercalated layer

B4 Discrete minerals White

Ethnographically Sourced Material

Baitu-hou Fine friable fraction,
may have been washed

Pink-white
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ceramic component that retained a constant relative
abundance of these elements. These elements negatively
correlated with magnesia, while the correlation with iron
gave a 0.78 r2 value (Fig. 2). Such linear relationships
typically indicate mixing, and therefore relative dilution
between two types of raw material, in this case one
supplying the major input of MgO and the other supplying
the Fe2O3 component. Calcium and phosphorus oxides are
notable for showing no clear relationship with any other
elements and groups of elements. These groupings are
consistent with the final tiles’ compositional relationship to
the two candidates for source materials, with the red clay
showing proportionately higher iron (5.5 wt% vs 1.5 wt%
after normalisation) and alkali earth oxide contents, and
the white rock showing significant magnesia contents (44.0
wt% vs 4.6 wt% after normalisation). The sample Ly-0014
has a very high loss on ignition (24.4%), and this is likely to
be a result of the high proportion of hydrous and carbonate
minerals, such as chlorite and dolomite, which decompose
at high temperatures.

Mineralogy analysis
Potential raw materials and the early domestic pottery
bodies were subjected to XRD to determine the crystalline
content (Table 3). In all samples, common geological
minerals were found to be present, in the form of quartz,
microcline feldspar, olivine (forsterite), and enstatite.
Accessory minerals, such as muscovite, albite, and spinel,
were also found to be common.

Within the red clay, results indicated the presence of
quartz, microcline and albite feldspar, chlorite (clino-
chlore), and muscovite with minor talc and magnesite.
This mineralogy is indicative of common ferruginous
secondary clays, and is typical of archaeological ceramic
sources. As for the nine samples of white raw material,
MgO-bearing minerals such as talc, chlorite (clinochlore),
and magnesite were predominant, reflecting the regional
metamorphic geological context (Zhang 1988; Chen and
Huang 1994).

Two groups of material were interpreted, comprised of
friable soft fractions and discrete mineral fractions. The
first type includes Ly-0014, washed-friable, B1, B2, and
baitu-hou, all of which showed similar mechanical proper-
ties. Among these, clinochlore, talc, quartz, magnesite, and
muscovite predominated, mechanically acting as soft grains
and plastic minerals. The second type contained the
washed-soft block, washed-hard block, B3, and B4, and
formed a less friable and denser material. These were
mainly composed of magnesite, talc, quartz, and small
amounts of clinochlore, all relatively depleted in alu-
minium content and acting mechanically as more brittle
discrete minerals.

Petrographic analysis
An opportunistic sub-sample of archaeological tiles (tiles
WLLM-0046, WLLM-0048, WLLQ-0061, WLLQ-0058,
WLLE-0049 and WLLQ-0055) was studied petrographically
using a variant of Whitbread’s well established method-
ology (Whitbread 1995).

Figure 2. Scatterplot of MgO against Fe2O3 for all tile bodies (R2 ¼ 0.78).
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All samples comprise one fabric class, with the same basic
components identified in all of them, along with a sub-
group of samples, WLLE-0049 and WLLQ-0055, which are
described as variants on the theme. In all cases, the fabric is
poorly mixed, with two distinct components forming
concentration features. There is a red, argillaceous
component (Fig. 3) that forms subrounded and lenticular
pellets. Primary inclusions within this component are, in
decreasing order of abundance: monocrystalline quartz,
biotite and muscovite mica, and opaques, with a 30% total
coarse to fine ratio. The colour and birefringence indicate a
ferruginous composition, which exhibits linear birefringent
streaks. The second component is crystalline with
subhedral and anhedral minerals. Where composite rock
inclusions are present, these exhibit a schistose texture
(Fig. 4), suggesting a metamorphic origin for this lithology.
Minerals present in this fraction include, in decreasing
order of abundance: chlorite, polycrystalline quartz, talc,
muscovite, and magnesite. The groundmass is composed of
talc and chlorite. If this comprises a single metamorphic
rock-type, this would be consistent with a high pressure,
low temperature unit of pelitic composition, possibly of
blue-schist facies (Yardley 1989).

The gross tile groundmass is relatively information-poor,
with a weak birefringence that suggests high firing. Across
the assemblage, the material shows a variable coarse to fine
ratio, with coarse material forming between 40% and 20%
of each total section, and these components grading down
to matrix size. A preferred orientation is often visible, seen
among linear fragments, voids, and plastic inclusions, and
this is likely to have formed during the tile manufacturing
process. Assuming this is the case, we suggest the tile

groundmass is formed of a well mixed clay, chlorite, talc,
and muscovite paste, with the quartz and less friable phases
forming the coarse fraction.

The terminal period samples that form a sub-group
(WLLE-0049 and WLLQ-0055) present the common
features of the gross assemblage. However, the argillac-
eous content is darker, with a brown/black appearance.
The metamorphic inclusion content is texturally
similar, but contains less composite rock inclusions and

Figure 3. The presence of plastic, fabric-following
argillaceous inclusions bands in tile specimen WLLQ-0061

(field of view ¼ 2.5 mm).

Table 3. Mineralogical composition of raw materials and domestic pottery bodies, analysed by XRD.

Sample name XRD results

Geological Materials

Red clay Quartz, microcline, albite, clinochlore, muscovite, talc,
magnesite

Ly-0014 Clinochlore, talc, muscovite, magnesite, quartz, dolomite

Washed-friable Clinochlore, talc, muscovite, magnesite, quartz

Washed-soft block Magnesite, quartz, talc

Washed-hard block Magnesite, quartz, talc

B1 Clinochlore, talc, muscovite, magnesite, quartz

B2 Clinochlore, quartz, talc, muscovite

B3 Magnesite, clinochlore, quartz, talc

B4 Magnesite, clinochlore, quartz, talc

Baitu-hou Clinochlore, talc, muscovite, magnesite, quartz

Pre-Imperial Production Domestic Pottery

Cugangtai-5 Quartz, microcline, albite, forsterite, enstatite, talc,
muscovite

Xigangtai-5 Quartz, enstatite, cordierite

H-106 Quartz, microcline, forsterite, enstatite

The ceramic technology of the architectural glazed tiles of Huangwa Kiln, Liaoning Province, China
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proportionately more talc, magnesite, and chlorite to
quartz. The paste of these samples exhibits a paler
groundmass, darker brown. Our sample size is currently
too limited to fully understand these differences from the
main assemblage. We suggest that, as the latest period
samples studied, these represent a later manufacturing
refinement, or reflect a minor change in the selection of
otherwise consistent raw materials.

5. Experimental simulation of
ceramic bodies
In order to determine the relative proportions and
manufacturing behaviour of the two proposed components,
a series of ceramic briquettes was produced experimentally.
The resulting material was then analysed using EDXRF
for comparison with the combined WDXRF and EDXRF
data of the archaeological assemblage. Analysis of WLLM-
0010 with both techniques shows broadly comparable
results, with EDXRF data providing lower concentrations
for the lighter elements Mg, Al, and Si, and elevated for the
heavier ones: K, Ca, Ti, Mn, and Fe. Phosphorus was not

analysed for with EDXRF. WDXRF results should be
regarded as fully quantitative, while EDXRF is semi-
quantitative.

In devising these recipes, three different combinations of
materials were mixed, producing experimental samples
composed of: M I) red clay and washed-friable; M II) red
clay and the mineral fraction B2; and M III) red clay and
baitu-hou. The last option was the most consistent with
evidence from the ethnographic interview. Of these, M I
was tried with varying proportions to investigate the
degree of mixing. To compare these results with the
assemblage of ceramic tiles, an archaeological sample with
a representative MgO and Fe2O3 composition was chosen:
WLLM-0010. The results of the EDXRF analyses are
provided in Table 4.

For the variations on M I, the proportion of MgO decreased
and Fe2O3 increased as the proportion of red clay in the
mixture increased, a relationship that mirrors the one seen
in the archaeological materials in Fig. 2. The proportions of
SiO2 and Al2O3 in the mixtures increased with the
proportion of red clay, which may contain more SiO2 and
Al2O3 than the white raw material. The chemical
composition produced by a 2:1 ratio of red clay to
metamorphic rock in M I was the most similar to our
archaeological sample, WLLM-0010.

The XRD spectral comparison of tile sample WLLM-0010
and M I (2:1) is shown in Fig. 5. These samples have
comparable phases, i.e. quartz, microcline, enstatite, and
forsterite, except for the presence of minor periclase, albite,
and hematite in M I (2:1). These components may
represent retention of unreacted tile-forming minerals
and exotic alteration products, with the residual presence
of albite and hematite consistent with unreacted material,
and the periclase resulting from the thermal decomposition
of magnesite in the washed-friable.

The mineralogical composition of baitu-hou, the ethno-
graphically supported material, was comparable to that of
washed-friable (Table 3). The most significant comparison
was between the compositions of the 2:1 mixture of red
clay and baitu-hou andWLLM-0010 (Table 4), suggesting a
viable recipe for synthesising the tiles.

Table 4. Compositions of tile sample WLLM-0010 and fired mixtures of red clay and white raw material by EDXRF (wt%).

Sample name Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 Sum

Experimental recipes

M I (1:1) 1.2 20.2 16.6 57.5 1.3 0.5 0.4 0.0 2.4 100.1

M I (2:1) 0.0 18.3 16.9 59.8 1.2 0.5 0.4 0.0 2.8 99.9

M I (3:1) 0.9 13.7 17.4 62.5 1.4 0.5 0.4 0.1 3.1 100.0

M II (2:1) 0.0 12.3 17.7 64.4 1.7 0.6 0.5 0.0 2.9 100.1

M III (2:1) 0.8 18.4 17.0 58.7 1.3 0.6 0.4 0.0 2.9 100.1

Archaeological comparative material

WLLM-0010 0.5 18.1 17.6 58.1 1.5 1.4 0.4 0.0 2.4 100.0

Figure 4. From tile specimen WLLE-0049, an elongate
schistose inclusion of quartz and talc, likely to represent the

white raw material (field of view ¼ 1 mm).
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Beyond the mineralogical properties, the experimental
synthesis provided insights into the mechanical properties
of the ceramics after firing. Samples were fired at 1200 8C
in oxidising conditions for an hour. Of the geological
samples, red clay altered to brown and fused, while white
raw materials sintered poorly. After firing, three white raw
material samples mainly containing talc, magnesite, and
quartz (Table 3), i.e., washed soft block, washed hard block
and B4, were all found to be easily mechanically disaggre-
gated. As for the samples with muscovite content, i.e.
Ly-0014, washed-friable, B1, baitu-hou, these showed some
limited mechanical cohesion. Only B2, with the largest
muscovite content, sintered and showed high strength.
However, its high SiO2 and low MgO (Table 4) are incon-
sistent with typical ceramics. As a whole, the poor sintering
of the white raw materials led to low strength after firing.

Alteration of the colour of the raw materials during firing is
significant in comparing the experimental tiles to the
archaeological products. In the fired red clay, a strong
orange brown to brown colour is observed, likely due to
the presence of high iron contents. This hue renders
the unmixed red clay unfit for producing tile bodies with
light-coloured glazes. Conversely, the white raw materials
fired to a white to light yellow colour. With regard to
shrinkage after firing, the red clay deformed significantly,
whereas the fired washed-friable was far less altered. This
suggests that the white raw materials exhibit more
refractory behaviour.

It appears that both the aesthetic and physical properties of
these materials were improved by the mixing of these
components relative to use in their pure state. A comparable
pottery technology has been documented ethnographically
by Sillar (2000) for the talc-rock tempered cooking ware of
Machaca, Peru. In the Peruvian case, the talc was prepared
by crushing primary rock material with wooden paddles,
then sieving, followed by mechanical mixing with wet clay.
The resulting pottery has been compared microscopically
with this assemblage and shows broad similarities, with
comparable gross proportions and shape amongst the
coarse fraction. The key difference observed is in the greater
crystal size and abundance of mineral phases in the
material from the Huangwa Kiln. There are clear parallels
between the two technological traditions in the choice of
materials and resulting form.

6. Discussion
Firstly, it is clear from the low variability of the
archaeological tiles’ chemical composition that, throughout
300 years of tile production, the chemical and miner-
alogical composition remained relatively consistent. This
suggests the ceramic technological recipe in use at the
Huangwa Kiln, with a common exploitation of raw
materials, was stable for an extended period of time.

When considering this recipe, petrological data supports
the interpretation provided by primary historical evidence

Figure 5. XRD patterns of tile sample WLLM-0010 and mixture M I (2:1). Top: M I (2:1); bottom: WLLM-0010;
P, periclase; H, hematite; A, albite.
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(Ting et al. 1924), of a material produced from the mixing
of two components, and we propose that these materials
are a clay and a locally outcropping metamorphic rock.
Interpreting the relative proportions of these two com-
ponents in the finished product, we argue that the
relationship of MgO (rich in the metamorphic component)
to Fe2O3 (rich in the argillaceous component) forms a valid
proxy. Our experimental study indicated a composition by
weight of two parts argillaceous clay to one part
metamorphic rock. In terms of variation on this recipe,
from Fig. 2, the MgO content in most samples falls into a
range between 17.5 wt% and 20.5 wt%, while Fe2O3
content varies from 3.2 wt% to 3.8 wt%. These samples
(Fig. 2) cover period I, period I-II, period II, period II-III,
period III-IV, and period IV. All of this suggests that the
relative proportions of our components vary little with
time. In periods III-IV and IV, the iron to magnesium ratio
of the tiles exhibits more variability, which may reflect
recipe fluctuations during this period.

In interpreting why the ancient potters used more than one
type of raw material, we are faced with technological
questions. From the point of view of chemical composition,
relatively high fluxes existed in the red clay and lower
fluxes in the white raw material (Table 2), making red clay
essential for ceramic-forming. Experimentally, the addition
of the white raw material appeared to lead to two key
changes in the properties of the material - an increase in the
refractory qualities of the ceramic body, and a change in the
colour of the resulting tile to an attractive pale white. The
first of these may have implications for the glaze layer that
is the key feature of these tiles, the latter for the aesthetic
properties desired for high status tiles.

7. Conclusions
It is clear from the composition of local productions that this
unusual tradition of using magnesium-rich pottery source
materials continued from the earliest product deposits of
the local kiln through three centuries of official tile
production. Across four distinct periods of tile production,
the chemical compositions of the tile bodies were consistent
and comprised a relatively narrow range, indicating that
the exotic properties of this rawmaterial selection had been
optimised to the point of a stable industry.

This industry was reliant on the mixing of two
components, and analysis of locally outcropping materials
suggest that all of these could have been sourced locally to
the kiln before consumption at sites in a radius of 200 km
from the production site. This is consistent with both
historical documentation and ethnographic evidence. Red
clay and white metamorphic rocks collected from deposits
located to the northwest and northeast of the kiln site
were viable candidates for the raw components described
in the historical record. Amongst several white raw
materials outcropping locally, and using evidence from
ethnographic interviews, the samples mainly containing
clinochlore (chlorite) and talc were the most comparable
with the petrographic evidence of the archaeological tiles.
Experimental evidence suggested that a recipe of two parts
of red clay and one part of white raw material produced a
material with the desired properties.

In terms of technological properties, there is clear evidence
that there are benefits to this recipe: the deep colour of the

red clay means that it could rarely be used alone, since the
necessary appearance required a lighter body. Further-
more, the white raw material cannot be used alone, since it
does not produce a ceramic when fired under normal
conditions. Thus, by combination of the two, a suitably
refractory, aesthetically appealing ceramic could be
produced that provided the desired base for the covering
glaze. This product of unusual raw material selection was
then distributed at significant distances across the Liaoning
Province.
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Abstract - By the 14th century AD, Jingdezhen in Jiangxi province and the Longquan region of
Zhejiang province were China’s main centres for the manufacture of porcellaneous wares.
Jingdezhen specialised in blue and white porcelain, while the Longquan kilns typically used opaque
porcellanous bodies, and smooth and thick, greenish celadon glazes. A pattern of parallel
technological development is evident at Jingdezhen and Longquan in the 13th-14th centuries, but
probably driven by rather different causes. Jingdezhen is representative of a simpler and more local
technological history that seems entirely southern. Longquan however adopted a glaze-type that
had already seen many prestigious applications in north China. Unlike the white-bodied Jingdezhen
wares, the Longquan bodies were sometimes deliberately discoloured with red clays, perhaps to
harmonise with their jade-like greenish glazes.

1. Introduction
In the history of Chinese ceramics, two giant kiln complexes
have dominated the mass production and export of high-
fired wares - namely Jingdezhen in Jiangxi province and
the Longquan region of Zhejiang province. Both sites are
located in south China and in adjoining provinces. Jiangxi
is land-locked, but Zhejiang has a long rocky coastline that
borders the East China Sea. For centuries, Jingdezhen’s
main production has been blue and white porcelain, while
the Longquan kilns specialised in grey-bodied porcella-
neous wares with thick greenish glazes (Li Dejin 1994;
Carswell 2000).

The huge productions of both Jingdezhen and Longquan
wares were managed by what were essentially craft
techniques — that is mainly by throwing on the potter’s
wheel and by hand-moulding, using plastic clay pressed
into porous clay moulds. Firing was achieved in large high-
temperature wood-burning kilns of simple but subtle
design (Li Dejin 1994; Xiang Hai Tang 1995). Any
equipment used tended to be straightforward, such as
water-powered trip-hammers for pulverising rocky raw
materials, and settling tanks for separating the powdered
stones. However, within these craft-based workshops,
extensive division of labour was often practised, and a
single piece of blue and white porcelain, for example, may
have passed through some seventy pairs of hands in the
early 18th century (Du Halde 1736).

Despite the important visual differences between Jingdez-
hen blue-and-white and Longquan celadon wares, both kiln

sites used similar raw materials for their clay bodies —

namely low-iron rocks consisting largely of quartz and
hydromica, known as cishi (porcelain stone) in China (Vogt
1900; Stannard 1986). As hydromica has a composition
and crystal structure close to the clay mineral kaolinite, the
rock could be rendered plastic by crushing, followed by
levigation. At Jingdezhen, the cishi material was often
mixed with lesser amounts of a white-firing primary clay
known as gaoling (kaolin), while at Longquan 10 to 20% of
primary red clay often rendered the near-white porcelain
stone grey and non-translucent, or less pure rocks were
used unmodified (Vogt 1900; Chou Jen et al. 1973). During
firing, the more ferruginous Longquan material could
re-oxidise superficially to a rust-red colour when unglazed
— an effect that contrasted admirably with the thick,
jade-like glazes applied to the wares.

2. Southern greenware: a common
background to Jingdezhen and Longquan
wares
In terms of the ceramics that they replaced, both
Jingdezhen white porcelains and porcellaneous Longquan
celadon wares shared a common ancestry — namely
a stoneware known generically as ‘southern greenware’
(Guo Yain-yi et al. 1980). This was an opaque, grey-bodied
material with a thin grey-green glaze. Like the porcella-
neous materials that came to replace them, south Chinese
greenwares often used rocky materials as the bases for their
bodies. These tended to be pulverised and ‘washed’
microgranites that were already in a state of decomposition
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from chemical weathering. Rocks of this type are abundant
throughout China’s southern provinces (Wood et al. 2005).

The same (or similar) processed rocks were mixed with
about 40% of calcareous wood ash to make thin grey-green
stoneware glazes (Wood et al. 2005, 194-5). The main kiln
type used for the southern greenware industries dated from
the Bronze Age and consisted essentially of long sloping
tunnels built up hillsides (Xiang Hai Tang 1995). These
wood-burning kilns were fired by large fire-boxes at the
kilns’ feet, followed by successive side-stoking through
‘ports’ along the kilns’ sides. By the 12th century AD, these
long (‘dragon’) kilns were approaching 140 metres in
length, although kilns of 20-40 metres were perhaps more
typical (Zeng Fang 1997, 30-2).

