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Abstract 	 Clay analysis plays a crucial role in studies of ancient ceramics, contributing with answers to better 
understanding resource exploitation strategies, production technologies, and regional and interregional 
interaction patterns. The vessels are made essentially by clays, the composition of the ceramics reflecting 
the origin of the clay materials used and conclusions may be inferred concerning the type of raw materials 
and the establishment of the geographic area of production. 

	 Different geochemical patterns found in clays from different geological contexts, consist on an important 
basis for the comparison with ceramics since the identification of the clays used for productions can con-
tribute to delimit a potential area of clay resources and thus establishing provenance. This is particularly 
useful when no archaeological evidence of production exists. REE patterns are very important for the 
characterization of ceramic productions and their relation with raw materials, as subtle variations between 
them reflect differences in their relative behaviour in response to the chemical environment, making this 
group particularly useful in geochemistry studies. So, REE are crucial trace elements to pursue studies 
of raw materials and provenance establishment and trade routes reconstruction in ancient times. 
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Resumo	A s terras raras como indicadores geoquímicos na proveniência de cerâmica antiga 
	 O estudo das argilas assume um papel crucial na investigação de cerâmicas antigas, contribuindo para 

o esclarecimento e melhor compreensão de estratégias de exploração de recursos de matérias-primas, 
tecnologias de produção e padrões de interacção regional e inter-regional. Os recipientes cerâmicos são 
essencialmente constituídos por argilas, reflectindo a sua composição a origem dos materiais argilosos 
usados, podendo ser retiradas conclusões relativamente ao tipo de matérias-primas, bem como ao estabe-
lecimento de áreas geográficas de produção.

	 Os diversos padrões geoquímicos encontrados nas argilas provenientes de diferentes contextos geológi-
cos, constituem uma importante base para a comparação com as cerâmicas, uma vez que a identificação 
das argilas usadas em certas produções, pode contribuir para a delimitação da potencial área fonte de 
argilas, estabelecendo-se assim a sua proveniência. Este facto é particularmente relevante quando não 
existe evidência arqueológica de produção. Os padrões de terras raras são muito importantes para a ca-
racterização das produções cerâmicas e sua relação com as matérias-primas, uma vez que as variações 
subtis que apresentam reflectem diferenças no seu comportamento em resposta ao sistema químico que 
as rodeiam, tornando este grupo particularmente útil em estudos de geoquímica. Deste modo, as terras 
raras são elementos traço cruciais em estudos de matérias-primas e no estabelecimento de proveniência 
de cerâmicas, contribuindo para a reconstrução de rotas comerciais em tempos antigos.

Palavras-chave: Cerâmicas arqueológicas; Argilas; Terras Raras; Proveniência. 

1. Introduction

Ancient ceramics preserve a record of their raw 
materials within their composition, thus composi-
tional profiles of ceramics and raw materials (clays 
and temper) are used to trace individual artefacts 
from their find spot to their origin. The chemical 
analysis of ceramics and raw materials in support 
of provenance research has grown rapidly over the 

past few decades. Compositional data together with 
classical archaeological approaches has been largely 
used in solving a broad variety of questions and an 
overview of these types of studies is well described 
and summarized in the literature (Rice 1987; Chap-
pell 1991; Neff 1992; Velde & Druc 1999; Tite 
2008). Chemical analysis of ceramics and of raw 
materials, determining the larger number of chemi-
cal elements as possible (especially trace elements), 
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is particularly useful in provenance studies. In this 
way, large data sets are generated, which need to be 
processed by computer with statistical programs. One 
important thing to not forget is that statistical analysis 
is only a tool to help us with very large amount of 
data matrixes (variables and samples) and remember 
that the results obtained are an approximation of the 
reality. The attribution of one pot to one particular 
site or compositional group is based on statistical 
probabilities. Thus the results obtained by statistical 
analysis must be checked taking into account geo-
chemical considerations. In some cases, an important 
step prior to any statistical analysis is normalization 
of the chemical elements contents. Normalization 
in archaeological ceramics studies is defined as a 
procedure to compensate for the influence of natural 
(geological and ceramic burial time) and anthropo-
genic (technology of production) processes on the 
measured variability of the concentration of elements, 
emphasizing the importance of taking into account 
geochemical behaviour of the element chosen for 
normalization. Among conservative elements, scan-
dium appears to be quite appropriate to normalize 
chemical data (Dias & Prudêncio 2008). 