Just such a ‘southern greenware’ technology was operating
at Jingdezhen in the early 10th century, when a white-firing
porcelain stone was discovered there in the form of a
compacted volcanic ash — a natural mixture of quartz,
hydromica, and a small amount of kaolinite (Wood 1978;
1986). After processing, this gave a complete white-firing
translucent porcelain body. As the usefulness of this
material was established, it gradually replaced the old
green-grey stonewares of the district. Eventually, limestone
displaced calcareous wood-ash as the main glaze-flux at
Jingdezhen, and plain bluish-white porcelains of great
quality were developed from these two materials — using
a plastic porcelain stone for the body and the same rock
mixed with limestone for the glaze. This material is known
as qingbai ware.

In the late 12th century, the clay-rich material gaoling
started to be added to the Jingdezhen body, allowing more
fusible and less plastic porcelain stones richer in soda
feldspar (albite) to be exploited (Tite et al. 1984; Wood
2000b). Sometime in the 1320s, underglaze-blue painting
with an imported iron-cobalt ore was introduced, to create
the first Jingdezhen blue and white wares (Liu Xinyuan
1993). At much the same time, Jingdezhen potters turned
from using their rather fluid lime-glazes and semi-opaque
alkali-lime ‘Shufu’ glazes to those of the lime-alkali type.
These latter compositions had sufficient transparency to
show the underglaze painting clearly, but also sufficient
viscosity to prevent the blue cobalt pigments’ spreading
into the molten glazes at high temperatures.

These were the main milestones in Jingdezhen’s techno-
logical history — from the traditional southern greenwares
of the early 10th century AD, through qingbai and Shufu
wares, to the blue and white porcelains of the 14th century.

3. The origins of Longquan celadon wares
In the west, the technological history of Jingdezhen has
attracted a good deal of attention, as its wares are more
familiar, and their influences on European porcelain history
so profound. In contrast, the origins of Longquan
porcellaneous celadon ware are less clear-cut. In particular,
a material previously known as di ware seems to represent
an early use of porcellaneous materials at Longquan (Chou
Jen et al. 1973; Vandiver and Kingery 1986; Ren Shilong
1994), and the understanding of di ware appears to be the
key to Longquan’s later porcellaneous productions.

4. Di wares and Longquan celadons
compared
In Chinese, di means ‘younger brother’, while ge means
‘older brother’. According to a story written in the first half
of the 16th century by Lu Shen in his Chunfengtang suibi and
repeated many times in Ming and Qing literature (Zhu
Bojian 1998, 21-3, 41-3), in the Song dynasty there were
two brothers, Zhang Sheng the first and Zhang Sheng the
second, native of Chuzhou, who both worked at the Liutian
(today’s Dayao) kilns in Longquan. The greenware
produced by the younger brother had the jade-like quality
typical of Guan ware, while that fired by the older sibling
was lighter in colour and was called ge ware. Because the
story first appeared three hundred years after the
manufacturing of this type of ware, it is understandably
treated with scepticism by modern scholars. For this
reason, the term di has rather fallen into desuetude.
However, as it is associated with a very specific type of
Southern Song Longquan celadon of exceptional quality
(a key subject in this paper), it seems suitable for this
discussion.

The di ware body-material was based on a near-white
porcelain stone — a significant departure from the
traditional grey-bodied southern greenware that had
been the standard material in the Longquan area for most
of the 12th century (Chou Jen et al. 1973). The bluish di
ware glazes were also unusually thick, and, like later
Longquan wares, were applied in a series of thin coats to
maximise both depth and overall smoothness (Sundius and
Steger 1963, 430). A further parallel between di wares and
the later Longquan celadons lay in the use of lime-alkali
glazes. This was a more sophisticated glaze-type than the
old ash-rich compositions of the region, with their
predominantly calcareous fluxes. These earlier, ash-fluxed
glazes are known generally as ‘lime glazes’ (Zhang Fukang
1986). In lime-alkali glazes, the calcium oxide content
is almost halved, and the alkalis (potassium and sodium
oxides) increased somewhat in compensation. These
changes resulted in stable and more viscous glazes with
a smooth jade-like nature.

Thus, with its porcellaneous body and its smooth and thick
lime-alkali glaze applied in many layers, di ware embodied
three essential principles that were so successfully
exploited in the later Longquan celadon production. All of
this raises the following key questions: How did di ware
come to be made at Longquan? And what were the origins
of this sophisticated material that appeared fully-formed in
a rather remote ceramics-producing region of Zhejiang
province?

Perhaps the best approach to these problems is to divide the
discussion into two parts. The first concerns the origin of
the bluish lime-alkali glaze used on di ware, together with
its multi-layer application. The second considers the
introduction of white porcelain stone as a body material
to the Longquan region.

5. The di ware glaze
Research by the present authors and colleagues has traced
the background of the di ware glaze to the 10th century AD
Huangbao kiln site in north China, hundreds of miles to the
north-east of the Longquan region (Rastelli et al. 2002;
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Wood et al. 2004a; 2004b). Huangbao was part of the great
Yaozhou kiln complex in Shaanxi province that was
established during the Tang dynasty (618-907).

In the early 10th century AD, Huangbao’s productions
included very high quality grey-bodied stonewares bearing
thick bluish celadon glazes of both the lime and the lime-
alkali types (Fig. 1). From the Huangbao kiln complex
(which ran for some three miles along the Qishui river),
this technology seems to have spread westwards within
north China to three important kiln sites in the Henan
province, known as Qingliangsi, Wenmiao, and Zhang-
gongxiang (Zhu Wenli and Zhu Yufeng 2002; Henansheng
2008). In the late 11th and early 12th centuries, all three
kiln centres produced a type of fine bluish celadon ware
that is known as Ru ware.

Many examples of Ru ware were true imperial ceramics,
and commissioned for use within the palaces of
the Northern Song capital of Kaifeng. Once again, both
lime and lime-alkali compositions were adopted as

compositional bases for the blue-green Ru ware glazes
(Henansheng 2008, Tables 1-2, 447-8).

In 1127 AD, north China fell to the Jurchen Tartars. The
surviving imperial court fled to south China and eventually
established a new ‘provisional capital’ at Hangzhou in the
northern Zhejiang province in 1138.

In the later 1130s and early 1140s, the displaced imperial
household commissioned two nearby southern greenware
kilns (Silongkou and Dilingtou) to make ritual wares for
the court - no doubt stipulating the use of the ‘imperial
quality’ bluish celadon glazes with which they were already
familiar (Jin Zhiwei and Chen Huqing 2005). Unfortu-
nately these ‘official’ yue wares seem to have lacked the
sophistication and exemplary craftsmanship of the true Ru
wares of north China (Fig. 2) (Wood et al. 2004a, 222-3).

Nonetheless, and with the proper establishment of the new
Southern Song capital in Hangzhou, the situation
improved. Within Hangzhou itself, and actually within
the grounds of the new imperial palace, an official kiln was
established specifically to recreate the finest quality Ru
wares of north China. Technologically and aesthetically,
the venture was a triumph— despite the potters’ having to
work within an entirely different geological domain (Wood
2000a; Li Jiazhi et al. 2001). Given the superlative quality
of these new Hangzhou ‘official’ wares, it seems safe to
assume that refugee craftsmen from the north were
involved in their creation. This new ware of Hangzhou is
now known as ‘Guan ware’ (i.e., ‘official’ ware) or, more
accurately, ‘Southern Guan ware’, as ‘Northern Guan ware’
(an exceptionally fine style of Ru ware) had already been
developed in the north a few years before its production
was curtailed by the Tartar invasion (Krahl 1993). The
establishment of the Guan ware kiln in Hangzhou is now
dated to about 1145 AD, and its site, located in a steep
wooded valley at Laohudong (Old Tiger Cave) was finally
discovered and excavated in 1996 (Du Zhengxian 2002;
Qin Dashu and Du Zhengxian 2004), after some decades of
fruitless exploration (Fig. 3).

What makes Hangzhou Guan ware so special is the
extraordinary combination of glaze and form achieved by
its makers. The thick, bluish lime and lime-alkali glazes
applied to the wares are of outstanding quality and the
forms tend to follow Ru ware designs quite closely.

Figure 1. Early 10th century AD cupstand from the
Huangbao kilns (Yaozhou kiln complex). Yaozhou Kiln

Museum, Shaanxi.

Table 1. Blue celadon glazes of the lime-alkali type from 10th century Yaozhou to 13th century Longquan (Analyses from
Wood et al. 2004a, 225 (SEM - WDA); Zhu Wenli and Zhu Yufeng 2002, 448 (PIXE); Li iazhi et al. 2001, 35 (EPMA);
Vandiver and Kingery 1986, 188 (SEM - EDA)).

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO

Early 10th C Yaozhou ware 0.3 1.4 15.4 69.9 0.5 2.9 8.1 0.1 0.1 1.5

11th C Wenmiao Ru ware n.d n.d 14.2 67.7 0.3 3.9 10 0.2 0.07 2.1

12th C Zhangongxiang Ru ware n.d n.d 14.7 66.1 0.7 4.1 10.8 0.2 0.06 1.7

12th C Laohudong Guan ware 0.4 0.7 15.2 67.4 0.6 4.2 9.6 0.1 0.3 1.1

Early 13th C Longquan Guan ware 0.2 0.8 15.9 66.0 n.d. 4.2 12.1 0.2 0.03 1.0

Early 13th C Longquan di ware 0.1 0.6 14.3 67.2 0.2 4.2 10 0.1 n.d. 1.3
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These forms are an eclectic mixture of the most valuable
vessel shapes of the time, and include copies of earlier
Chinese bronzes, of imported Islamic glass, of fine Northern
Song gold and silver vessels, and of Chinese lacquer wares
of supremely simple design.

However, Hangzhou Guan ware soon came to differ from
northern Ru wares in two important regards — the
thickness of its glaze and the colour of its body material.
With regard to its glazes, Southern Guan wares exploited to
an unprecedented extent the potentials of multi-layer
application. Indeed, with some examples the bodies are
wafer-thin, but the glazes can be thicker even than the
bodies beneath, with some wares appearing to consist

almost entirely of glaze (Sundius and Steger 1963, 438;
Li Jiazhi et al. 2001, 32). As for the body material, this
was initially pale grey stoneware, much like Ru ware, but
it soon became much darker, through the use of more
ferruginous clays in the recipes. In some examples of
Hangzhou Guan ware, the bodies are almost black.

So successful was the new Southern Guan ware that further
long (‘dragon’) kilns were established a few years later at
Hangzhou, on the other side of the hill from Laohudong, at
a site called Jiaotanxia. The first of these was uncovered in
1956 and was 23.5 m long, while a larger structure at
Jiaotanxia was excavated from October 1985 to January
1986 and was 40.6 m long (Yao Guifang 1989, 407).

Table 2. Outline chronology for the transfer of blue celadon technology to Longquan (Sources used: Wood et al. 2004a;
2004b; Jin Zhewei et al. 2005, 398; Jin Zhiwei and Chen Huqing 2005, 411; Zhu Wenli 2005, 253).

Date (AD)
North China
(Site, province) Ware type Lime glazes Lime-alkali glazes

10th C Yaozhou, Shaanxi Yaozhou celadon Yes Yes

Late 11th early 12th C Qingliangsi, Henan Ru ware Yes

Late 11th C Wenmiao, Henan Ru ware Yes Yes

Early 12th C Zhanggongxiang, Henan Ru ware (Guan Ru?) Yes

Movement of imperial court to south China after Jurchen invasion of north China

1131-1138 Silongkou, n. Zhejiang ‘official’ Yue ware ? ?

1136-1145 Dilingtou, n. Zhejiang ‘official’ Yue ware ? ?

c. 1145 - 13th C Laohudong, Hangzhou,
n. Zhejiang

Guan ware yes (most) Yes (a few)

Later 12th - 13th C Jiaotanxia, Hangzhou.
n. Zhejiang

Guan ware Yes Yes

1180s to mid 13th C Guan ware Dayao, and Xikou, s.w. Zhejiang Yes Yes

1180s to mid 13th C di ware Dayao, and Xikou, s.w. Zhejiang No Yes

Figure 2. Shard of imperial-quality Yue ware. Silongkou kilns, Zhejiang province, ca. 1130 21150 AD.
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This larger kiln is now roofed-over and serves as the focus
for the Guan Ware Kiln Museum in Hangzhou.

6. The Longquan connection
Soon after the establishment of the Hangzhou Jiaotanxia
kiln, manufacture of a Guan-type ware was also initiated
some 200 miles to the south of Hangzhou, in the Longquan
region of the south-western Zhejiang province. Two kiln

sites in particular are associated with the production of this
provincial Guan ware - Dayao and Xikou, both near the
market town of Longquan (Chou Jen et al. 1973, 153-5).
Official planning rather than local enterprise should
perhaps be suspected in the creation of the Longquan
Guan ware, and in the sudden appearance of this advanced
ceramic in this region. Indeed, compositional analysis can
hardly distinguish the Longquan copies from the Hangzhou
originals (Chen Xianqiu et al. 1986, 163-4, Tables 2-4).

Figure 3. Imperial quality Southern Guan wares, excavated from the Laohudong kiln site. Hangzhou, Zhejiang province
(mid-12th century AD). Zhejiang Provincial Museum, Hangzhou.

Table 3. Compositions of diware glazes, compared with average Yue ware and qingbai types (Sources used: Vandiver and
Kingery 1986, 188 (SEM - EDA); Sundius and Steger 1963, 492 (analytical technique not reported); Wood et al. 2005,
194 (SEM - EDS)).

Na2O MgO AI2O3 SiO2 P2O5 K2O CaO TiO2 FeO

Di ware glaze Dayao 0.1 0.6 14.3 67.2 0.2 4.2 10.0 0.07 1.3

Di Ware glaze Dayao 0.1 0.7 13.9 68.9 0.2 4.4 8.7 0.02 0.9

Di ware glaze Dayao 0.1 0.4 14.3 68.6 0.1 5.0 10.4 0.02 0.7

Di ware glaze Dayao 0.3 0.5 15.5 68.1 0.2 5.1 8.1 0.02 1.5

Di ware glaze Dayao 0.1 0.7 15.7 67.6 0.3 3.9 10.4 0.1 0.9

Yue glaze av. Shanglinhu 0.9 2.4 13.2 61.3 1.2 1.7 15.2 0.6 2.1

Qingbai glaze Jingdezhen 1.0 0.6 14.0 65.4 0.07 2.0 15.4 0.05 1.1
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But why should a new Guan ware manufactory have been
established so far from the capital? The answer may be that
the region was chosen because wood-fuel was so abundant
at Longquan and running short at Hangzhou, which was
fast becoming one of the larger cities of the world, and also
an important port and shipbuilding centre. There was also
an established tradition for making fine Yue-type wares in
the south-western Zhejiang province, so good ceramic skills
were already in place (Vainker 1993, 37). Suitable raw
materials for Guan ware manufacture must have been
discovered there too—materials quite different from those
then used in the local greenware tradition.

7. The appearance of di ware
Almost simultaneously with the appearance of Longquan
Guan ware at the Dayao and Xikou kilns, another new
ceramic type started to be produced in the Longquan
district — one that may have been pioneered at the
Longquan kilns themselves. This was diware. This typology
shared many of the forms and the thick, even, multi-layered
bluish glazes of Hangzhou Guan ware, but used a pale grey
porcellaneous body instead. Heavy crazing (an admired
feature of true Guan ware) tended to be absent from
di wares, and the glazes were invariably of the lime-alkali
rather than the lime glaze type. This combination of a fine
pale porcellaneous body, refined Guan-type forms, and
thick, jade-like, un-crazed glazes, resulted in a ceramic of
quite exceptional quality.

With regard to the time of its first appearance, Ren Shilong
writes: “The picture is clear: ceramics with thin paste and
thick glaze [i.e., di ware and ‘Longquan Guan ware’] first
occurred in the Chunxi reign of the middle Southern Song
period, but not earlier’ (Chunxi reign was 1174-1189) (Ren
Shilong 1994, 37). Likewise, Jin Zhiwei and Bao Kanjie
wrote: “ . . . it can be concluded that a few delicate
Longquan celadon porcelains have likely appeared in the
royal palace of Southern Song dynasty during the late reign
of the Emperor Song Xiazhong”, again during the Chunxi
reign (Jin Zhiwei and Bao Kanjie 2005, 405).

On the basis of the above, we can trace the di ware glaze
technology back to the Huangbao kilns at Yaozhou, in
Shaanxi province, of the early 10th century — and then
through the various Ru ware kilns that operated in the
Henan province in the late 11th and early 12th centuries AD.
Following the fall of the Northern Song dynasty in 1127,

these important ceramic principles were transferred to
south China, and to the Laohudong and Jiaotanxia Guan
ware kilns at Hangzhou. From Hangzhou, the blue celadon
technology was then transmitted to Longquan — both for
glazing ‘Longquan Guan wares’ and also for the new di
ware material (Fig. 4). Analysis shows the remarkable
consistency that was achieved with this prestigious blue
celadon glaze over some three hundred years of production
(Table 1).

With the use of data from previous publications, it is now
also possible to propose a provisional outline chronology
for the history of Chinese blue celadon glazes of exceptional
quality — a process that led eventually to the di-type
celadon wares of the Longquan kilns (Table 2).

8. Titanium dioxide and the di ware glaze
The colour of the di ware glaze derives from dissolved ions
of iron (mainly Fe2þ with some Fe3þ) in the glaze matrix.
However, such fine bluish tones are easily changed to green

Table 4. Compositional changes in Dayao celadon bodies: 12th-14th century AD (Analyses RLAHA Oxford (AAS)).

Place & Date of manufacture Na2O MgO Al 2O3 SiO2 K2O CaO Ti O2 MnO FeO

Dayao late 12th C 0.2 0.24 22.7 69.0 4.7 0.04 0.2 0.04 2.8

Dayao late 12th/13th 0.2 0.26 22.3 69.8 4.2 0.06 0.2 0.03 3.0

Dayao 13th C 0.2 0.22 20.9 71.4 4.8 0.16 0.2 0.02 2.0

Dayao late 13th/early 14th C 0.3 0.15 22.1 70.1 5.2 0.04 0.2 0.05 1.7

Dayao early 14th 0.4 0.18 21.2 70.6 5.4 0.05 0.2 0.02 1.8

Dayao 14th 0.4 0.22 18.9 73.3 5.1 0.05 0.1 0.04 1.8

Dayao 14th 0.4 0.28 20.1 71.1 5.5 0.14 0.25 0.03 2.2

Figure 4. Transfer south-east of blue celadon technology in
China, 10th to 12th century AD. (Line marks the tectonic
division between north and south China; see Wood 2000a).
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by a titanium dioxide content higher than 0.2 % in the
glaze’s overall composition (Fig. 5; Ishii Tsuneshi 1930,
357; see also Table 3 for typical titania levels in the glazes
discussed).

Titania is a common impurity in most glaze raw materials,
and one that is difficult to remove by refining. The low
levels found in these glazes suggest that low titania raw
materials were used to make them, and analyses of rocks
local to the corresponding kilns tend to support this view.
Reduction firing was also essential for maximising the blue
tones of the glazes. As all the key wares in this story have
now been analysed, it is possible to show that diwares have
some of the lowest titania levels in China’s blue celadon
tradition - an effect further enhanced by the light-coloured
porcellaneous bodies used beneath the glazes (Fig. 6).

9. Multi-layer glaze application
The colour of blue celadon glazes can be maximised by
thickness. However, thick plastic glazes in their raw states
tend to crack as they dry, and such cracks can lead to
‘crawling’ in firing — that is, bare patches appearing in the
glaze surfaces. Applying the glaze as a series of thin layers
can overcome this problem, particularly with higher
alumina, and therefore more plastic, clay- or mica-rich
glazes, such as those used on Guan wares and di ware. As
many as four separate layers may be seen in a single
thickness of a Laohudong Guan ware glaze, and the same
technique was applied to both Longquan Guan ware and
di wares (Sundius and Steger 1963, 430, Fig. 39; 438,
Fig. 46).

Just how long this multi-layer glazing technique had been
practised in China is difficult to say, but one can suspect its
use on luxury celadon wares in north China before the
technique was transferred south. In particular, a very fine,
but broken and repaired, example of Ru ware in The British
Museum was dismantled recently for restoration. This
showed a wafer-thin body, and a very smooth, thick and
even, blue celadon glaze. This bowl has been identified as a
likely candidate for the description ‘Northern Guan ware’,
and its thick glaze and thin body appear very close indeed
to the Guan wares that were made a few years later in south
China (Krahl 1993; Wood 2007). Analysis indicated a
northern composition for this British Museum bowl (Ian
Freestone personal communication), and recent research

has proposed Zhanggongxiang (one of the last Ru ware kiln
sites in north China) as a likely site for its manufacture
(Sun Xinmin 2006, 16-7).

10. Was the di ware glaze fluxed mainly by
wood ash or by limestone?
As to the main glaze-flux used for di ware, the best
indication for whether wood ash or limestone was the
dominant flux is found in the P2O5 content of the glaze
(Zhang Fukang 1986, 44). Southern greenware glazes tend
to average 1.0% P2O5, which is high, and suggests wood
ash. In contrast, in most qingbai glazes, P2O5 levels average
about 0.1%, which is low, and suggests limestone.
Southern Song Dayao di glazes show phosphorous oxide
levels of about 0.2%. These are low, but not entirely
negligible, and thus a predominance of limestone, plus a
minor amount of wood ash, may explain these P2O5 levels.
The major glaze ingredient would have been a porcelain
stone, much like the one used for the di ware body.

11. The di ware body
This proposed use of limestone in the di ware glaze has
interesting parallels with qingbai technology, which, by the
time that di ware first appeared, was already some two
centuries old in southern China. Qingbai technology may
therefore relate in turn to the use of porcelain stone as the
main body material in diware. However, the use of a rather
ferruginous porcelain stone, or the mixture of porcelain
stone with red clay, as proposed by Chou Jen et al. (1973),
was unprecedented in the qingbai tradition, where purity
was everything. There are some rare instances of white
porcelain stone usage in the Longquan region during the
Northern Song dynasty, but these are few and far between.
Likewise, bluish celadon glazes appear occasionally on
some rare Northern Song Longquan celadons with grey
bodies - but the ‘di ware’ combination of the thick bluish
lime-alkali glaze on a thin pale porcellaneous body seems
to have been amajor innovation of the late 12th century AD.

Perhaps a more likely source for porcelain stone usage in di
ware might be found in Longquan Guan ware. As discussed
above, di ware is contemporary with Longquan Guan ware,

Figure 5. Effect of adding titanium dioxide to a lime-alkali
celadon glaze containing 1.5% iron oxide (far left), up to
0.8% TiO2 (far right), in 0.1 % increments. Reduction firing

to 12508C.

Figure 6. Titanium dioxide levels in Chinese blue celadons,
10th-13th centuries AD (Analyses from Wood et al. 2004a,
225 (SEM-WDA); Zhu Wenli and Zhu Yufeng 2002, 448
(PIXE); Li Jiazhi et al. 2001, 35 (EPMA); Vandiver and

Kingery 1986, 188 (SEM-EDA)).
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which used a body made from a refined primary red clay,
and a glaze that was probably a mixture of white porcelain
stone with limestone and/or wood ash (Kerr and Wood
2004, 583-4). With Longquan diware, the body is probably
a naturally slightly ferruginous pale porcelain stone, or a
white porcelain stone mixed with a small amount of refined
primary red clay. Thus, two materials used for making
Longquan Guan ware could have become the basis for the
Longquan di ware body. This may be a coincidence, or it
may be that di ware was developed through experience
at Longquan with the new Longquan Guan ware raw
materials.

12. After di ware
Di ware was produced in relatively small quantities, for a
discerning market. A version with a greener glaze, but
sharing the same superior craftsmanship, was devised in
the 13th century. This in turn led to the mass-produced,
thick-bodied, green-glazed material that became a huge
commercial success with the establishment of the Mongol
Yuandynasty in the late 13th century (RenShilong 1994, 40).
Hundreds of new ‘Longquan ware’ kilns sprang up in this
region, with Dayao itself remaining an important pro-
duction site well into the Ming dynasty period (Krahl 2004,
70-1).

13. Changes occurring in the Dayao body
material from the late 12th to the 14th century
AD
While recognisably the same material, the Dayao body
gradually became richer in potassium and lower in iron and
titanium oxides over the centuries — that is, whiter and
slightly more vitreous. This could be explained by the use of
deeper and less weathered porcelain stones and/or by the
use of less red clay in the body recipes. This later Longquan
material was made in colossal quantities and exported on
an equally massive scale.

14. Summary and conclusion
Despite the obvious visual differences between the two
wares, Jingdezhen porcelains and Longquan celadon wares
are closely related technologically ‘beneath the skin’. Both
used bodies based on micaceous porcelain stones, often
with primary clay additions, and both used the advanced
and stable lime-alkali style of high-temperature glaze. For
much of the 14th century AD, the two kiln sites were
practically matched ware-for-ware, although the huge
dishes and vases produced at Longquan in the 14th century,
measuring as much as a metre in diameter or height, did
not appear at Jingdezhen until the 15th century AD.

However, when the origins of these body types and glaze
types are considered, the reasons for their adoption seem
rather different. For example, the use of kaolin at
Jingdezhen was probably related to resource-depletion,
and to the need to exploit reserves of non-kaolinised
porcelain stone (Tite et al. 1984, 153). At Longquan, in
contrast, the occasional additions of iron-rich primary clays
to white porcelain stones was more likely to have occurred
in the search for a visually harmonious body to use with the
jade-like celadon glazes that were adopted there in the late
12th century, inspired by Guan ware. With regard to the
glazes themselves, the development of underglaze blue

painting at Jingdezhen meant that the fluid lime glazes that
had been staples for qingbai wares for some three hundred
years had to be replaced by the more viscous style of lime-
alkali glaze, to prevent the blue painting from running
at full heat. At Longquan, the use of the lime-alkali glaze
can be traced back to the 10th century blue celadons of
Yaozhou. This glaze then saw a complex train of succession
on imperial-quality stonewares, before its eventual adop-
tion at Longquan. In this case, lime-alkali glazes were
adopted for the fine colours they gave with small amounts
of iron oxide in solution, and for their firing stability when
applied in successive layers to substantial thicknesses.

Thus, we see a pattern of parallel technological develop-
ment at Jingdezhen and Longquan — but probably driven
by rather different causes. In some ways, Jingdezhen can be
seen as representing a simpler and more local technological
history that was essentially southern, and unconnected
with the history of imperial-quality north Chinese stone-
ware. In contrast, di ware can be regarded as the pinnacle
of one major ceramic tradition in China and the beginning
of another - namely the culmination of high-quality bluish
celadon-making, initiated and largely developed in north
China, and the start of large-scale Longquan celadon
production, using local porcellaneous materials.

In the end though, the success of Jingdezhen blue and white
ceramics led to the demise of the Longquan celadon
industry. As the Jingdezhen kiln complex expanded in the
15th and 16th centuries, the manufacture of Longquan-type
celadon ware declined through the effects of competition,
and also following the withdrawal of official patronage
(Krahl 1986, 55; Kerr and Wood 2004, 581). By the
17th century, the Longquan material was practically extinct
— marking the decline and eventual collapse of one of the
world’s most successful and productive ceramic traditions.
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Abstract - This study focuses on early medieval buildings in England and France, specifically
on those displaying the presence of brick in their masonry. The purpose was to determine whether
medieval builders reused salvaged Roman building materials or if the bricks used were
contemporary to the building under construction. Thus, luminescence dating was applied to bricks
sampled from 11 standing Anglo-Saxon or Carolingian churches. The luminescence dates show
that the two types of practice were in use in both countries. Where contemporary brickmaking
appears to be the case, the study also provided a more precise chronology of the buildings.

1. Introduction
Brickmaking, introduced by the Romans to Britain and
Gaul, seems to have ceased following their departure and
the subsequent arrival of Germanic settlers in the 5th

century AD, to reappear only at the end of the 12th century
with the introduction of continental monastic institutions
in England and France. In spite of this apparent cessation
in brickmaking, early medieval builders continued to use
ceramic building material (CBM), which is generally
assumed to be reused Roman material. The hypothesis of
the reuse of Roman CBM in early medieval buildings was
proposed in the 18th century in England (Morant 1768,
298; Davey 1961; Jope 1964, 113). However, doubts
regarding this assumption were raised by the discovery of
decorative floor tiles from 10th-12th century archaeological
contexts (Betts et al. 1991, 37; Betts 1996) in England
(Westminster, York, Peterborough, Coventry, St Albans,
and Canterbury) and also by the preliminary results of a
thermoluminescence (TL) dating study performed during
the developmental stage of the method on wall bricks from
the famous Anglo-Saxon church of All Saints, Brixworth,
Northamptonshire. The results obtained from the analysis
of four bricks indicated Roman, Saxon, and medieval
manufacture (Everson and Parsons 1979, 406). However, it

was subsequently discovered that the technique used in the
original TL work was potentially susceptible to producing
underestimates of the age (Everson and Parsons 1979), and
recent re-testing of the same samples by the Durham
luminescence laboratory has indicated that the bricks are
of Roman date (Bailiff 2013). Hence, uncertainties con-
cerning early medieval brick manufacture in England have
persisted.

In the Carolingian Empire, indirect evidence of brick
production during the early Middle Ages exists in the form
of a letter from Einhard, friend, counsellor, and biographer
of Charlemagne, who ordered the making of 260 large
“lateres” (Norton 1983, 36; Greenhalgh 1989). Another
testimony was provided by Dudo of St Quentin, biographer
of the Dukes of Normandy, who mentions the building site
of the sanctuary of la Trinité, at Fécamp (granted by
Richard I), the techniques used at the site, and particularly
the manufacture of CBM: “lateribus artificialiter cumpotis”
(Lair 1865, 290-1; Renoux 1991, 473-5). However, there
was no indication of whether these were wall bricks or
roof tiles. In the 1950s, Forsyth (1953, 25) suggested the
existence of Carolingian bricks in the masonry of the
Collegiate Church of St Martin in Angers. Between 1969

Cite this article as: Blain S, Bailiff IK, Guibert P, Sapin C, Prigent D, Bouvier A (2014). Luminescence dating of ceramic
building materials: application to the study of early medieval churches in north-western France and south-eastern
England. In M Martinón-Torres (Ed.), Craft and science: International perspectives on archaeological ceramics. Doha,
Qatar: Bloomsbury Qatar Foundation http://dx.doi.org/10.5339/uclq.2014.cas.ch25
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and 1972, on the 9th-10th century site of La Médecinerie at
Saran (Loiret), a dozen kilns were discovered, revealing
a production site of CBM, especially for antefixa and
modillions (Debal 1969; Chapelot 1970). Despite such
evidence, de Bouärd (1975, 55-6)declared that on the basis
of the limited amount of CBM used in early medieval
buildings in northern France, these materials were likely
to have been salvaged from abandoned Roman sites.

The focus of this study is a group of buildings in north-
western France and south-eastern England which displays
analogous building methods and techniques, such as the
use of brick as voussoirs and/or laid in horizontal rows in
the masonry, similar to the style and practice of Roman or
Byzantine architecture. Bricks are a potentially important
component since they can be used to date the monument if
their manufacture is contemporary with the construction.
A number of religious buildings in Pays de Loire and
Normandy in France, and in Kent and Essex in England
was selected on the basis of the use of CBM. In particular,
the selected buildings display an organised and systematic
use of CBM, indicating a purposeful selection of CBM,
which was more likely to have been made for the building
and consequently contemporary with it.

The buildings included in the study comprise: the
abbey Church of Saint-Philbert-de-Grandlieu (with a well-
established Carolingian origin); the Collegiate Church of
Saint-Martin in Angers; and the underground Church
of Notre-Dame-sous-Terre, Mont-Saint-Michel, which con-
tains the earliest surviving monastic origins of the church.
The remaining buildings from Normandy included the
parish rural churches of Vieux-Pont-en-Auge, Rugles, and
Condé-sur-Risle. In England, the selectedbuildings included
the Anglo-Saxon parish churches of StMartin’s, Canterbury,
which is the earliest English church in this study,
St Margaret’s, Darenth, and St Margaret’s, Lower Halstow,
both in Kent, Holy Trinity, Colchester, and the Norman
parish Church of St Martin’s, Chipping Ongar, in Essex.

Within this group of buildings included in this study, some
provide architectural markers for dating, as they represent
key-sites in the history of architecture, such as St Philbert-
de-Grandlieu, Notre-Dame-sous-Terre, or St Martin in
Angers, acting as comparisons for other buildings display-
ing similar architectural features. However, not all such
buildings may be contemporary, and the situation is usually
more complex. The dates for the study group have been the
subject of debate, fluctuating between the 7th century and
the early 11th century. The dating of these key-sites is
therefore essential for establishing the extent of the
influence within the group between the different areas.

2 Method

a) Principle
The luminescence dating method determines the date of
the last firing of the ceramic material being tested (i.e.,
brick), and a key luminescent mineral used for measure-
ments in this study is mineral quartz (Aitken 1985). Thus,
according to this method, the date of manufacture is
determined. The time elapsed from the last firing of the
material to analysis in the laboratory can be expressed as
follows: T (yrs) ¼ P (Gy) / D (mGy/yr), where T is the age
of the brick; P is the paleodose, the total dose absorbed and

stored by the grains within the ceramic. Two techniques
can be employed to determine the paleodose depending on
the chosen grain size: the polymineral fine grain technique,
a mixture of quartz, feldspars and other alumino-silicates
within a range between 3 and 12mm, or the coarse grain
technique, which involves only quartz in a range between
53 to 90 or 90 to 150mm for the laboratory at Durham, and
between 80 to 200mm for the laboratory at Bordeaux.

Finally, D is the annual dose rate provided by the ceramic
sample itself and its environment, i.e., the energy released
from ionising radiation by naturally occurring radioactive
minerals in brick and surrounding materials, and, to a small
extent, cosmic rays. Therefore, the a and b particle
contributions are determined from the ceramic (only b
when the coarse grain technique is used), and g and cosmic
rays from the environment.

b) Sampling
The samples were cut using a diamond faced core drill of 20
to 50mm diameter, designed for dry or wet cutting. The
brick cavities were back-filled with lime-based mortar, and
the surface impregnated with brick dust. The choice of the
bricks to be sampled is usually made in conjunction with
archaeologists or after close examination of the masonry
structures, to make sure the chosen bricks are not later
insertions. Only a couple of bricks are sampled when the
aim is to verify whether the bricks are indeed reused
Roman materials within an early medieval wall. Between
four to fifteen bricks can be sampled when the aim is to date
a structure or define the phasing of a building precisely.

c) Technique
Two types of measurement procedures were used to
determine the paleodose: thermoluminescence (TL) in
Bordeaux and optically stimulated luminescence (OSL) in
Durham. The main difference between both methods lies
only in the the experimental means by which the
luminescence was generated, and therefore they are
expected to produce equivalent dating results.

After petrological observations on thin sections of the
samples, the determination of the paleodose was either
made with coarse grains of quartz (see notes to Table 1) in
both laboratories if the fabric was rather coarse, or with
polymineral fine grains (3-12mm) in Bordeaux only when
the fabric appeared to be particularly fine (diameter of the
grains less than 40mm). The crystalline samples were
obtained using standard extraction procedures, including
crushing and sieving followed by acid etching treatments
(Blain 2011). In Durham, by OSL, the single-aliquot
regenerative-dose protocol (SAR) was chosen to determine
the paleodose at it requires less material. In Bordeaux, by
TL, the additive dose and regeneration technique was
chosen, as SAR is not suitable for TL.

The annual dose was determined using direct and
indirect measurement techniques (Blain 2011). In situ
dosimetry was performed with thermoluminescent dose-
meter capsules to determine the dose rate at the sample
location due to gamma and cosmic radiation; high
resolution gamma spectrometry was used to measure
the activities of the lithogenic radionuclides in the brick
fabric; and, in addition, for the English samples, beta
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thermoluminescence dosimetry was used to measure the
beta dose rate directly.

3 Results and discussion
The dating results obtained are listed in Table 1. The
luminescence dates obtained for both the Anglo-Saxon and
French Norman churches consistently confirm the archae-
ological assessment of reuse of Roman CBM. These include
the English buildings of: St Martin in Canterbury (2 bricks
sampled; 119 ^ 122 and 323 ^ 117 AD), St Margaret of
Antioch in Lower Halstow (one brick: 411 ^ 125 AD),
St Margaret’s Darenth (one brick: 333 ^ 118 AD), and
Holy Trinity in Colchester (one brick: 136 ^ 139 AD), and
the French buildings of St Aubin in Vieux-Pont-en-Auge
(6 bricks sampled: from 2170 ^ 247 to 122 ^ 238),
Notre-Dame in Rugles (3 bricks analysed: from
2487 ^ 354 to 239 ^ 139), and St Martin in Condé-sur-
Risle (2 bricks: 225 ^ 136 and 482 ^ 212 AD).

The results for intercomparison samples show large error
limits of the Bordeaux dates, likely due to the technique
and protocol used: the coarse grains technique, which
might involve a greater dispersion of the luminescence
signals, and the multiple aliquot protocol, which is always
less accurate than SAR, the latter being a direct comparison
of the natural signal with the regenerated ones on the same
aliquot. However, the Bordeaux and Durham dates overlap
and are therefore relatively consistent with each other
(Blain et al. 2010).

For most of these churches, the archaeological evidence
which suggests reused material in the masonry include
traces of opus signinum (typical pink Roman mortar) still
adhering to the surface of some bricks, and the use of roof
tiles such as imbrices and tegulae diverted from their
primary function as used within walls. Moreover, most of
these churches were located near Roman remains, as is the
case for the church of Rugles, built over hypocaust remains.
The church at Darenth was built 500m from a Roman villa,
and in Colchester there was an extensive Roman settlement
with some remains surviving in the vicinity of the church
of Holy Trinity.

In cases where CBM appears to be contemporary with the
early medieval building, the dating results assist in
ordering the chronology of the key-sites and in comparing

it with the established historical interpretation. In the
following discussion, the average of a series of OSL dates
was obtained by calculating the weighted mean of the
individual data.

The results for six bricks from the crossing tower of
St Martin’s, Angers, are homogeneous as a group (from
735 ^ 83 to 928 ^ 65 AD) and enable the lower parts of
the phase to be re-dated to the 9th century (851 ^ 60 AD;
Fig. 1). This result has implications not only concerning
previous historical-political knowledge, but also on the
development of architectural style, showing that the church
was first built two hundred years before the long supposed
architectural activity of the famous count of Anjou, Fulk
Nerra, whose contribution was probably limited to repair
work only. This revision in dating is potentially of
significance to the Anjou province in the early Middle
Ages, since it confers to the church greater significance in
the chronology of the history of art, by making it a
precursor in building and artistic techniques.

The influence of Anjou spread to Normandy, particularly
in the 10th and 11th centuries, where the architecture of
vernacular buildings tends to imitate those seen in Anjou,
most notably in the use of CBM in the masonry. This could
well be the case for other buildings included in the study,
such as the parish churches of Vieux-Pont-en-Auge, Rugles,
or Condé-sur-Risle, and especially the Church of Notre-
Dame-sous-Terre, Mont-Saint-Michel, where the lumines-
cence dates showed that it was built after St Martin of
Angers, for instance. The TL dates obtained on 14 bricks
from Notre-Dame-sous-Terre (Fig. 2), used in conjunction
with the archaeological interpretation, allow the chrono-
logical gap separating the two building phases to be better
defined, and enable a clear hypothesis to be proposed
(among the many controversial claims made for this
particular site). The construction of the surrounding wall
can be dated to the mid-10th century (952 ^ 47 AD;
weighted mean, range 832-1049), and the subsequent
median wall and eastern sanctuaries, archaeologically
defined as later adjunctions, were built later, at the end of
the 10th century (986 ^ 48; weighted mean, range 952-
994). These results are interesting because they suggest
a very short gap between the two phases, contrary to the

Figure 1. Individual dating results and overall dating
(square zone) of the bricks from St Martin, Angers.

Figure 2. Dating results for each masonry structure and
each building phase (square zones) for the Church of

Notre-Dame-sous-Terre, Mont-Saint-Michel.
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archaeological assumption of de Boüard (1961), who put
forth the hypothesis of a gap of one century between them.