A discussion of pottery must include clay and its 
origin, composition and properties. Thus, the use of 
clay resources is very important in deciphering the 
provenance of a ceramic object, i.e., the geographic 
area where the object was produced, especially when 
no archaeological evidence of pottery workshops are 
found. In the past, the potter was tied to the local/re-
gional resources for his production, and would have 
adapted local resources to answer specific needs. 
Sources of clays tended to be those easily available 
– soils or surface sediments are likely candidates.

2.	T he Role of Ree in Archaeometric 
Studies

Among trace elements, rare earth elements (REE) 
can be particularly useful in distinguishing clayey 
materials resources. The subtle variations in the prop-
erties of REE make them sensitive to mineral/melt 
equilibrium, as well as to weathering conditions after 
the breakdown of primary minerals and the forma-
tion of new mineral phases, sedimentary sorting, and 
diagenesis (McLennan 1989). These elements have 
very similar chemical and physical properties, and 
the dominant oxidation state is the +3 state; there 
is a small but steady decrease in ionic radius with 
increasing atomic number; therefore the REE tend to 
occur in nature as a group. The differences existing 
among the REE lead to differences in their relative 
behaviour in response to the chemical environment, 

making this group particularly useful in geochemistry 
since they can be a pointer of the genesis processes of 
the rocks and minerals and subsequent alterations.

The REE are usually divided in light REE (LREE), 
middle REE (MREE) and heavy REE (HREE). The 
fractionation between LREE and HREE is measured 
by the (La/Yb)ch ratio, i.e. the ratio between the La 
and Yb concentrations normalized to chondrites. 
REE occur in a trivalent state in most of the tem-
perature-pressure conditions of the earth, except Ce 
and Eu. Under oxidizing conditions, Ce3+ may be 
oxidized to Ce4+ leading to a decrease in the ionic 
radius. This reaction occurs on a large scale in the 
marine environment, associated with the formation 
of manganese nodules, with a consequent depletion 
of Ce in ocean waters. On a smaller scale, this reac-
tion also occurs in superficial environments during 
weathering (Gouveia et al. 1993; Prudêncio et al. 
1993, 1995). Under reducing conditions, europium 
may exist in the divalent state. Europium is the only 
element for which a significant proportion of the 
ions in igneous systems are likely to be present in 
valences other than 3+, leading to an anomalous be-
haviour. This anomalous characteristic of Eu can be 
expected for many minerals, but is most pronounced 
for plagioclases, because Eu2+ is similar to Sr2+ and 
substitutes much more easily for Ca and Na in the 
large feldspar site than does Eu3+. The amount of 
feldspars (particularly plagioclase) or the fates of 
Eu after the breakdown of these primary minerals 
during weathering and sedimentary processes, have 
an important control on the Eu anomaly of residual 
or sedimentary clayey materials. Thus Ce and Eu 
anomalies may occur depending on several factors, 
and may be used as indicators of geological forma-
tions (Prudêncio et al. 1993; Marques et al. 2011, 
2012; Prudêncio 2009).