The analysis of 12 ceramic samples from the St Philbert-de-
Grandlieu abbey church was less successful due to technical
problems arising from the complexity of the brick fabric
(Guibert et al. 2009), and it was not possible to refine
the dating of the construction and phasing. Although the
dispersion in the dates is significant, the results indicate
brickmaking during the period ca. 8th-10th century, a
chronology which is consistent with the archaeological
assessment of the construction of the original church. There
is also an indication of reused or displaced material and
repair work (Fig. 3).

This study also provided the opportunity to examine the
links between Normandy and England. An example of
Anglo-French relations is the Chipping Ongar church,
which is assigned to the Norman style of architecture and
dedicated to Saint Martin of Tours, whose cult was
particularly fervent in medieval France. The CBM does not
compare with known English medieval brick types, yet they
are of medieval manufacture according to the OSL results
(1038 ^ 32 AD; weighted mean, range 1005-1077;
Fig. 4), indicating an origin of the brickmaking prior to or
near the Conquest. The variations in size, the large number
of fragmentary CBM, also used in the structural features of
the church, and the sporadic use of other bricks suggest
the use of imported materials. Since Chipping Ongar is one
of the few churches in England whose bricks are used in a
continuous and regular way throughout the walls of the
building, a feature which is more usual in France, it may be
significant that the ownership of the church can be linked
with the Continent. All this evidence reinforces the idea
of strong ties with the Continent, and it is possible that
the bricks are an example of early, post-Roman CBM in
England, or of imported material from the Continent. These
results warrant a wider investigation of buildings in Essex
displaying similar unidentified bricks (Ryan 1996), and
also provide supporting arguments (Ryan 1996; Rodwell
1998; Andrews 2008) that the previously held view of the
pioneering role of Cistercians in the technological
reintroduction of brickmaking in England are not correct,
and that the first medieval bricks pre-date Cistercian or
Flemish imports.

4 Conclusion
Surviving medieval buildings, particularly those of the
early post-Roman period, are likely to have been reused,
restored, modified, and transformed; this aspect raises a
series of complex archaeological questions and problems
when attempting to reconstruct their history. Defining
different building phases is often difficult, and providing
dates for such phases of construction enables a better
understanding of the evolution of the building. This study
has shown that the luminescence dating techniques can
be successfully applied to the study of medieval buildings
containing brick. When applied to test archaeological
assumptions concerning the dating and phasing of build-
ings, the TL or OSL results have enhanced our under-
standing of the significance of the buildings in the cases
of the Collegiate Church of Saint-Martin in Angers, the
Church of Notre-Dame-sous-Terre, Mont-Saint-Michel, and
the parish Church of St Martin of Tours, Chipping Ongar.
Although the study of the bricks from St Philbert-de-
Grandlieu proved to be problematic, producing a highly
dispersed group of dates, attributed to heterogeneous
composition of the ceramic fabric, they have provided
valuable methodological information regarding radioche-
mically complex ceramics (Guibert et al. 2009).

When applied to address questions relating to the reuse of
building materials as assessed by archaeological examin-
ation, this type of study could confirm or, on the contrary,
invalidate archaeological assumptions related to the origin
of the material (Blain 2011; Bailiff et al. 2010). Indeed,
Roman bricks were actually reused in the walls of Anglo-
Saxon churches (St Martin in Canterbury, St Margaret of
Antioch, Lower Halstow, St Margaret, Darenth, and Holy
Trinity, Colchester) and in pre-Romanesque masonries
in France (St Aubin in Vieux-Pont-en-Auge, St Martin
in Condé-sur-Risle, and Notre-Dame-Outre-l’Eau, Rugles),
but, in contrast to what was long assumed, in some cases
such as Chipping Ongar, the bricks were not of Roman
origin but were in fact medieval productions.

Finally, the study of CBM as indicators of past material
culture contributes to the understanding of past human
behaviour. The architectural history of a building reflects
local practices, personalities and events, and therefore
constitutes a graphic witness of local history. It indirectly

Figure 3. Individual dating results on the 12 bricks sampled
at St Philbert-de-Grandlieu: the square zone indicates the
dating obtained by 14C on charcoals from mortar of the

arches of the transept crossing.

Figure 4. Individual dating results and overall dating
(square zone) of the bricks from the Church of St Martin

of Tours, Chipping Ongar.
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presents information on economic vicissitudes, religious
development and the culture of a people, their technical
skills and aesthetic choices. Architectural creations are
influenced by traditions and fashions, and are also
dependent on politico-economic contexts, which determine
material constraints or the commissioning requirements.
The study of the origin and mode of use of building
materials in the early Middle Ages therefore provides
information on the cultural behaviour of early medieval
people, together with the politico-economic choices they
made. This study thus sheds light on the social or ritual
practices, the economic organisation and activity, the
development and social implications of technology and
aesthetics, and the ideologies and beliefs prevalent at
the time.
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Abstract - The article examines the possibility of the incorporation of painted decoration on pottery
into the computerised documentation of ceramics, using 3D scanning. A new method is described
for the recording of standard decorations painted on the surfaces of pottery vessels as 2D images,
viewed in various projections. The diverse images are captured directly from the 3D model after it
was accurately positioned. The output is automatically incorporated in the final publication
together with the final drawing of the vessel. Several archaeological examples are presented and
discussed.

1. Introduction
Computerised recording and analysis of ancient pottery
vessels has advanced considerably in the past few years
(e.g., Sablatnig and Menard 1996; Gilboa et al. 2004; Mara
and Sablatnig 2005; Karasik and Smilansky 2008, and
references therein; Mara et al. 2009), and its importance to
archaeological research has been amply demonstrated and
acknowledged. Several studies have succeeded both in
recording large quantities of pottery sherds efficiently and
accurately, and in analysing their morphology and typology
in a mathematical manner (Gilboa et al. 2004; Karasik et al.
2004; Karasik and Smilansky 2008, 1151-6). A prerequi-
site for such studies is a robust and accurate algorithm
which identifies the rotation axis of wheel-produced
ceramics. This algorithm has recently been improved,
tested, and used as a highly efficient practical tool for
pottery analysis (Karasik and Smilansky 2008). The profile
of the axially symmetric vessel, as well as the reconstruc-
tion of its diameter can be obtained, recorded, and
analysed using this method. The details of the shape of the
profile are most commonly used for typological analysis of
pottery in archaeological studies. Nevertheless, some of the
attributes of the pottery vessels have not yet been
addressed by these procedures. These include non-axially-
symmetric morphological parts such as handles and spouts
applied to the vessel body (Karasik and Smilansky 2008,
1149), as well as the painted decoration on the surfaces of
the vessel. This article aims to consider the latter aspect.

Painted decoration on pottery, when present, is one of its
significant components in relation to archaeological
research and interpretation. The contents, style and
technique of the decoration can reflect cultural or
ethnic aspects of the society using the pottery,
as well as interactions between various pottery workshops

(e.g., Friedrich-Hardin 1970; Hardin 1984; Rice 1987,
249-69). This applies both to stylistic and cultural
interpretations of pottery, as well as to chronological and
technological analyses. In some cases of a specific pottery
decoration style or ‘ware’, the decoration can be the
primary classification factor discussed in archaeological
research (such as for the Late Bronze Age Mycenaean
pottery, e.g., Mountjoy 1999, or Iron Age ‘Black on Red’
pottery, e.g., Gjerstad 1948; Schreiber 2003). In other cases,
the geometric attributes of the decoration and its symmetry
may reflect certain innovative technological aspects, such as
the fast wheel and multiple-brush (e.g., Eiteljorg 1980). In
any case, the decoration is an organic component of the
archaeological record related to pottery vessels.

The documentation and illustration of decorated pottery
are often acknowledged to be a more complex issue in
archaeological research (e.g., Becker 1985; Olin and Dillon
1985, 103-8; Adkins and Adkins, 1989, 173, Fig. 8.11;
Orton et al. 1993, 91). Such documentation may require
particular solutions for specific vessel forms and decoration
layouts (e.g., Becker 1985, 116-20). To date, very few
studies tackle the issue of computerised analysis of painted
decoration on archaeological artefacts, whether with
regard to 2D or 3D acquisition (Tanahashi et al. 1995;
Lock 2003, 156, Fig. 4.11; Kammerer et al. 2005; Mara
et al. 2007; see also Kolomenkin et al. 2008 for the analysis
of relief decoration on archaeological artefacts). Usually,
these studies only make initial suggestions for further
research rather than supply complete practical analytical
procedures for archaeological data.

The computerised documentation of pottery decoration
entails several methodological issues that will be evaluated
and discussed below. The first is of a geometrical nature:
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archaeological ceramics. Doha, Qatar: Bloomsbury Qatar Foundation http://dx.doi.org/10.5339/uclq.2014.cas.ch26
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the projection of a drawing on a curved surface (the vessel
surface) to a flat surface - the page where the pottery is
illustrated. This is a problem dealt with in detail in many
fields, such as cartography, for example, where geographic
features on the surface of the earth are projected to form
planar maps. The second issue, which is more relevant in
the present context, concerns transforming the digitised
texture signal obtained from the 3D scan to a depiction
which conforms to the conventions and standards of
archaeological publications (see above). A process of
scanning the pottery sherds with texture data and the
recording of the texture on the potsherd surface is
suggested, and several examples of actual pottery sherds
are presented. The procedure presented complements the
3D scanning method as an archaeological recording system
for painted pottery, as well as facilitating the presentation
of this pottery in archaeological reports.

2. Decorations on curved surfaces and their
projections to the plane
The issue of transforming or projecting a curved surface
onto a flat surface belongs to the ancient and vast discipline
of cartography, where the spherical surface of the earth is
projected onto planar maps (see, for example, McDonnell
1979; Snyder and Steward 1988). Naturally, this field
cannot be reviewed in detail here; rather, it will be shown
how such projections may be used effectively to depict
decorations on the surfaces of pottery vessels. Any given
type of projection from a curved to a flat surface introduces
a certain amount of distortion. Hence, finding the optimal
projection involves a compromise which should be decided
upon by the archaeologist. In the present note, we describe
three simple projections which offer a range of alternatives
amongst which an optimal representation can be reached.
Their suitability for the effective and accurate depiction of
decorations on various types of pottery sherds will be
illustrated by applying them to some pottery fragments.

These projections are:

A. Parallel Projection: This projection is completely
determined by the choice of the direction from which
the object is viewed. The viewing plane is perpendicular
to the viewing direction, and the points on the surface
are projected to the flat surface by lines which are
parallel to the viewing direction. This is illustrated in
Figure 1, where projections corresponding to two
different viewing directions of a schematic decorated
surface are shown. Assuming that the potsherd is
positioned with its symmetry axis along the z-axis, the
‘horizontal’ projection with viewing direction along
the x-axis provides a distorted image because of the
inclination of the fragment. This can be improved by
tilting the viewing direction to the perpendicular to the
surface, as shown for the second projection (see Fig. 1,
also Fig. 10). However, if the surface is curved, and its
size is of the order of the radius of curvature, a single
viewing direction cannot be perpendicular to the entire
surface. Thus, the parallel projection which is very
easy to implement is restricted to small, almost flat
fragments.

B. ‘Radius-dependent’ cylindrical projection: In a cylind-
rical projection, the surface is mapped by projecting
the curved surface on an imaginary cylinder (whose axis

coincides with the vessel’s axis of rotation) wrapped
around it, and subsequently unfolded unto a flat
rectangular surface; in this case, the ‘meridians’ are
equally spaced (see, e.g., Snyder 1987, 5). As pottery
vessels usually have a highly varying radius in various
points of their profile, such a projection could
significantly distort the size and area of patterns located
on pottery vessel surfaces. Therefore, instead of the
regular cylindrical projection, in our study we have
used a ‘radius-dependent’ cylindrical projection. The 2D
outcome is therefore not rectangular (Fig. 2b; this
projection is somewhat similar, yet not identical, to the
‘Albers equal-area conic projection’; Snyder 1987,
98-103). Here, the transformation of a point Pi ¼
ðxi; yi; ziÞ which has an angle ui with the positive x-axis
onto the radius-dependent cylindrical projection is given
by the following formula:

Transformation 1 : x̂ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2i þ y2i Þ

q
%ui ui ¼ arctan xi

yi

" #h i

ŷ ¼ zi

This projection can be useful for larger and more curved
pottery sherds, or for complete vessels, where a parallel
projection provides only a partial and distorted represen-
tation (Fig. 2b); it is especially accurate if the surface on
which the decoration is painted bears a resemblance to a

Figure 1. (a) Synthetic sherd inclined by angle b according
to the location of decoration; Plane 1: frontal parallel
projection; Plane 2: inclined parallel projection; (b) Plane 1

and 2 overlapped.
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cylindrical shape. Obtaining this projection manually is
rather difficult and time-consuming in manual documen-
tation of pottery (a somewhat similar outcome is
generated from a ‘rollout drawing’, e.g., Becker 1985,
118-121, Figs. 8.3-8.5). A similar projection of texture
derived from 3D scanning of objects was presented in the
past, yet it was based on a single view (e.g., Colombo
et al. 2002; also Tanahashi et al. 1995).

C. Equidistant projections: Equidistant projections main-
tain various metrical relationships existing on the curved
surface when depicted on the flat surface. Such a
depiction may illustrate the decoration in the exact
manner it was drawn on the surface of the vessel, as it
retains the distances between the points on the surface of
the vessel. There are various equidistant projections (e.g.,
Snyder 1987, 191-202), and in practice one should adapt
the projection used to the estimated body shape of the
pottery vessel in the area in which the relevant
decoration is located. Such projections are virtually
impossible to obtain accurately in manual drawing of
pottery vessels. The transformation used below trans-
forms the 3D data into a 2D image preserving the

distances between the points along the profile of the
surface of the vessel (Fig. 2c). The x̂ remains as with the
radius-dependent cylindrical projection, but for the ŷ we
need to define a new variable which is the ‘arc-length of
the profile’ (denoted by ‘s’). The computation of s in each
point on the surface of the sherd is carried out along the
mean profile of the entire sherd (as described in Karasik
and Smilansky 2008, 1153):

Transformation 2 : x̂ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2i þ y2i Þ

q
%ui ui ¼ arctan xi

yi

" #h i

ŷ ¼ si

Such a projection may be compared to an equidistant
projection in which distances along vertical meridians are
conserved. While this may not be an ideal equidistant
projection for any type of body shape (such as perfectly
spherical or conical shapes), we have chosen this
projection as it naturally derives from the treatment of
actual pottery vessel profiles already developed and used
in computerised recording and analysis.

Figure 2. Various projections of a decoration pattern on a synthetic vessel: (a) An isometric view of the vessel; (b) Parallel
and radius-dependent cylindrical projections of the decoration pattern overlapped; (c) Equidistant projection of the

decoration pattern conserving the distances along the vessel’s profile.
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3. Documentation of actual pottery sherds
with decoration utilising the texture signal
obtained from the 3D scanning
The aim of the procedure described below is to
automatically integrate the painted decoration onto a
conventional 2D image of the profile for the documentation
and publication of ancient pottery. Such an image, common
in illustrations of pottery sherds in archaeological reports,
shows the mean profile and contour of the sherd with the
symmetrical reconstruction of the vessel. This depiction
usually uses a parallel projection. Nevertheless, as shown
above, it is evident that in the case of large sherds or
complete vessels, in order to represent the decoration
accurately, various projections from 3D into 2D, as well as
several viewing angles may be needed. Thus, once the
scanning procedure for the texture is complete, the
different projections described above can be automatically
applied in order to obtain an optimal view of the
decoration. The decision on which one to use depends on
the user and on the nature of the vessels and their
decoration. In all projections we assume that the rotation
axis of the fragment was already computed and is chosen as
the z-axis in space. Moreover, the 3Dmodel of the fragment
is arbitrarily rotated so that its centre of mass is on the
positive x-axis.

The decoration appearing on the surfaces of the vessels is
represented by the ‘texture’ acquisition of the 3D scanning.
To enable texture acquisition together with 3D
information, we use a third camera alongside the other
two that are used to capture the geometry of the
fragment (as described in Karasik and Smilansky 2008,
1150, Fig. 1). The colour camera captures 2D colour
snapshots together with the 3D information obtained by
the other two cameras. Consecutive views of the object
are recorded simultaneously by all three cameras. The
on-line analysis is performed and controlled with the
QTSculptor software (produced by Polygon Technology,
Darmstadt, Germany).

Several points regarding 3D scanning with texture should
be noted. A reasonable quality and resolution could be
obtained only when a single object was scanned each time.
If several objects are scanned together within a frame
(Karasik and Smilansky 2008, 1150), the resolution of the
acquired texture decreases significantly. The texture can
also be imported from regular digital pictures of the object
and attached to the 3D geometry after a careful
segmentation. The size of the typical output file for a
sherd with texture is between 5 and 15MB; in most cases, a
complete vessel would usually require about 30-60 MB.
The final file comprises a ‘.wrl’ file with the 3D geometry of
the object, as well as references to ‘.jpg’ colour images files.
Each point on the scanned vessel is assigned with a RGB
(red-green-blue) texture value (a 3-dimensional vector of
integer values in the range of 0-255). As several colour
images are obtained (one from each view taken, usually
six), many points can be seen from more than one view; in
these cases we use an averaged value. The ‘.wrl’ file is
transformed into a ‘.mat’ file that can be further
manipulated by the 3D geometry and the average profile
of the vessel (see Karasik and Smilansky 2008), as well as
the average texture of each point on the vessel. For the sake
of simplicity, from this point onwards the average RGB
values are transformed into ‘grey-scale’ values (yet, RGB

values can be similarly used and coloured images will be
obtained):

Tgray ¼ 0:2989Tred þ 0:5870Tgreen þ 0:1140Tblue

It should be emphasised that the ‘texture’ acquired by the 3D
scanning is far from a straightforward representation of the
painted decoration on the vessel surface. The issue of
computerised analysis of texture is a complex subject that is
dealt with in various fields of computerised acquisition
technology, pattern recognition, artificial and ‘machine
intelligence’, involvingmethods such as ‘edge detection’ and
‘colour segmentation’ (see Cheng et al. 2001 for a review of
some 2D methods). Some studies deal with 3D images and
their analysis (e.g., Sturm and Priese 2003), yet most
developed tools are for the analysis of two-dimensional
images. Analysis of archaeological objects, such as painted
pottery sherds, is clearly more complicated and difficult, as
the paint is most often only partly preserved.

In general, several methodological difficulties arise in the
analysis of the texture of ancient pottery (see also
Kammerer et al. 2005, 154-5):

1. The texture data collected by the scanning camera
includes other information aside from that pertaining to
the painted decoration. This can include: various stains,
irregularity of the fabric colour, soot marks, registration
marking with ink, patina, dirt, etc. Often these
elements, which can be considered as ‘noise’, give a

Figure 3. Profile and frontal parallel projection of two
‘Black on Red’ bowls from Tel Dor and Horvat Rosh Zayit

(lower), Israel.
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stronger signal than the painted decoration itself. This is
in contrast to the analysis of the geometry of the vessel,
in which such ‘noise’ or irregularity of the signal appears
in a relatively inferior magnitude to that of the ‘signal’
and can thus be ‘smoothed’ by various methods.

2. The painted decoration on the ancient pottery sherds is
often worn or chipped (and very often a large portion of
the decoration motifs presented in archaeological

reports is reconstructed). In certain cases the decoration
is in very faint or light-coloured paint, or in a hue
relatively close to that of the background colour of the
sherd. This aspect, together with the one presented at
No. 1 may highly complicate, or in certain cases can
render impossible, the automatic and clear distinction
between painted and unpainted zones on many ancient
pottery vessels.

Figure 4. A ‘Black on Red’ sherd from Horvat Rosh Zayit: (a) Original scanning; (b) After transformation into a black and
white image and cleaning; (c) After marking of the reconstructed limits of the horizontal decoration bands; (d) After filling
reconstructed areas in black; (e) An illustration of the same bowl from the archaeological excavation report (Gal and

Alexandre 2000, Fig. VI.13:21).

Figure 5. Profile and outer parallel projection of a Mycenaean rhyton sherd from Tell Abu Hawam, Israel.
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3. Mathematical analysis of painteddecoration is problematic
as most decorative motifs are abstract and do not bear any
intrinsic or other systematic pattern that can be
conveniently described using mathematical formulas.
Thus, they cannot be incorporated and described in 2D
along the arc-length of the profile, as is the case for axially
symmetric decorations (e.g. Iron Age ‘Black on Red’ware).