Among the existing analytical methods for chemi-
cal contents determination, the instrumental neutron 
activation analysis (INAA) method has a number of 
advantages over most other analytical methods when 
investigating archaeological specimens. INAA is a 
sensitive, precise and accurate technique for quantita-
tive multi-element analysis. A small amount of sam-
ple is required which is an obvious advantage when 
dealing with cultural heritage materials. The potential 
of this method as an archaeological tool to establish 
the provenance of archaeological ceramics was first 
recognized by Robert Oppenheimer in 1954 (Sayre 
& Dodson 1957; Harbottle 1976). Since then nu-
merous works have been done using this method. 
After fifty years of successful NAA applications to 
archaeology, a special issue of Archaeometry (vol. 
49, 2007) was published with contributions describ-
ing the history of several NAA laboratories and case 
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studies of archaeological artefacts, including several 
case studies concerning ceramics provenance (Dias 
& Prudêncio 2007; Hancock et al. 2007; Ki-
likoglou et al. 2007). The application of the INAA 
method using the Portuguese Research Reactor (RPI) 
as neutrons source in support of provenance research 
has been largely used over the past few decades in 
the IST/ITN, where a large compositional database 
of ceramics from different chronologies and archaeo-
logical sites, as well as of raw materials exists nowa-
days (Cabral et al. 1988; Dias et al. 2002, 2003a, 
2003b, 2005a, 2005b, 2009; 2010; Prudêncio et al. 
1989; Prudêncio et al. 2003, 2006, 2009; Trindade 
et al. 2010a, 2010b; Marques et al. 2010). 

3.	U sing Ree for Provenancing Ancient 
Ceramics: The Case of Roman 
Pottery from Archaeological Sites 
of NW Iberian Peninsula

Bracara Augusta (Braga, NW Portugal) was a 
Roman town recognized as a centre of production and 
distribution of pottery to a wide regional area (Mar-
tins & Delgado 1995, 1989-90a, 1989-90b). Among 
the shards found in Braga, different types of Roman 
pottery could be recognized, such as Bracarense, pol-
ished fine grey, painted ceramics, late grey ceramics, 
local amphorae production, non-vitreous red slips 
ware and several types of common ware. Similar 
shards have been found in other archaeological sites 
of the NW Iberian Peninsula region, such as Aquis 
Querquennis (Galiza, Spain), which together with the 
absence of kilns near Braga, question the production 
centre’s location. The chemical characterization of 
the pastes of different types of ceramics found in 
Bracara Augusta was done in an attempt to con-
firm the morphological classification by macroscopic 
observation of the pastes, with particular emphasis 
in the REE patterns. While provenance studies may 
be able to identify the kinds of clay material used 
in a particular type of pottery, they do not provide 
information on the cultural or socioeconomic context, 
such as the location of workshops, which depends 
on the finding of kilns, deposits of raw materials, 
wasters, etc. at a site. The approach adopted for the 
establishment of the existence of ceramic production 
in Bracara Augusta (town and vicinities areas) has 
been a combination of the abundance of the types of 
potteries (forms and paste types) and comparisons of 
the ceramic composition with clay resources avail-
able in the area (Prudêncio et al. 2006).

The inventories of the regional clay materials be-
tween the city of Braga and the shoreline and their 
mineralogical characterization were previously re-

ported (Sequeira Braga 1988; Sequeira Braga 
et al. 2002): (a) near Braga – (i) clays derived by 
weathering of schists (Espinheira and Bustelo); (ii) 
sedimentary deposits of small temporary basins 
(Ucha and Quebrosas); (iii) clays derived by weath-
ering of the Braga granite; (iv) Prado sediments; 
and (b) near the coast – (v) residual kaolin; and (vi) 
sedimentary kaolin.