4. If more than one decorative shade of colour appears on the
sherd (as black and red for example), distinguishing
between the shades is necessary in order to perform
archaeological documentation and analysis.

In order to create a 2D image from the projection of the
scanned surfaces of the vessel, the plane is divided into
pixels, where the average colour of the points in each pixel
set its colour in the final image. Obviously, two independent
images are available for the inner and the outer surfaces of
the fragment, and the user should choose which one to
create each time the projection is applied. The distinction
between inner and outer points is carried out very easily by
using the £ value of their normal vectors, since the normals
to the inner and outer surfaces point in opposite directions.
Positive values belong to points on the outer surface and the
negative ones to those on the inner surface. In the
computation of the precise colour/grey-scale value of each
pixel we use the information from the original triangulated
mesh that connects between the points. For each pixel, we
look on the triangle in which its centre of gravity is located,
and averaging the weighed values of each vertex according
to its distance from the centre of the pixel. In order to create
an image with reasonable resolution, a pixel size of about
0.1 mm was selected (equivalent to around 300 dpi). The
value is rounded in order to fit a discrete 0-255 range of
grey-scale output. The procedure can involve a relatively
long computational time (about 15-100 minutes per sherd,
depending on the size of the sherd and the resolution of the
scanning), as all triangle indices are examined consecutively.
The obtained matrix is saved as a ‘.jpg’ or ‘.tiff’ file and is
combined with the contour line of the sherd and its profile
on one image (as in Fig. 3).

We have scanned several bowl fragments of decorated ‘Black
on Red’ ware (Schreiber 2003), dated to the Iron Age II (ca.
1000-600 BC). The decoration consists of well-executed
horizontal concentric circles drawn on both sides of the sherd
(threeexamplesarepresented inFigs. 3-4).As these sherdsare
relatively small and flat, they can be quite accurately
documented using the parallel projection, which can be
integratedwith thedepictionof theprofileof thevessel (Fig.3).

One example (Fig. 4) illustrates how the grey-scale image
can be easily transformed into a standard black and white

drawing, by changing of contrast, for example (Fig. 4b;
Fig. 7); in a further stage, the decoration bands can be
outlined (Fig. 4c), and thence reconstructed by filling the
outlined areas in black (Fig. 4d). This would result in
a drawing such as those used in archaeological reports
(Fig. 4e; note the proposed diameter of the bowl as drawn
in the archaeological report is smaller than the one
computed by the algorithm). Various irrelevant details on
the drawing, such as registration marking with ink, patina,
dirt, and soot marks can be easily erased manually with
a graphic software such as ‘Photoshop’ (Fig. 4b). The
drawing illustrates only the decoration as captured by the
camera; as often the motifs are very faint and incomplete,
restoration in dotted lines can also be easily done by
graphic software. This may be carried out manually by the
person preparing the drawings for publication (conferring
with the archaeologist). If a more minimalistic and accurate
account is desired, the original grey-scale or black and
white image can be used (as in Figs. 3, 4a, 7). The great
advantage of the documentation method described here is
that it uses the colour information of the pattern together
with the accurate alignment of the 3D model. Then, the
pixelisation process is precise, easy to implement and does
not require any manual measurements.

Another example is that of a large sherd of a Mycenaean
rhyton (a conical vessel usually used for ceremonial
drinking) from Tell Abu Hawam, dated to the Late Bronze
Age (ca. 1550-1200 BC) (Figs. 5-8). The decoration here is
in a dark and fairly well-preserved paint, and appears on the
outer surface both as horizontal lines and a more elaborate
reccurring motif below. As this is a large and much more
curved sherd than the first example, and the decoration
more complex, it was documented in the three different
projections suggested above. Figure 5 illustrates the sherd
with a parallel projection integrated with the computerised
illustration of the profile of the vessel. This is a standard
archaeological documentation, yet it does not depict the
entire decoration on the sherd, as its extreme margins
cannot be viewed (especially the third occurrence of the
motif on the right side). A radius-dependent cylindrical
projection of the decoration on the outer surface of the vessel
is shown in Figure 6, transformed into a standard black and
white drawing in Figure 7. In this case the radius-dependent
cylindrical projection seems to be quite useful for presenting
the entire decoration in one view. An equidistant projection
of the decoration on the outer surface of the Mycenaean
rhyton is given in Figure 8. The difference between the
radius-dependent cylindrical (Fig. 6) and equidistant
(Fig. 8) projections is evident, especially in the area where

Figure 6. Radius-dependent cylindrical projection of outer
surface decoration on a Mycenaean rhyton sherd.

Figure 7. Black and white image derived from the radius-
dependent cylindrical projection of a decoration on a

Mycenaean rhyton sherd.
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the surface of the sherd curves outwards (as the upper part
in Fig. 8; see also Figs. 2b-c); this area is ‘stretched’ in the
equidistant projection and can also result in a different
illustration of the decoration (Fig. 2c).

In another example, an upper part of a decorated
Phoenician Bichrome jug from Tel Dor was scanned
(dated to the Late Iron Age I; see, for example, Gilboa
1999). In this case, the vessel was preserved almost in its
entire perimeter in the neck, shoulder and upper body area.
The main decoration consists of black and red painted
motifs of concentric circles (in black, on the sides) and a
schematic tree design in the middle (in red). In Figure 9,
the profile of the vessel and the parallel projection can be
seen. In this projection, the image can be easily pasted on
the drawing, creating a standard illustration of an
excavated report. Note also that the resolution in this
case is sufficient for distinguishing the two colours, black
and red, in this grey-scale image. However, only a certain
portion of the decoration can be seen in this projection,
and, moreover, the motif of the schematic tree is not very
visible in this angle. In Figure 10, the same projection is
shown but viewed in various inclinations (of 30 and

45 degrees). This substantially improves the visibility of the
motif, and the archaeologist can choose any of these images
for better documentation. An equidistant projection
depicting only the frontal part of the vessel (Fig. 11) can
also be used instead of a parallel projection with the vessel
profile. This could be another way to achieve a better
documentation of the upper part of the ‘tree’motif, which is
not very visible in the regular parallel projection.

Illustrating the same vessel in radius-dependent cylindrical
projection (Fig. 12, upper) and equidistant projection
(Fig. 12, lower) enables us to see the entire decoration on
the vessel in one image. The fact that the concentric circles
on both sides can be observed in full is especially useful.
Once again, one can see how the equidistant projection
‘stretches’ the pattern in the y-axis, giving a different view
of the decoration on the surface of the vessel.

4. Discussion and suggestions for further
research
We have presented a procedure that can complement the
3D technology for pottery recording and analysis (Karasik
and Smilansky 2008), previously only dealing with the
geometry of the vessels, with the documentation of the
decoration as well. The sherds can be recorded and
depicted in the correct positioning with the profile of the
vessel, together with the texture obtained from the 3D
scanning, which represents the painted decoration on the
pottery. By using the computerised depiction of the
decoration, various different projections can be easily and
accurately attained to meet the request and requirements
of archaeological recording and research. In turn, these
projections can be easily transformed into publication-
quality, correctly positioned illustrations of decorated
pottery sherds. This is a new tool for the documentation
of ancient pottery; previously, the decoration on such
sherds would have been added only manually, which was
time- consuming and inaccurate (see, for example, Adkins
and Adkins 1989, 173; Becker 1985).

Figure 8. An equidistant projection conserving the
distances along the vessel’s profile of the outer surface

decoration on the Mycenaean rhyton.

Figure 9. Profile and parallel projection of a Phoenician Bichrome jug from Dor.
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The ability to obtain various projections of the decoration
motifs painted on the curved surface of the pottery vessel in
a 2D imagemay also enable us to investigate various artistic
aspects of ancient pottery decoration. Possibly, by compar-
ing parallel and equidistant projections, one can evaluate
the relationships between how the motifs were drawn on
the surface of the vessel and the way they were perceived
by the viewer, and thus better understand methods used by
potters to execute such motifs successfully.

So far, the texture treatment deals only with rendering and
recording, while a quantitative analysis of this information
in combination to the geometry of the vessel is still to be
developed in the future. Several methodological difficulties,
especially relating to the texture signal in 3D rendering have
been noted. Two main avenues for this research may be
suggested. A) The analysis of axially symmetric decoration
(most commonly in the formofhorizontal bands),which can
be incorporated into the vessel’s average profile. Once a
complete assemblage with axially symmetric decorations
has been scanned successfully, comparisons between line
decoration characteristics of different vessels can be made
mathematically. In this process, it will be important to
minimise the ‘noise’, enhance the signal, and define the
boundaries on the line decoration more clearly. B) Analysis
of non-axially symmetric decoration, which cannot be
combined into the average profile of the vessel. Here,
probably, each decorative motif should be isolated, defined
and analysed separately. The main initial difficulty is to
clearly define the decorated and undecorated zones on the
pottery sherd according to the characteristics of the signal
(hue intensities, distribution, etc.).

Edge detection and segmentation methods may be used
and modified for 3D analysis (e.g. Mara et al. 2007, Fig. 8),
to assist in the resolution of some of these methodological
problems. In these methodology, cluster analysis, ‘mean
shift’, ‘density analysis’, and edge detection methods are

used to define boundaries, usually on 2D images, of
coloured segments on the object (e.g., Christoudias et al.
2002, and references therein). In the analysis of axially
symmetric decoration, it may be useful to apply certain
‘archaeological constraints’ together with these pattern
recognition methods. Examples of such constraints would
be a minimal and maximal thickness of the decoration
band, the fact that the bands are relatively parallel to

Figure 10. Parallel projections of the jug from Dor with various inclinations: (a) 30 degrees; (b) 45 degrees.

Figure 11. Equidistant projection of the frontal part of the
outer surface of the jug from Dor conserving the distances

along the vessel’s profile.
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each other, and the assumption that the inner and outer
boundaries of the painted band are parallel (this
assumption could possibly be also made for non-axially
symmetric decorations). Another issue concerns the
identification and recording of more than one hue of
decoration on the pottery, since pottery is often decorated
in two or more colours (as red and black, black and
white, etc.).

These issues require additional and expanded research,
while the specifications of the texture capture of the
scanner camera used should also be more optimally
adapted for this purpose. In the future, if painted
decoration on vessels represented by 3D images can be
computerised, this could result in a greater potential for the
analysis of decoration, including the analysis and compari-
son of decorative motifs and compositions, and their
integration within a computerised typology of pottery
vessels. In the meantime, any type of texture can be
accurately and automatically incorporated into the final
publication procedure of ceramics according to the
methodology presented in this study.
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Abstract - The application of X-radiography in ceramic studies is becoming an increasingly valued
method. Using the potential of industrial X-ray computed tomography (CT) for non-destructive
testing as an archaeometric or archaeological method in pottery studies, especially regarding
aspects such as manufacturing techniques or pottery fabrics, requires controlled data-acquisition
and post-processing by scientific computing adjusted to archaeological issues. The first results of
this evaluation project show that, despite the difficulties inherent in CT technology, considerable
information can be extracted for pottery analysis. The application of surface morphology
reconstructions and volumetric measurements based on CT data will open a new field in future
non-invasive archaeology.

1. Introduction
For as long as archaeometric methods have been well
established in the study of archaeological pottery, there
have been many efforts to reduce their impact on the object
and to look for less-destructive or non-destructive methods.
X-radiography and computed tomography (CT) have
played an important role within this type of non-invasive
archaeology. These techniques were generally used for the
visualisation of manufacturing details and to provide more
accurate vessel profiles, particularly of closed shapes. The
further development of the medical CT to an industrial
X-ray computed tomography for non-destructive testing
(NDT) established a technology that enables a much closer
examination of the object due to high local resolution.
Industrial CT generates a complete 3D digital model of the
object with all features of its shape and its ceramic paste,
which are recorded in different grey levels due to their local
material density (X-ray absorption). Various, mostly
medical, software programs can be used for 3D visualisa-
tions or virtual cross-sections of these objects (Fig. 1).

The successful use of the large volume of CT data for
pottery analysis requires controlled data acquisition and
new methods of post-processing specifically adjusted to
archaeological ceramic studies (Rice 1987; Orton et al.
1993). This article presents preliminary results of a pilot
project that demonstrates how industrial CT can be an
important tool in the examination of museum objects, as
well as providing an overview of the potential of its
application in ceramic studies. It also offers an outlook on
an integrated approach by which recent improvements in
scientific computing pave the way for the use of these large
data volumes for analytical purposes and help to evaluate
the segmented volumetric data with surface reconstruction
methods.

2. Historical review
The application of X-radiography in ceramic studies dates
back to the 1930s (Berg 2008). It was used for the
visualisation of manufacturing details and for the
reconstruction of pottery-making techniques, but to a
lesser degree also for the investigation of pottery fabrics. In
the late 1980s various medical and industrial radiographic
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techniques were comprehensively reviewed and evaluated
for their usefulness with regard to archaeological and
anthropological case-studies (Carr 1990; Carr and Riddick
1990). Despite these, there are only a few recent ceramic
projects that use X-radiography and approaches for a
systematic digital radiography of archaeological pottery
(Middleton 2005; Greene and Hartley 2007; Berg 2008).

Computed tomography, a three-dimensional imaging
system developed in the early 1970s, has had an immense
impact on medical diagnosis. Although most common in
medicine, CT has also played an important role within non-
invasive archaeology (Applbaum and Applbaum 2005).
However, the lack of medical CT scanners available for
archaeologists to use prevented investigations on a larger
scale until recently. Nevertheless, a group of the Allard
Pierson Museum and the Academic Medical Centre of the
University of Amsterdam has shown the potential of
systematically using CT in studies of Greek ceramics
(Jansen and Koens 1996; Van de Put 1996; 2006; Jansen
et al. 2001; Borgers and Brijder 2007). The technique was

generally used for two purposes: to provide more accurate
vessel profiles, particularly of closed shapes, and for
insights into ancient pottery techniques. A very interesting
aspect of the Amsterdam project was the attempt to use the
variations of the grey tones of a CT scan, which are largely
due to different petrographical compositions of the ceramic
material, for the comparison and determination of pottery
fabrics (Koens and Jansen 1999; Van Duivenvoorde 2000).
Closer inspection of inner structures and the detection of
inclusions and voids are greatly restricted by medical
scanners due to their low resolution and contrast, which
are adjusted to the investigation of in vivo human bodies.

In recent decades, industrial X-ray computed tomography
has opened up a new field of NDT. Industrial CT has created
a procedure in which the finest interior and exterior
structures of mainly manufactured castings and com-
ponents can be examined for the industry with high
resolution and high penetration rates according to certain
quality requirements. This technological progress trans-
formed industrial CT into a method most suitable for the
non-destructive investigation of archaeological objects.
Some of the archaeological issues in pottery analysis benefit
from experiences in industrial applications, such as defect
detection of NDT (Eisele 2002). Nevertheless, industrial CT
is rarely applied in the study of archaeological objects. The
reason for this can be found in the cost of such an
investigation, and sometimes in the lack of mobility of
museum objects, because the specimens must be trans-
ported to the site where the CT scanner is located. However,
the main problem until recently was the huge datasets
generated. Within the research on Greek pottery, industrial
CT has recently been applied to single objects, but the
results have mainly been presented in terms of their
visualisation capabilities, whereas their potential for further
applications in material analysis has only been touched
upon (Dimitrov et al. 2006; Friedmann and Bente 2007).

3. Method and data acquisition
Cooperation with the Austrian Foundry Research Institute
(ÖGI) in Leoben made it possible to evaluate industrial CT
as an archaeometric or archaeological method in pottery
studies (Karl 2010). For the present study, a homogenous
group of small closed vessels (maximum size about 15 cm),
representing mainly Corinthian ceramic, and a sample
group of ceramic fragments of different origins was
selected from the archaeological collections of the
Universalmuseum Joanneum in Graz (UMJ) and the
Department of Archaeology at the Karl-Franzens-University
Graz (KFUG) (Lehner et al. 1993; Karl et al. 2009). All
objects were acquired in the 19th century and have not
undergone any subsequent conservation. From an archae-
ological point of view, the objects can be attributed
confidently to well-known pottery types of the Archaic time
(7th–6th century BC). Minimal contact with the vessels
during the entire scanning procedure and carriage from the
museum and back to it has proven ideal.

The objects were scanned using a Phoenix X-ray vjtomejx
cone beam CT-system equipped with a 240 kV micro-focus
tube with a variable focal spot size of 4 to 200mm and a
16 bit flat panel detector (512×512 px). The maximum
resolution of the scanner is 5mm, depending on the size of
the object. The material ceramic turned out to be
appropriate for this type of radiography because it absorbs

Figure 1. Protocorinthian Aryballos UMJ ARCH inv. 4214
(CT01184: 79 kV, 197 mA, voxel size 159 mm, Al 0.5mm),
visualisation using the volume renderer developed at the

VRVis Research Center, supported by ÖGI.
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hardly any X-rays due to its low specific gravity that
requires low energy. The requirement of low energy is very
important because, in handling museum objects, the issue
of preservation of integrity and the degree of non-
destructiveness have to be addressed. It is well known
that the objects were exposed to ionising radiation, which
influences the luminescence signal (Haustein et al. 2003;
Castaing and Zink 2004). Although dating of museum
objects with unknown post-antique transformation pro-
cesses by thermoluminescence (TL) often provides very
inaccurate results, in the present study the effects of the
added radiation dose on the TL age were investigated. By
means of the analysis of different loaded series of ceramic
samples, limiting values – as in medicine –were introduced
in order to minimise this impact. These main limits for the
Phoenix vjtomej×CT-system were defined as follows: time
of scanning=720 sec, acceleration voltage #150 kV, and
tube current#300mA. In brief, the first preliminary results
of the TL analysis show that the impact of CT within these
limiting values falls within an acceptable range and
displaces the TL age by no more than 20% of the age of
the investigated ceramic samples of ancient times (Rudolf
Erlach personal communication), which is well within the
accuracy range for museum objects (Dittberner 2009).

This low impact is made possible because the Phoenix
vjtomej×CT-system has a fast data acquisition time of 720
sec. Within the defined limiting values for radiation, these
parameters are directed to achieving the best possible
image information, with high contrast and resolution. The
determination of consistent parameters, even just for the
one CT scanner used in this project, is a difficult
undertaking, because these mainly depend on the
complexity of the object (size, material density, wall-
thickness, metallic applications, etc.) and on the aim of
achieving the best range of optical densities. Using a 1mm
aluminium filter together with a 1mm copper filter and a
high acceleration voltage (but within the limit of 150 kV)
has proven optimal for the quality of the CT data. This has
reduced the softer, more easily scattered X-rays with longer
wavelengths, and corrected some of the beam-hardening
artefacts, which are a common phenomenon in CT
technology (Eisele 2002, 6–8). The next step in CT
scanning is the reconstruction process, which lasts about
the same amount of time as scanning and generates a
volumetric record which is represented in so-called voxels,
the 3D-equivalent of a pixel, with a certain edge length – in
the present study always isotropic. The 16 bit system
detector has the ability to record a wide spectrum of grey
values, between 0 and 65535. Finally, one record consists
of 5123 voxels and is c. 260 MB in size, which conventional
PCs can easily cope with. However, there are still beam-
hardening effects, like dark bands or streaks and cupping
artefacts, which require further attempts at an adequate
beam filtration and a better calibration correction in the
reconstruction process.

4. Volumetric data
Volumetric data of CT scans have a well-known additional
advantage over all other surface-based data acquisition
methods, such as the 3D scanner based on structured light
(DePiero and Trivedi 1996). The documentation is efficient
and the scanning time is not determined by the complexity
of an object. CT provides a complete 3D data set of an
object and allows archaeologists to look into the body of a

vessel. Inaccessible parts of objects become visible and can
therefore be evaluated. Measurements can be taken at
every position. In comparison to a conventional archaeo-
logical drawing, the inner profile line of an object with a
narrow mouth can be accurately determined for the first
time (Fig. 2).

In addition, there are also ways to use CT data for
comparative analysis. The volume of the ceramic can be
measured using a so-called isosurface. For this purpose, a
grey level that is in between the grey levels representing
the ceramic and the air is chosen. This way, all voxels with
values higher than that threshold are counted as material.
The iso-grey level can either be calculated automatically by
software programs like VGStudio, or set manually. In
addition to the dry weight of an object under defined
conditions such as temperature (21–23°C) and humidity
(40–50%), it also becomes possible to calculate bulk
density, i.e., the density including the ceramic matrix with
inter-particle voids and internal pore volume.

Various voids can be identified in the CT data and show
differences in the preparation of the clay paste. One
possibility involves obtaining this information about
porosity from two-dimensional cross-sections and image
processing (Lang et al. 2005). Comparable grey values for
further processing have been achieved using the histogram
peaks for air and ceramic. The isosurface was defined at the
mean of these two peaks. The maximum grey value for the
ceramic matrix has been placed symmetrically to the
ceramic peak, at the same distance as to the isosurface. The
next step was the reduction of the CT grey values to grey-
scale images of 256 values in such a way that the lowest CT
value (the isosurface) obtains the new value 255 and the
highest (the densest material in the ceramic matrix) the
value 0. This mapping allows an approximated evaluation
of the visible voids, depending on the CT resolution (Pierret
et al. 1996), with software programs (Adobe Photoshop,
Scion Image <http://scion-image.software.informer.com>)
using filtering tools for enhancing the edges, correcting the
cumulative effect and reducing the number of grey values
to binary images (Fig. 3).

Nevertheless, the results obtained in this first attempt with
the use of standard software programs were still
unsatisfactory in terms of their accuracy and the lack of a
three-dimensional analysis. However, through the appli-
cation of scientific computing, the ceramic volume could
already be obtained with a new method of surface
reconstruction, and significantly improved the accuracy of
the data because of its verifiability. This surface reconstruc-
tion also enables a non-contact measurement of the
capacity of the vessels, which represents important
information for the standardisation of ancient pottery
production (see outlook for more details).

5. Forming techniques
Much useful information about the production process can
be obtained by looking into the interior of objects and into
their ceramic material. Forming techniques are clearly
visible in the specific texture of the ceramic matrix and in
the orientation of the voids and the inclusions. A
characteristically helical structure from the base to the
rim (Tellenbach 2002), in the present study always in a
clockwise direction, shows the rotation of the potter's
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Figure 2. Protocorinthian Aryballos UMJ ARCH inv. 4214 (CT01184: see Fig. 1), conventional drawing and CT
cross-section.
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wheel (anti-clockwise turning), and probably gives an
indication of a right-handed potter (Schreiber 1983). Due
to the high resolution of the CT, wheel-thrown vessels and
those that are coiled and then wheel-shaped can be
distinguished (Berg 2008). Turning marks seen inside at
the bottom depending on traces left by the hand of the
potter, or spiral stress lines at the shoulder running up into
the neck, enables the reconstruction of the entire process of
production from a lump of clay on the wheel to the finished
piece (Rye 1988; Schreiber 1999). The studies show that,

despite their outward similarities, vessels present differ-
ences in their construction and in the usage of additional
shaping tools. CT reveals the composition of different parts,
such as necks or bases, which are recognised most readily
because of the alteration in the texture.

Scans of the Protocorinthian and Corinthian aryballoi
indicate different manufacturing techniques of these small
globular vessels with narrow mouths, which were changed
over the years. They were all thrown on the wheel, but

Figure 3. CT cross-sections of a Corinthian (left) and Protocorinthian (right) example (CT03210/CT03214: 150 kV,
225 mA, voxel size 184mm, Al+Cu 1.0+1.0mm) for image analysis.

Figure 4. East-Greek pomegranate-vessel KFUG Dept. Arch. inv. G 56 (CT03047: 85 kV, 225 mA, voxel size 190 mm,
Al 1.0mm), image and CT cross-sections.
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display differences in the making of the opening, with a
very narrow neck and a wide mouth. The most difficult task
in the production of these small vessels was angling the
wall inward towards the centre and narrowing the opening
to an inside diameter of around 5mm. Sharp breaks and
edges demonstrate the variety of potters' tools used for the
manufacture of these shapes. Characteristic of the Early
Corinthian aryballoi is a type of dowel that is used for this
process of collaring-in and has left its mark on the break to
the shoulder. The data raise a number of important
questions concerning the development of this shape and
the introduction of the globular aryballos. The results of
each individual piece will be published in detail in a
forthcoming Corpus Vasorum Antiquorum (CVA) contain-
ing the collection of Greek vessels of the Universalmuseum
Joanneum in Graz.

One piece proved exemplary for the application of the CT
method for the identification of forming techniques,
because the results were unexpected. This is a pomegra-
nate-shaped vessel which belongs to a well-known group of
so-called East Greek plastic vases of the late 7th to 6th

century BC (Ducat 1966, 142–4). The communis opinio is
that these vessels were wheel-thrown (Boldrini 1994,
46–7). The investigation has shown the opposite; there are
no turning marks at all, moreover the wall thickness varies,
and the vessel was made of three separate sections joined
together: the body, the mouth, and the cone end, which
was originally part of the remaining sepals of the
pomegranate (Fig. 4).

Due to the vertical orientation of the pores and inclusions, it
is likely that this vessel was partially formed by using a one-
piece mould into which the potter spread and pressed the
clay wall more or less evenly with the fingers. After the
formation of the body, a disc-shaped spout was appended,
and, with the help of a knife-like tool, the potter opened the
body wall into the interior of the vessel. Vertical cracks in
the belly area were caused by physical stresses during the
contraction of the wall. The possibility that perhaps all East
Greek pomegranate-shaped vessels were made in moulds
and could be compared to the group of Archaic terracotta
figurines opens up new vistas for the archaeological
understanding of this ceramic type.

Figure 5. Test tiles 3f, 7c, 8f, 8c, 9f, and 9c (CT03071: 110 kV, 132 mA, voxel size 89mm, Al 2.0mm), CT cross-sections and
classification dendrogram resulting from cluster analysis performed using Euclidian distance.
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6. Textural analysis
Although the emphasis has been on the different
manufacturing techniques and on clarifying the hidden
inner structures, the results of the present study show
potential for the visual classification of pottery fabrics. A
large variation of grey values is visible in the ceramic body
and shows enough distinguishing criteria for such a
classification. This is due to various inclusions and particles
that have different radiation-absorbing rates from the
ceramic matrix. CT is no substitute for petrographical
investigation, but can detect these higher density particles.
Perhaps the addition of reference materials with known
specific gravity would enables a form of calibration (e.g.,
aluminium with 2.7g/cm3) with a view to measuring the
volumetric proportion of these different particles within the
vessel and using it to determine fabric groups.

The use of a series of test tiles with different tempering
might help to determine the efficacy of this approach. For
example, test tiles were made of modern fine levigated clay
(Westerwald stoneware) with a 10% addition of one kind
of tempering (quartz, shell-sand, straw, river sand, ceramic
grog, etc.), each of these in two different particle sizes
(100–200mm and 200–500mm), and fired in a modern
electric kiln at a temperature of 960°C. Although some of
these particles have similar specific gravity to the clay
(mean 2.65 g/cm3), for example quartz (mean 2.63 g/cm3),
they can be easily recognised because of their homogeneity
as compared to that of the clay matrix, in which the
inter-particle micro-voids decrease the radiodensity of
the clay due to the partial volume effect (cf. Berg 2008,
1186) (Fig. 5).

Depending on the resolution, these particles could be
distinguished as diagnostic features that can be analysed in
terms of frequency, size, elongation, etc. by standard
methods such as the optical classification of pottery fabrics
normally applied at fresh breaks of ceramic sherds (Gassner
2003, 23–34; Gassner and Schaller 2009). In the further
procedure, four CT cross-sections were made through each
of the test tiles and grey-scale images were generated
according to the procedure already described above. Each
image was segmented by thresholding into the regions
0–85 (less dense, air) and 170–255 (dense), and analysed
regarding area, elongation, grey-level, and major axis of
these features with the use of the imaging program

(UTHSCSA ImageTool <http://compdent.uthscsa.edu/
dig/itdesc.html>). Analysis programs like RapidMiner
(<http://rapid-i.com>) help to examine these data and
to classify them into groups based on these sets of values
and a similarity measure. Such an agglomerative clustering
(visualised by a classification dendrogram) shows strong
correlation to the initial fabrics. In spite of this two-
dimensional approach, the results are encouraging and
show that textural analysis using CT data is possible.
Nevertheless, petrological examination by thin-sectioning
of these test tiles is envisaged in order to test the reliability
of this type of analysis.

7. Outlook
The reconstruction algorithm NeuRA2 (Jungblut et al.
2013) generates a triangular surface mesh of the scanned
objects (Fig. 6). The application of a volumetric mesh
generator (TetGen <http://wias-berlin.de/software/
tetgen>; see Si 2008) transforms the surface mesh into a
tetrahedral volumetric mesh. Summing up the volumes of
each single tetrahedron yields an approximation of the
volume of the scanned ceramics, and, since the mass of
those objects is usually known, the bulk density of the
objects can be calculated. Reconstructing the inner parts of
the vessels also enables one to calculate an approximation
of their capacity. However, an error estimation for the
volume and capacity calculation has to be evaluated, and
this will represent the objective of future research.

8. Conclusions
The above results provide considerable information regard-
ing differentmanufacturing techniques and alsodemonstrate
the possibility of using CT for textural analysis of pottery
fabrics. Despite the difficulties inherent in the data
acquisition and image processing, reasonably good results
can be achieved bymeans of CT. These results indicate both a
need for better grey-scale calibration as well as a reduction of
the artefact-formations and beam-hardening effects. The
final outcome has to be the use of the volumetric data of the
CT not only for 3D visualisations, but also for textural
analysis of the complete object. The application of surface
reconstruction methods to the volumetric CT data is a
promising approach for this type of 3D analysis. It is to be
hoped that the general development of CT in industry will
accommodate archaeological applicability in the future. If
this occurs, studies using CT scanners will become more and
more reasonable and cost-effective, the devices will be used
more widely, and, as in the field of digital photography,
resolution and data storage features will increase rapidly.
A careful examination of the various details ofmanufacturing
techniques relating to the reconstruction of the pottery
production process,may lead to a better understanding of the
ancient potter's craft.

Post scriptum
The methodological approach using industrial X-ray
computed tomography for non-contact and non-invasive
investigation of ancient ceramics is now comprehensively
documented:

Karl S., Jungblut D. and Rosc J., 2013, Berührungsfreie
und nicht invasive Untersuchung antiker Keramik
mittels industrieller Röntgen-Computertomografie. Mit
einem Beitrag von Rudolf Erlach. In Interdisziplinäre

Figure 6. Aryballos UMJ ARCH Inv. 25277 (CT03145:
77 kV, 285 mA, voxel size 182mm, Al 2.0mm), surface
reconstruction method for visualisation (left), ceramic

volume (middle), and capacity (right).
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Dokumentations- und Visualisierungsmethoden, Corpus
Vasorum Antiquorum Österreich Beiheft 1, (ed. E. Trinkl),
73-114, Verlag der Österreichischen Akademie der
Wissenschaften, Wien, <http://hw.oeaw.ac.at/
0xc1aa500d_0x002ec069.pdf>.
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Abstract - The principles governing thermal shock resistance are introduced briefly, followed by
the presentation of an experimental study conducted to assess the influence of temper and firing
temperature on the thermal shock resistance of clay-based ceramics. Focusing on the assessment
of a material’s capability to resist thermal stresses, difficulties which arise when interpreting
experimental results are discussed. We report that thermal shocking may induce a change in
fracture mode in the ceramics, a finding which has important implications for the interpretation of
experimental results and the assessment of the performance of ceramic vessels when exposed to
sudden thermal stresses. Generally, it appears that for coarse cooking ware pottery, thermal shock
resistance might not play such an important role as frequently has been assumed. Limited thermal
shocking might even be beneficial for a ceramic’s subsequent exposure to thermal stresses, as it can
result in a change in fracture mode and may increase the toughness of the material.

1. Introduction
Cooking vessels are exposed to thermal stresses during
daily use. Potters’ choices, in particular the selection of
temper materials, have been connected to the capability of
a cooking pot to resist such stresses. While it has been
stated that “entirely adequate cooking pots can be made
using a wide range of alternative tempers” (Tite and
Kilikoglou 2002), and calls for a more restrained use of the
concept when interpreting technological choices in cooking
ware have been made by pointing out the production of
apparently ‘unsuitable’ vessels over a long period of time
(Woods 1986), thermal shock resistance is drawn upon
regularly to explain tempering choices in cooking ware
pottery (e.g., Hoard et al. 1995; Killebrew 1999; Broek-
mans et al. 2004). Only rarely, however, are such
explanations based on experimental studies, and the
complexity of the concept of thermal shock resistance is
frequently overlooked. Since these shortcomings also have
implications for the archaeological interpretation of the
findings, the present article aims to outline some of the
principles governing the thermal shock resistance of clay-
based ceramics and touches upon difficulties which arise
when interpreting experimental results.

While the present paper focuses on the response of a
ceramic when exposed to thermal stresses, it should be kept
in mind that the actual conditions of the thermal shock are
also of importance when considering thermal stresses.
Thermal stresses that develop during gradual heating

(quasi-steady-state conditions) may be studied by analytical
techniques or by computational methods. The situation
that occurs during thermal shocking, however, is different,
as in this case stresses may develop faster than the material
is able to dissipate them via mechanisms such as crack
propagation, bifurcation, etc.

In order to assess systematically the influence of tempering
and firing temperature on the performance of clay ceramics
when exposed to sudden thermal stresses, thermal shock
resistance was determined on ceramic test bars, bearing
a variety of tempering and fired under a range of
temperatures. In the following, some of the results of the
experimental study are presented briefly, before discussing
their implications for theoretical considerations.

2. Thermal shock resistance
Thermal shock resistance is a measure of the ability of a
material to withstand rapid changes in temperature
(Kingery et al. 1976, 822). It is important to note that
thermal shock resistance, unlike elastic modulus or thermal
conductivity for example, is not a material property but a
complex parameter, which is dependent not only on
different physical properties such as thermal expansion
coefficient, mechanical strength or toughness, but —
crucially — also on the conditions of thermal shock
(Hasselman 1969). Due to the complexity of responses of a
material that is exposed to thermal shock, and due to the
difficulties in assessing heat transfer parameters for specific
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applications, thermal shock resistance of various ceramic
materials is usually measured empirically, by assessing
their performance under simulated service conditions (BSI
2004). The thermal shock resistance is assessed by
measuring the mechanical strength of a ceramic material
after exposure to a series of sudden changes in temperature
(e.g., BSI 1998; 2006; ASTM 2003).

In this context, it must be emphasised that no general rating
of materials in terms of their thermal shock resistance is
possible. Any material’s resistance to thermal shock depends
critically on the magnitude and conditions of thermal shock
(Davidge 1986). Relative order may differ according to
the nature of the thermal shock (heat transfer conditions),
and, while one material might be more resistant to thermal
stresses which arise due to exposure to a certain temperature
difference, say 5008C, than another material, when the same
materials are exposed to a larger temperature difference, say
10008C, exactly the opposite might be the case. The reasons
for this are complex and are related to microstructural
differences, but also to the onset of various fracture energy
dissipation mechanisms. For archaeological ceramics, this
means that results which have been obtained with an
experimental setup designed to assess the performance of
cooking ware ceramics cannot directly be employed to
evaluate, for example, metallurgical ceramics, which operate
under different conditions and are exposed to much larger
temperature differences than cooking ware.

As mentioned above, thermal shock resistance is usually
assessed by measuring strength reduction after exposure to
sudden changes in temperature. The transverse rupture
strength is assessed, which can be determined from three-
point bending tests (a schematic drawing of a typical set-up
is included in Fig. 1). This flexural strength is defined by
the maximum stress that can be applied to a specimen
without cracks starting to grow. In the case of truly brittle
materials which show unstable fracture, the application of
an external load leads to catastrophic failure once a crack

initiates, without the need to apply further stress. Curve a
of Figure 1 is a typical load-displacement curve for such a
material, where complete failure occurs at maximum load,
with the load dropping immediately to zero. Brittle
materials show little or no plastic deformation before
failure, and fracture absorbs relatively little energy, even in
materials of high strength. On the other hand, materials
which are able to dissipate energy during crack propagation
by mechanisms such as crack deflection require the
application of additional force after the initiation of a
crack, so as to drive the crack through the material and
break the specimen completely. Such materials are said to
exhibit stable fracture, as, upon failure, the crack is
immediately arrested and the load decreases gradually
until complete separation (Fig. 1, curve c). In these cases, a
considerable amount of energy is dissipated during crack
propagation and until final fracture as a result of crack
deflection, bifurcation, and arrest, as well as temper
fracture or pull out, and the material usually possesses high
fracture energies and is therefore said to be tough. (Unlike
strength measurements which are performed on un-
notched specimens, the quantitative determination of
fracture energies requires bending tests on bars with a
notch cut, which provides the largest flaw at which the
crack is initiated.) The tail of the load-displacement curves
of such materials (shaded area under curve c) provides a
measure of the energy dissipated during crack propagation.
In between the two, for some materials semi-stable fracture
(Fig. 1, curve b) is observed. For further information on
fracture modes of clay-based ceramics, the reader is
referred to Kilikoglou et al. (1998) and Tite et al. (2001).

In the context of clay-based ceramics, unstable fracture
is typically associated with high fired porcelain, semi-stable
fracture with standard earthenware, and stable fracture with
low fired, coarse tempered earthenware. The former are
referred to as ‘brittle’ ceramics, while the latter are frequently
said to be ‘tough’. However, this designation can be
misleading, as it opposes ‘brittle’ and ‘tough’. While the term
‘brittle’ designates a fracture mode, toughness is used
equivalent with the ‘fracture energy’ of a material. Fracture
energy consists of an intrinsic part (GIc), corresponding to the
stored elastic energy at the moment of fracture, and— in the
case of stable and semi-stable fracture— of an additional part
accounting for energy dissipated during crack propagation
(Gt). Strictly speaking, therefore, ‘brittle’ and ‘tough’ are not
opposites: brittle materials can also be said to be tough if the
stored elastic energy at the moment of fracture is high. It
should be noted here that, in engineering applications,
frequently the so-called fracture toughness KIc, also referred to
as stress intensity factor, is listed for brittle materials. This
property is linked to the stored elastic energy at themomentof
fracture (GIc) by KIC ¼

ffiffiffi
E

p
GIC with E ¼ modulus of rupture.

Although related, this is not the same as the ‘toughness’which
is used as equivalent to ‘fracture energies’, andwhich includes
both an intrinsic and a dissipation part. Throughout the
present text, the term ‘toughness’ is used as equivalent to
‘fracture energy’, i.e., refers to the sum of GIc and Gt.

Strength and toughness are interrelated, as they both
depend on a material’s microstructure. A material may be
strong and tough if it ruptures under high applied loads and
simultaneously exhibits high strains. Normally, however, in
the case of clay-based ceramics, brittle materials which may
be strong usually only show limited deformation, so that
they are not tough, while materials which rupture after

displacement

lo
ad

(a)

(c)

P

P/2

P/2

(b)

Figure 1. Typical load-displacement curves for different
types of fracture: (a) unstable, (b) semi-stable, (c) stable,

obtained from bending tests on clay-based ceramics.
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applying relatively small forces may be able to dissipate a
substantial amount of energy during crack propagation
until final fracture, so that they can be said to be tough but
not strong. For traditional ceramics, strategies which result
in an increase in strength in most cases reduce the
toughness of a material and vice versa (Müller et al. 2009).

Generally speaking, strength indicates how much force can
be applied to a material until a crack initiates (with crack
initiation in the case of brittle ceramic being equivalent to
final fracture), while toughness indicates how much energy
a material can absorb before fracture, and encompasses
both the energy required for crack initiation and for crack
propagation.

It is of importance that there are significant differences in
the thermal shock behaviour of brittle materials exhibiting
unstable fracture and those materials that exhibit stable
fracture, since clay-based ceramics can show both fracture
modes, as will be detailed below. As illustrated in Figure 2,
unstable brittle ceramics experience an abrupt loss of
strength at a critical temperature difference DTc, due to the
initiation of cracks to a length close to the critical length
(Hasselman 1969). On the other hand, the loss of strength
is more gradual in ceramics exhibiting controlled crack
propagation, as is shown in the lower curve in Figure 2
(cf. Davidge 1986, Fig. 8.8, 130). In strong but brittle
materials, due to the large amount of energy stored at the
point of stress concentration (where fracture initiates,
corresponding to the ‘peak’ in the load-displacement
curves, cf. Figure 1), cracks experience a sudden large
expansion when initiation occurs, while in a weaker
material which can dissipate energy during crack propa-
gation, cracks propagate in a more controlled way.
Consequently, the strategy for optimising thermal shock
resistance in a ceramic which fractures in a stable way is
fundamentally different from the one for a material which
fractures unstably, in that it usually involves avoiding crack
propagation rather than crack initiation. Clay-based
ceramics, depending on a variety of factors, can exhibit
different fracture modes. The same clay type may break
unstably when it is highly fired, but dissipate fracture
energy, resulting in stable crack propagation, when lower
fired (see also section 4.3). Also, the amount of aplastic
inclusions can influence fracture modes: for quartz-
tempered ceramics fired to intermediate temperatures, a

change to stable fracture has been observed at around 20
volume percent of temper material (Kilikoglou et al. 1995).

2.1. Influence of the thermal expansion factor
mismatch between clay matrix and temper
material on the thermal shock resistance
Thermal stresses arise in a material due to changes in
temperature. In unrestricted multiphase materials, such as
clay-based ceramics, there are two main causes of thermal
stress: firstly, the non-uniform expansion of an object,
which is caused by temperature gradients, and, secondly,
thermal stresses caused by different thermal expansion
coefficients between different constituents, such as the
matrix and any inclusions (Kingery et al. 1976). The latter
is cited frequently in archaeological literature to explain the
choice of certain temper materials in the production of
cooking vessels. It is important to recognise, however, that
upon firing in a clay paste which contains temper particles
of a different thermal expansion coefficient, micro-
damaged zones are produced around these temper
particles (Davidge 1986, 86-7). For quartz-tempered
ceramics, it has been shown that at volume fractions of
temper higher than 10%, the individual damaged zones
interact with each other and produce extensive microcrack
networks that cover the entire specimen (Fig. 3). During
fracture, it is this microcrack network which encourages
crack deflection and bifurcation, thus increasing energy
dissipation and contributing to the material’s toughness
(Kilikoglou et al. 1995).

Therefore, if a vessel survives firing, as it frequently does,
then these damaged zones enhance the toughness of a
material. Consequently, thermal shocking of such a fired
ceramic material could be expected to be less disastrous
than thermal shocking of a material where the thermal
expansion coefficients of clay and temper material are very
similar, and in which the generation of damaged zones and
the related increase in toughness is not observed. There-
fore, when we compare a ceramic that contains temper of
significantly different thermal expansion coefficient than
the matrix (such as quartz) with one whose temper has a
very similar thermal expansion coefficient to the clay (such
as grog), we would expect that the quartz-tempered
ceramic will be better able to accommodate thermal stress
than the one containing grog temper. This conclusion
contradicts many of the beliefs expressed in archaeological
literature to date, especially concerning the frequently cited
‘advantage’ of calcite temper over others in cooking ware
production, which is argued based on the similarity of the
thermal expansion coefficients of clay and temper material
(e.g., Rye 1976; Hoard et al. 1995; Killebrew 1999;
Broekmans et al. 2004). It should be noted here that while
the influence of calcite tempering on the thermal shock
resistance of a finished vessel can be debated, its presence
can affect the performance of a clay paste in other ways and
during different steps in the manufacture sequence. Thus, it
is sometimes argued that the addition of calcite is beneficial
for the workability of the wet clay paste, since calcium ions
released in the clay increase plasticity of the clay water
system (Lawrence and West 1982). On the other hand, the
presence of calcite temper in a clay paste may potentially
cause problems when pottery is fired to intermediate
temperatures. When fired above 600-8708C in oxidising
atmosphere (temperatures given in the literature for the
onset of the process vary substantially, see Hoard et al.

Table 1. Briquette types examined: five different clay
mixtures were fired to three different temperatures each,
resulting in a total of 15 different briquettes.

Firing temperature

5508C 8508C 10508C

T
em

p
er
in
g

None untempered untempered untempered

Granite 10 vol% 10 vol% 10 vol%

40 vol % 40 vol % 40 vol %

Phyllite 10 vol% 10 vol% 10 vol%

40 vol % 40 vol % 40 vol %
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1995 for an overview), calcite is converted to lime. Upon
cooling down and subsequent exposure to moisture, the
lime reacts to form calcium hydroxide, a process which is
accompanied by a volume expansion, causing cracking and
spalling that in extreme cases may destroy a vessel.

As a side note, while fully agreeing with Woods (1986) that
thermal shock resistance has been overworked and thermal
shock might not be as important for cooking ware pottery
as frequently assumed, it seems nevertheless interesting
that the above sheds new light on the material she
discusses. When questioning the emphasis put on thermal
shock resistance of cooking ware, Woods (1986) states
(among other issues) that quartz sand was probably more
commonly used than calcite temper over a long period of
time in the manufacture of cooking ware in Britain. Based
on the available literature, she considers this finding as
counterintuitive in terms of the thermal performance of the
cooking ware. However, keeping in mind the above
discussed benefit of adding temper with a different thermal
expansion coefficient on thermal shock resistance, her
quartz-tempered cooking pots might equally well be argued
to perform better than their calcite-tempered counterparts,
at least in terms of their thermal shock resistance.

3. Experimental
Thermal shock resistance was determined on test
briquettes, since, when assessing technological changes in
terms of physical properties which are linked to material

performance, it is important to carry out measurements
under controlled conditions in order to investigate the
influence of selected parameters. Additionally, use and
subsequent burial of ceramic objects results in microstruc-
tural changes which might influence the physical properties
measured. Finally, the assessment of material properties
normally requires a substantial amount of material for
destructive tests, usually not available from archaeological
remains. In order to determine the thermal shock resistance
of a particular material by measuring its reduction in
strength upon exposure to thermal shock, tests on several
bars made from that material, both unshocked and
thermally shocked, are required.

3.1. Materials and processing
Experimental briquettes were manufactured in order to
study the influence of various parameters, such as temper
type or firing temperature, on the thermal shock resistance
of the ceramic material. Granite and phyllite were chosen
as temper materials and added to a non-calcareous base
clay from Kalami, Greece. This clay has been used in a
previous study of thermal properties, and its chemical and
mineralogical composition is described elsewhere (Hein
et al. 2008). A fraction with a particle size of ,30mm was
separated from the raw clay and mixed with granite from
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(a) Ceramic showing brittle fracture mode

(b) Ceramic with ability for energy dissipation 
      during crack propagation

∆Tc ∆Tc'

∆Tc  = critical temperature difference for crack initiation

∆Tc' = critical temperature difference for start of  crack 
           propagation

Figure 2. Different behaviour of ceramics with different
fracture modes upon thermal shocking. While brittle
ceramics experience an abrupt strength loss at a critical
temperature difference DTc due to initiation of fracture, the
loss in fracture strength in ceramics which break in a more
stable manner is gradual, due to more controlled crack

propagation.

Table 2. Changes in fracture mode observed upon thermal
shocking. The number of samples tested and examined
is indicated. B: brittle, SS: semi-stable, S: stable fracture
(cf. Figure 1 for fracture modes).

Before
thermal
shock

After
thermal
shock

fired to: B SS S B SS S

untempered 5508C 5 1 2

8508C 5 3

10508C 5 2 1

5508C 5 2 1

10% granite 8508C 5 3

10508C 3 2 1 2

5508C 5 3

40% granite 8508C 5 3

10508C 5 3

5508C 5 3

10% phyllite 8508C 5 3

10508C 5 1 2

5508C 3 3

40% phyllite 8508C 3 2 3

10508C 3 2 3
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the island of Naxos (Greece) and phyllite from the
Northeast Peloponnese (Greece), respectively. Both temper
materials were crushed and screened to obtain temper in
the desired size range, i.e., between 1mm and 0.5mm.
Ceramic briquettes with 10 vol% and 40 vol% temper
material were prepared in addition to untempered
reference briquettes, using a Perspex mould (c. 12 £ 7 £
1 cm). For the preparation of the phyllite tempered
briquettes, the paste mixture was repeatedly folded and
flattened, in order to obtain a preferred orientation of the
platy phyllite particles parallel to the largest surface of the
briquettes, imitating common archaeological fabrics. The
briquettes were dried for over ten days at ambient
temperature and humidity, covered by plates made of
plaster of Paris to ensure homogenous drying. Briquettes
of each composition (i.e., non-tempered, 10% phyllite, 40%
phyllite, 10% granite, and 40% granite) were fired to 550,
850 and 10508C, resulting in a total of 15 different
briquette types ((Table 1)). Firing took place at a heating
rate of 2008C/h and a soaking time of 1 h in oxidising
atmosphere. The large surfaces of the fired briquettes were
ground parallel and cut into test bars of an approximate
size of 1 £ 1 £ 7 cm for material testing.

3.2. Thermal shock resistance tests
In the present study, the experimental test bars were placed
for 20 minutes in a furnace held at 4308C and then
quenched in water (27-308C), where they were left to cool
down for 5 minutes. Before placing them in the furnace
again, they were dried for at least 20 minutes at 1158C.
Strength reduction was determined by comparing the
fracture strength in bending (often referred to as the
‘transverse rupture strength’ [TRS] or ‘modulus of rupture’
[MOR]) of test bars exposed to five such cycles with the
strength of unshocked specimens. The transverse rupture
strength was determined from three-point bending tests on

bars with the dimensions 1 £ 1 £ 7 cm on an INSTRON
1195 universal testing machine, at a constant loading rate
of 109mm/min. This sample size ensures minimal sheer
stresses, while still including a statistically adequate
number of temper grains in the fracture surface (Kilikoglou
et al. 1998). The load as a function of displacement was
recorded for every specimen. For every ceramic type
(corresponding to one set of parameters), TRS was
measured on five bars before and three bars after thermal
shocking. All measurements on the phyllite-tempered
fabrics were performed perpendicular to the alignment
axis of the inclusions. After breakage, the fracture area
was examined visually, and data from bars with clearly
identifiable macroscopic flaws in the fracture surface were
not included in the determination of the mean. TRS was
calculated according to standard methods (BSI 2002).

4. Results and discussion

4.1. Strength reduction upon thermal shocking
When restricting the definition of thermal shock resistance
to the variability of strength levels upon thermal shocking,
the interpretation of the experimental results is rather
straightforward. Figure 4 plots the reduction of fracture
strength in bending upon thermal shocking for the various
materials tested. It can be seen that the parameters that
were varied in the manufacture of the briquettes strongly
affect the thermal shock resistance. Firstly, high amounts of
temper material increase thermal shock resistance.
Secondly, firing temperatures below or close to the onset
of vitrification result in ceramics that lose much less
strength upon thermal shocking than highly fired ones.
Finally, bulky granitic temper results in more thermal shock
resistant ceramics than the platy phyllitic one, at least at
higher firing temperatures.

These results can be explained by the variation of the
toughness (stored elastic energy and energy dissipated
during crack propagation) between each type of material
studied. In other words, by considering the effect of the
extent of pre-existing flaws in the materials, as well as the
relative bonding strength of the matrix as reflected in its
degree of vitrification. High temper contents have been
observed to result in increased porosity, due to restricted
shrinkage of the matrix. Further, damaged zones are
introduced around temper particles upon firing, due to the
different thermal expansion factors of clay and temper
(Davidge 1986, 86-7), and their extent is dependent on the
amount of temper (Kilikoglou et al. 1995). Such flaws and
microcracks enable the material to better accommodate
tensions arising from the thermal expansion mismatch, and
thus lead to the measured increased thermal shock
resistance. On the other hand, increased vitrification upon
firing reduces a material’s ability to absorb thermal stresses,
because of the increased instability of fracture in the glassy
phase. The pronounced differences between platy phyllitic
and bulky granitic temper, which are observed at high firing
temperatures and low temper content, can be explained
with reference to the differing extent of damaged zones. In
this case, it has been shown that the damaged zones around
granitic grains are far more pronounced than the ones
around phyllitic grains with the same lateral expansion, due
to different particle geometry. Even when correcting for the
higher number of phyllitic particles per unit volume for the
same overall amount of tempermaterial, this results in much

Figure 3. Graphical representation of damaged zones
(dashed circles) surrounding temper grains (white circles)
in a fracture surface. Illustration adapted from Kilikoglou

et al. 1998.
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more extensive damaged zones for granite-tempered
ceramics (Müller et al. 2010).

4.2. Residual strength levels after thermal
shocking
As outlined above, when restricting the definition of
thermal shock resistance to the variability of strength levels
upon thermal shocking, the interpretation of the experi-
mental results is straightforward. However, the interpret-
ation of the experimental results becomes more complex
when taking into account the residual strength of the
different materials (Fig. 5), since a greater loss in strength
does not necessarily imply that the material is weaker after
thermal shocking in absolute terms.

This becomes apparent when juxtaposing the high fired
ceramics which contain 10 vol% temper material (Fig. 5,
inset). Although the phyllite-tempered ceramics lose more

strength when exposed to thermal shock and - according to
our definition above - have a lower thermal shock
resistance, their residual strength after thermal shock is
still higher than the one of the ceramic bars tempered with
granite. In other words, even after losing a significant
amount of strength upon thermal shocking, the phyllite-
tempered material is still more resistant to crack initiation
than its granitic counterpart. It could be argued that the
particular example, i.e., a high fired ceramic material with a
relatively low amount of aplastic inclusions, is not relevant
when assessing the usually relatively low fired and highly
tempered archaeological cooking ware. However, the same
effect, albeit less pronounced, is also observed with the
ceramics fired to 8508C which contain 40% temper
material. Finally, the highly fired untempered samples
also exhibit a higher strength than most of the tempered
sherds fired to similar temperatures, even after thermal
shocking. The high initial strength results in relatively high
residual strength even though these specimens, due to their
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brittleness, experience a substantial loss of strength upon
fracture.

4.3. Influence of thermal shocking on fracture
mode
In many cases, thermal shocking induced a change in the
fracture mode (Table 2), in some cases increasing the
toughness of the material. This trend, i.e., a change to a
more stable fracture after exposure to thermal shock, is
observed for ceramics fired to low as well as to higher
temperatures. The change in fracture mode upon thermal
shocking is important, since, when exposed to the same
temperature differences, the strength reduction through
thermal shocking associated with tough ceramics is less
severe than with brittle ceramics. This is due to the
different response of the material, as illustrated in Figure 3.

5. Summary and conclusions
The results of this experimental study have shown that, in
terms of variability of strength levels upon thermal
shocking, high amounts of temper material increase
thermal shock resistance. Further, low firing temperatures
seem beneficial for a ceramic’s performance and, at least at
higher firing temperatures, bulky granitic temper results in
more thermal shock resistant ceramics than the platy
phyllitic one. However, as outlined above, the residual
strength level and fracture mode and changes therein need
to be taken into account when interpreting the results of
experimental tests. While this article has focused on the
response of a ceramic when exposed to thermal shock, it
should be noted that the magnitude of the thermal stresses
that arise in a ceramic vessel to start with is equally
important. It is suggested that, in order to produce
meaningful conclusions on the performance of cooking
ware in terms of their response to thermal shock, it is
crucial to consider thermal shock resistance in a more
integrated fashion than has been the case to date. This
should include an assessment of the material’s capability to
resist those stresses, taking into account the implications of
issues discussed in the present article, but also consider-
ations of the origin of thermal stresses. The experimental
outcome of the present study, in particular the observation
that thermal shocking may actually induce a change in
fracture mode, has important implications for such
considerations, since brittle ceramics react in a fundamen-
tally different way to thermal shock than those which
fracture in a more stable way.

Finally, based on the experimental results and on the
conclusions presented above, it appears that, for coarse
cooking ware exposed to stresses that would be expected
under cooking conditions, thermal shock resistance does
not play such an important role as has frequently been
assumed. In fact, we could even speculate that, in some
cases, limited thermal shocking might be beneficial for a
ceramic’s subsequent exposure to thermal stresses, as it
increases the energy dissipating micro-damage zone
around temper particles. These observations call for more
caution when accounting for the occurrence of specific
temper materials in ceramic cooking ware or for changes in
manufacturing practices over time. Rather than simply
explaining away preferred tempering practices with
stating their alleged benefits for thermal shock
resistance, discussions should be more comprehensive

and look beyond this particular performance charac-
teristic to include not only other potentially
relevant material properties, but, importantly, also the
multitude of non-technological factors influencing techno-
logical choice.
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Abstract - This paper presents the results of a systematic investigation of the pozzolanic activity of
different types of ceramic admixtures, as a function of their chemical composition (calcareous, non-
calcareous) and vitrification state. The study was carried out on experimental ceramic-lime
mixtures. The evaluation of the reactivity of the different ceramic admixtures includes conductivity
measurements of the saturated calcium hydroxide solutions to which they were added, assessment
of the amount of hydrated calcium alumino-silicate phases formed, and determination of the
microstructure of the resulting solid material. The experimental results of this study provide a
baseline against which the performance of different archaeological mortars can be discussed. In
conclusion, low-fired calcareous ceramics with no or limited vitrification have been found to exhibit
good reactivity with slaked lime, while high-fired non-calcareous ceramics present no reactivity.

Introduction
Lime mortars are one of the most commonly used materials
for structural, protective, and decorative purposes (Zachar-
opoulou 1998). Generally, mortars are constituted of a
binding agent mixed with different types of aggregates and
water. After mixing, they harden and gradually develop
their adhesive and mechanical properties. The quality and
final performance characteristics of archaeological and
historic lime-based mortars depend on many parameters.
These include the type and quality of binder, the binder to
aggregate ratio, the water to binder ratio, the granular
distribution of aggregates, the shape and type of
aggregates, as well as any admixtures or additives used.
With regards to pozzolanic materials, it appears that their
ability to enhance the long-term strength and durability of
typical lime-based mortars has been known since antiquity
(Baronio et al. 1997).

Pozzolanas are natural or artificial alumino-silicate
materials that are not hydraulic by themselves, but form
hydraulic compounds when they are mixed with hydrated
lime (Charola and Henriques 1999). The most common
pozzolanic materials used historically in mortars include
volcanic ash deposits from Pozzuoli in Italy, from the

islands of Santorini (Thera) and Milos in Greece, as well as
different types of finely ground ceramic powder. The
addition of pozzolanas to lime mixtures promotes a
chemical reaction between lime and pozzolanic admix-
tures, which enables them to harden and develop strength,
especially in humid conditions (Charola and Henriques
1999). In such cases, the setting of the mortars is affected
mainly by the dissolution of the siliceous phases in the
aqueous solution (Moropoulou et al. 2004a). At the same
time, the weak calcium hydroxide crystals are gradually
converted to the strong calcium silicate hydrate and
calcium aluminate hydrate fibrous gel (Reda Taha and
Shrive 2001; Moropoulou et al. 2004a). These phases have
a similar microstructure to the products developed by the
hydration of modern cements and they attribute to
pozzolanic mortars their hydraulic properties.

During the late Roman period, ceramic powder and fine
fragments of crushed bricks were added to lime mortars to
act as artificial pozzolanas and produce a new mixture with
hydraulic properties, the so called ‘cocciopesto’ (Biscontin
et al. 2002). These mortars were mainly used for rendering
and for the upper layers of floors, while mortars that
contain larger fragments of ceramic material were used for
masonry (Moropoulou et al. 2005). The Romans have been
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credited with the spread of such mortars throughout their
empire, including Europe, northern Africa, and northern
Asia (Malinowski 1981). During the early Byzantine
period, the use of crushed bricks and/or ceramic roof tiles
in the joints of load-bearing walls became more frequent.
The amount and the size of ceramic fragments (to act
as aggregates) was increased, while consequently the
thickness of the horizontal joints gradually increased from
10-15mm to 40-60mm, depending on the size of the
fragments used (Papayianni and Karaveziroglou 1993;
Baronio et al. 1997). Representative masonries of
Byzantine buildings in Italy, Turkey and Greece are built
with very thick mortar joints, using a mortar/brick
thickness ratio equal to 1/1. This aspect gives the Byzantine
walls a peculiar appearance, with evident horizontal strips.
However, the reason for using thick joints is not yet clear
(Binda et al. 2000).

In all those cases, it is generally assumed that ceramic
wasters, sherds from broken ceramic vessels, or construc-
tion material (bricks) were used, effectively recycling
material that no longer fulfilled its original purpose.
However, not all types of ceramics react in the same way
when in contact with lime, but their reaction depends on
their mineralogical and chemical composition, as well as
the degree of vitrification. Consequently, the selection of
different types of ceramic material to be used as admixtures
is expected to affect the service life and durability of the
mortar constructions.

Although there is much work devoted to the study of the
reactivity of natural and artificial pozzolanas, only little
systematic data are available on the exact effect of their
mineralogical and chemical composition on the reactivity of
ceramic admixtures with lime. Usually, the pozzolanicity of
individual clay minerals (mainly kaolinite and metakaoli-
nite) and zeolites is studied (Sabir et al. 2001; Fernandez
et al. 2011), as is the effect of firing or calcination
temperature on the reactivity of the above phases (He et al.
1995). It has been suggested that reactivity is affected by
the dehydroxylation of the clay minerals. When exposed to
temperatures in the range of 600-8008C, this results in a
collapsed and disarranged clay structure (Sabir et al.
2001), which is believed to enhance pozzolanicity.
Similarly, studies which looked at the pozzolanicity of
ready-made commercial bricks and ceramic products
(Baronio and Binda 1997) and fired clays in lime-based
mortars (Moropoulou et al. 2004b; Zendri et al. 2004)
suggested that the firing of clay in the range of 500-9008C
results in enhanced reactivity. However, it is clear (Baronio
and Binda 1997) that neither all types of clays nor all
ancient bricks exhibit the same pozzolanic behaviour.
Finally, a study of ceramic materials used in historic lime
mortars concluded that low-calcareous, low-fired ceramic
admixtures exhibit high pozzolanicity (Böke et al. 2006).

Aiming to further the existing knowledge on this subject,
this paper presents the results of a systematic monitoring of
the pozzolanic activity of different ceramic types on
laboratory prepared ceramic-lime mixtures. It aims to
identify the degree to which ceramic manufacturing
parameters affect the performance of ceramic fragments
in lime mortars. In particular, the influence of the chemical
composition and the firing temperature of ceramic
fragments on their pozzolanic activity was examined. On
the basis of the experimental results, the performance of

some archaeological mortars is briefly discussed. The
archaeological samples examined include two groups of
lime-ceramic mortars from Greek monuments, dated to the
Roman-Hellenistic and the Byzantine periods, respectively.

Methodology

Preparation and firing of ceramic pozzolanas
The two types of clays used in the experimental work
originate from the natural deposits of Thrapsano (TH) and
Agios Syllas (AS), both from the island of Crete, Greece.
According to previous work (Hein et al. 2004a, 2004b), the
above clays contain 3 and 12% CaO respectively, and are
therefore expected to develop different microstructures
upon firing (Maniatis and Tite 1981). The initial clay
batches were crushed gently with a wooden mortar and
pestle and subsequently sieved in order to remove any
inclusions and impurities, discarding the material with
particle diameters larger than 100mm. The remaining
material was mixed with excess water, left to mature, and
formed into small briquettes, which were dried in ambient
conditions. All briquettes were fired at three different
temperatures, aiming to achieve a non-vitrified, an
extensively vitrified, and a totally vitrified microstructure,
respectively. The briquettes made of non-calcareous clay
(TH) were fired at 7008C, 9508C, and 10508C, while the
ones made of calcareous clay (AS) were fired at 7008C,
9508C, and 11008C. A different highest firing temperature
was chosen for the two types of clays, since non- or low
calcareous clays are fully vitrified when fired to 10508C,
while above this temperature they start melting. In
contrast, calcareous clays require a slightly higher
temperature (11008C) to achieve full vitrification (Maniatis
and Tite 1981). Finally, the fired briquettes were ground to
powder and separated according to grain size. For the
pozzolanicity test, the fraction with grain size below 63mm
was used.

Pozzolanic activity
The reactivity of different ceramic pozzolanas with lime
was determined by a pozzolanicity test (McCarter and Tran
1996), measuring the conductivity of a saturated calcium
hydroxide (Ca(OH)2) solution that was mixed with
different types of ceramic powders. In each case, the
amount of ceramic powder added to the solution was 2.5%
w/w. All mixtures were thoroughly stirred and stored
under laboratory conditions. Altogether, 24 mixtures of
approximately 100 ml each were prepared. More specifi-
cally, for each of the six ceramic pozzolanas manufactured,
four mixtures were prepared in order to enable us to stop
the pozzolanic reactions at four preset intervals (3, 7, 14,
and 28 days). Conductivity measurements were carried out
daily, for a period of 28 days. At the time intervals
mentioned above, the solid material was filtered from the
solution, and washed out twice with de-ionised water to
remove any excess of calcium hydroxide. The solid material
was then rinsed with acetone and di-ethyl-ether to stop the
hydration reactions and dried at 908C for 22 hours. In
addition to the conductivity measurements, the solid
fraction was qualitatively and semi-quantitatively charac-
terised by differential thermal analysis (DTA/TG), scan-
ning electron microscopy (SEM/EDX), and X-ray
diffraction (XRD).
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Elemental analysis was carried out with a FEI-Quanta
Inspect electron microscope, coupled with an energy
dispersive X-ray analyser. X-ray spectra were collected by
scanning at least three areas of 30 £ 30mm for 3 minutes,
using a 25 kV beam. Thermal analysis was carried out with
a Perkin-Elmer Diamond TG/DTA unit, using 20-25mg of
the solid fraction. Measurements were performed in air
with a heating rate of 108C/min in the range 30-10008C.
Diffraction patterns of the samples were collected on a
Siemens D-500 Diffractometer, using Cu-Ka radiation
(l ¼ 1.5406 Å, 40 kV, 30 mA) in the range of 2-608 2u,
with a step of 0.038/sec. Analyses of all samples were
carried out at 1, 3, 7, 14, and 28 days.

Archaeological samples
For the analyses of the archaeological lime-ceramic
mortars, ceramic fragments of approximately 1-2 mm
diameter were removed from the samples and examined by
SEM/EDX, in order to determine their composition and
firing temperature (vitrification state). Any lime remains on
the surface of the ceramic fragments were manually
removed before the fragments were broken, in order to
study a freshly fractured surface. Thin sections of the above
mortars were examined with a petrographic microscope.
Samples of at least 10 cm3 bulk volume were used for
the approximate estimation of their compressive strength.
A 2mm layer of high strength epoxy patty was applied on

the two sample surfaces to be compressed, in order to
achieve two parallel square planes of specific area. The
samples were measured with an Instron testing machine,
using a displacement rate of 109mm/min, until failure. The
archaeological mortars analysed were sampled from a
range of Roman and Byzantine monuments in Greece.

Roman mortars were collected from two archaeological
sites on Corfu island, Sammi (S) and Fiskardo (F). S-10 is a
mortar used for filling the space between the walls of the
two leaf masonry at the Acropolis of Sami. The mortar is
actually the binding material of the large agglomerate
fragments used as masonry filler. It is lime rich and contains
a small amount of fine ceramic fragments. F-06 is a
masonry join mortar used in the Roman baths at Fiskardo.
It is a lime-ceramic mortar, rich in binder, which consists of
both ceramic and natural stone aggregates. F-07 is a
masonry join mortar used in a Roman burial complex at
Fiskardo. It is a very compact lime-ceramic mortar, rich in
binder, which consists of both ceramic and natural stone
aggregates.

The mosaic mortars were sampled from three mosaic
pavements excavated in the archaeological site of Nea
Anghialos (NA), Greece. Samples were collected from the
Basilicas complex of Prelate Peter, dated to the 6th century
AD. The complex is built on the ruins of two previous
basilicas which date to the 4th and 5th century AD

Table 1. Elemental and mineralogical composition of clays used for the preparation of different ceramic pozzolans
(tr ¼ traces, n.d. ¼ not determined, **** ¼ major phase, * ¼ secondary/minor phase). The concentration of elements
is expressed as weight percent (wt%) of the relevant oxides, where the oxygen is combined by stoichiometry.

Chemical composition (wt%) as determined by
SEM/EDX Mineralogical composition

Oxides Agios Syllas Thrapsano Mineral phases Agios Syllas Thrapsano

Na2O 0.4 1.3 quartz **** ****

MgO 9.7 1.6 calcite **** *

Al2O3 14.2 25.1 dolomite *** *

SiO2 47.7 54.8 illite/muscovite **** ****

P2O5 0.0 0.3 plagioclase ** ***

SO3 0.3 0.4 chlorite *** ***

Cl2O 0.1 0.3 kaolinite * *

K2O 3 2.7 paragonite n.d. ****

CaO 13.2 3.1 K-feldspars ** ***

TiO2 1.0 0.9 amphiboles * *

MnO 0.6 0.2 hematite tr. tr.

Fe2O3 8.8 8.5 zeolites tr. tr.

CuO 0.6 0.4 serpentine * n.d.

ZnO 0.4 0.3 smectite * n.d.

Total 100 100
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respectively (Ntina 1994). Since the mosaics were not
removed from the archaeological site upon excavation,
sampling was carried out from lacunae, i.e., areas where
tesserae have been lost. The samples (NA-4, NA-5, and
NA-6) were named according to the dating of the
archaeological layer they derive of, namely 4th, 5th, and
6th century AD, respectively. In all samples, the binding
material consists of lime mixed with fine- to medium-
grained ceramic fragments.

Results and discussion

Mineralogy of ceramic pozzolanas
The mineralogical and chemical compositions of the initial
clays used for the preparation and firing of briquettes at
different temperatures are presented in Table 1. It can be
seen that the main difference between the two clays is the
content of calcite and dolomite, which are significant in
Agios Syllas and very low in Thrapsano. These two mineral
phases are responsible for the different behaviour of the
clays upon firing, with the first developing typical
calcareous porous microstructures and the second a dense
and less porous matrix (Maniatis and Tite 1981).

Pozzolanicity test
Conductivity values of the ceramic-lime mixtures measured
during the pozzolanicity test for different types of ceramic
pozzolanas were plotted against time (Fig. 1), in order to
compare and contrast the reaction rate of different
ceramics with calcium hydroxide. These values were
plotted together with those of a reference solution
(saturated calcium hydroxide solution) in order to verify
that, apart from the lime-ceramic reaction, there is no other
mechanism that affects conductivity values (e.g., the
carbonation of lime solution).

From the results presented in Figure 1, it seems that the
reaction rate of ceramic pozzolanas follows an exponential

trend, with the only exceptions being those of Agios Syllas
(AS_1100) fired at 11008C, which follows a first order
trend, and Thrapsano fired at 10508C (TH_1050), which
presents no conceivable reactivity with lime. Considering
that low conductivity values indicate increased lime
consumption, the pozzolanas that show the greatest
reactivity according to the conductivity tests are TH_700
and AS_700. However, apart from the TH_1050 that
exhibited no reactivity, the ceramic pozzolanas present a
very similar reactivity trend, since the differences in lime
consumption after 28 days do not seem significant. The
slight decrease of conductivity values observed over time in
the reference solution may be attributed to the partial
carbonation of the saturated solution.

In conclusion, the conductivity monitoring of the solution
during the pozzolanicity test was not able to reveal any
significant differences in the reactivity of the different types
of ceramic materials. Therefore, it was decided to study the
reactivity further, through differential thermal analysis and
scanning electron microscopy of the ceramic fraction.

Thermal analysis and microscopy
In differential thermal analysis, the temperature difference
that develops between the sample and an inert reference
material is measured, when both are subjected to an
identical heat-treatment. Physical or chemical changes of
the sample which lead to the absorption or evolution of
heat can be detected relative to the inert reference. In the
resulting graph, energy and mass transformations are
plotted versus temperature and allow the subsequent
characterisation of the samples. The evaluation of the
DTA/TG plots was based on the interpretation of the first
derivative plots for both DTA and TG. Based on the DTG
curves, the formation of the hydrated phases can be
monitored. The main area of interest for the evaluation of
the reactivity of different ceramic powders with lime was in
the range of 100-2008C, where dehydration of poorly
crystallised calcium-silicon and calcium-aluminum

Figure 1. Conductivity values of the ceramic-lime mixtures measured during pozzolanicity test.
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hydrates (C-S-H, C-A-H) is taking place. Peaks in the region
of 100-1208C are usually taken to indicate the presence
of C-S-H, while those around 140-1808C are indicative
for C-A-H and mixed hydrates (Ramachandran 1988;
Moropoulou et al. 2004b). Those phases are produced in
the saturated calcium hydroxide solution through the
reaction of lime (Ca(OH)2) with the ceramic particles.
Other areas of interest are in the range of 450-5508C and
700-8008C, where dehydration of calcium hydroxide and
decarbonation of calcium carbonate are respectively taking
place (Ramachandran 1988). Thermal transformations up
to 1208C are also indicative of the evaporation of physically
absorbed water, while in the range of 200-6008C
chemically bound water of hydraulic compounds (and of
other hydroxides) is lost, and in the range of 550 to 8308C
that of clay minerals is also lost (He et al. 1995; Bakolas
et al. 1998). Aiming to distinguish the dehydration of C-S-H
and C-A-H phases from the evaporation of free water
and the dehydration and dehydroxylation phenomena of
clays, the samples were dried at 608C to constant weight
prior to measurement. Furthermore, the data obtained
from DTA/TG measurements were normalised based on
the weight loss of the ceramic material in the same
temperature range, as obtained from comparative measure-
ments on untreated samples.

From the weight loss (% w/w) recorded in the range of
100-2008C, the total amount of hydrates was calculated,
and two different graphs were plotted, for calcareous and
non-calcareous ceramics (Fig. 2). The interpretation of the
relevant diffraction patterns indicated that the main
hydrate phases formed in the lime solution are tobermorite
(low crystallinity C-S-H) and calcium monocarboaluminate
hydrate (C-A-H).

In Figure 2, it is apparent that hydrated phases are present
in a sufficient amount from the third day of the
pozzolanicity test, while their amount increases continu-
ously up to 28 days, where, based on conductivity
measurements, the maximum amount of lime consumption
occurs. In contrast to the conductivity measurements,
thermal analysis reveals that there are significant
differences between calcareous and non-calcareous clays,
while firing temperature also plays an important role in the
reactivity of ceramics. The most active material proved to
be the low-fired calcareous ceramic (AS_700), which
shows only very limited vitrification. In contrast, high-fired
non-calcareous ceramics (TH_1050) seem to be inert and
present no reactivity, which is in agreement with the
pozzolanicity test.

The crystalline phases of the highest fired samples of each
type of clay have been determined by XRD and compared to
the initial compositions of the clays (Table 1). The
diffraction patterns of AS_1100 indicate the formation of
pyroxenes (diopside), gehlenite and leucite (potassium-
rich feldspathoid) phases in the calcareous clay. The peak
of plagioclase (anorthite) is more intense, while illite/
muscovite peaks have disappeared. In the case of non-
calcareous clays, the diffraction patterns indicated the
decomposition of illite/muscovite and plagioclase phases,
whereas the K-feldspar peak was not affected. Hematite
becomes more crystalline, while mullite (3Al2O3

.2SiO2) is
the new phase formed. Mullite is characterised by a very
high chemical stability and no reactivity with calcium
hydrate (Baronio and Binda 1997), and its presence might

contribute to the very low pozzolanic activity observed in
the high-fired non-calcareous ceramic (TH_1050).

The results presented above were confirmed on the SEM,
by examination of the solid fraction, filtered from the
saturated calcium hydroxide solution. In Figure 3, the
dense, angular, gel-like microstructure of the hydrates
formed in sample AS_700 can be seen. These new phases
fill the empty space of meso- and macro-pores in mortars,
creating a denser microstructure with decreased porosity,
and therefore increase the strength properties of lime-
ceramic mortars. In the case of high-fired non-calcareous
ceramics, the extensive vitrification of the ceramic body
creates a dense, very stable matrix that deters the reaction
with lime (Fig. 4). Concerning the rest of the samples, it
seems that low- and medium-fired, non-calcareous
ceramics present better reactivity than medium- and high-
fired, calcareous ceramics (Figs. 3, 4).

Characterisation of archaeological mortars
The examination of thin sections revealed that the majority
of mortars contained both calcareous and non-calcareous
ceramic fragments. The grain size and the total amount of

Figure 2. The total amount of hydrates as determined by
thermal analysis for calcareous (upper graph) and

non-calcareous (lower graph) ceramics.
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Figure 3. Microstructure of the hydrates formed in AS_700 sample (calcareous clay, fired at 7008C) after 28 days in the
lime solution.

Figure 4. Microstructure of the TH_1050 sample (non-calcareous clay, fired at 10508C). No hydrates are formed after
28 days in the lime solution.
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the ceramic admixtures in the examined samples appear to
depend mainly on the use of mortar. Thus, in the mosaic
mortars examined, ceramic fragments range from 1 to
3mm, while in masonry mortars ceramics exceed
5-10mm. Both petrographic examination and analyses by
SEM indicate that ceramic fragments were generally
angular, of high sphericity, and moderately to well fired.
In many cases, ceramic fragments contained secondary
calcite in their pores. The amount and size of aplastic
inclusions in the ceramic fragments varied, and identifiable
minerals consisted mainly of quartz, quartzites, and mica.
The grain size distribution of the aggregate fraction
participated in the mortars studied is presented in Figure 5.
Finally, the estimate of the approximate compressive
strength for the six mortar samples examined (Fig. 6)
indicated a clear trend for superior strength characteristics

as compared to typical lime mortars (Hughes and Valek
2003). Considering the geometric parameters that may
influence the estimated strength values (Drdácký et al.
2008), as well as the differences in mix proportions and
grain size distribution of the different mortars (Fig. 5),
these values are considered indicative for their strength.
However, the presence of considerable amounts of ceramic
powder in the binder fraction, along with the experimental
results outlined by this experimental study, can further
support the notion of the beneficial role of ceramic
fragments as admixtures to lime mortars. Considering
their ability to harden and set in extremely wet conditions,
the addition of ceramic material also increases the types
of applications of such mortars.

Figure 5. Grain size distributions of aggregates incorporated in mortars sampled from archaeological monuments.

Figure 6. Comparison of the approximate compressive strength of the mortar samples studied with those of a high calcium
(non-hydraulic) lime mortar.
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Conclusions
The main factors affecting the setting reactions and
pozzolanicity of lime-ceramic mortars, besides the grain
size and quantity of the ceramic admixtures, are their
chemical and mineralogical composition, as well as firing
temperature. The conductivity monitoring of the ceramic
powder - lime mixture during the pozzolanicity test was
not able to reveal any significant differences in the
reactivity of the different types of ceramic materials, in
contrast to differential thermal analysis and scanning
electron microscopy.

Generally, it could be stated that the reactivity of ceramic
admixtures in lime mortars is higher for lower fired (non-
vitrified) ceramics; while high-fired (totally vitrified) non-
calcareous ceramics present limited or no reactivity. The
reactivity of the ceramic material was found to be affected
by the chemical stability of the phases formed during
heating, and, consequently, their cations exchange capacity
with lime. The experimental results of the laboratory
experiments provide a baseline against which the
performance of different archaeological mortars can be
discussed. In the present case, a preliminary examination of
lime-ceramic mortars from different time periods (Roman,
Hellenistic, and Byzantine) indicated that both calcareous
and non-calcareous ceramics were used, and the measure-
ment of the compressive strength of those samples
confirmed their superior performance as compared to
conventional lime mortars. Based on the results of the
experimental study and on the examination of the
archaeological samples, it appears that the use of ceramic
admixtures ensured in all cases enhanced performance and
durability. Therefore, it is evident that in the cases where
ceramic powder was added in the lime, this was done
intentionally, in order to increase the strength and attribute
a hydraulic character to the mortars. However, archae-
ological results and references mentioned in the text
suggest that crushed wasters were not used as pozzolanas.
In contrast, it seems that partially vitrified domestic pottery
and architectural ceramics were recycled in mortars,
ensuring the required reactivity and enhancing the
performance of lime-ceramic mortars.
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