Chemical analyses of shards (paste) and clay 
materials were performed by means of instrumen-
tal neutron activation analysis (INAA). Our proce-
dure for INAA has been fully described elsewhere 

(Prudêncio et al. 1986, 1988), and will only be 
summarised here: the analysis were performed us-
ing a γ-ray spectrometer consisting of a 150 cm3 
coaxial Ge detector and a low energy photon de-
tector (LEPD), connected through Canberra 2020 
amplifiers to Accuspec B (Canberra) multichannel 
analyser were used. This system had a FWHM of 
1.9 keV at 1.33 MeV (coaxial Ge detector), of 300 
eV at 5.9 keV and of 550 eV at 122 keV (LEPD). 
The irradiations were carried out in the core grid of 
the Portuguese Research Reactor (Sacavém) at a flux 
of 4.4x1012 n×cm-2s-1 for seven hours. This method 
allowed obtaining the concentrations of La, Ce, Nd, 
Sm, Eu, Tb, Yb, and Lu.

The first geochemical approach was done to the 
two main typological groups of ceramics pastes found 
in large amounts in Braga – Bracarense and common 
ware, in order to characterize in a compositional point 
of view, by using REE, trying to differentiate, or not, 
these two productions. The REE were normalized to 
chondrites (Haskin 1971) and the patterns obtained 
well characterize and differentiate those two types of 
paste (Fig. 1). All ceramics have LREE/HREE frac-
tionating, a significant Eu anomaly, and no important 
Ce anomaly was detected. Bracarense ceramics from 
Bracara Augusta (BA) and Aquis Querquenis (AQ) 
have similar Eu anomaly (BA=0.41; AQ=0.40) and 
REE fractionating degree [BA (La/Yb)ch=6.16; AQ 
(La/Yb)ch=5.96]. Common ware (CW) have a simi-
lar Eu anomaly (CW=0.44) when comparing with 
Bracarense ceramics, but a higher REE fractionating 
[CW (La/Yb)ch=11.3]. These differences point to the 
use of different raw materials.

Concerning the clay deposits located near the 
coast, the sedimentary kaolin (Sk) is more concen-
trated in REE and the MREE and HREE contents 
vary more than the LREE, particularly La and Ce 
(Fig. 2) than the residual kaolin (Rk). In average the 
Eu anomaly of the sedimentary kaolin (Eu/Eu*=0.38) 
is more pronounced than the residual kaolin (Eu/
Eu*=0.52), and the fractionating degree is lower and 
less variable [Sk (La/Yb)ch=7.9; Rk (La/Yb)ch=8.5].

Concerning the clay deposits located near Braga 
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(Fig. 3), the weathered derived materials have sub-
stantial differences: the granites (WG) have a higher 
LREE/HREE ratio [WG (La/Yb)ch=19.8] relatively to 
schists (WS) [WS (La/Yb)ch=7.25], as well as higher 
negative Eu anomaly [WG (Eu/Eu*)=0.41; WS (Eu/
Eu*)=0.53]. Regarding the sedimentary basin de-
posits, the sediments of the Prado basin (PS) have 
higher REE contents, when compared with the small 
basins of Ucha and Quebrosas (UQ) and higher Eu 
anomaly [PS (Eu/Eu*)=0.45; UQ (Eu/Eu*)=0.52]; 
the REE fractionating is very similar in both deposits 
[PS (La/Yb)ch=11.7; UQ (La/Yb)ch=11.1].

The REE patterns of both sedimentary basin de-
posits and weathered materials suggest that the Prado 
sediments had a more important contribution of gran-
ites as source materials than of schists, especially due 
to higher REE content and similar Eu anomaly, which 
is usually a sign of inherited characteristics. On the 

other hand, the sediments from the small basins of 
Ucha and Quebrosas point to a composition more 
similar to the weathered schist (Prudêncio et al. 
2006; Prudêncio 2009). 

The chemical characteristics of clay resources 
and of the two types of ceramics studied (Bracarense 
and common ware) are a useful tool to attribute re-
lationships between and within them, thus providing 
provenance insights. The comparison of REE behav-
iour showed that the most probable raw materials 
used to obtain the common ware paste, occurs near 
Braga, namely the clays of the Prado sedimentary 
basin, especially considering the similarity of the 
Eu anomaly (CW=0.44; PS=0.45) and of the REE 
fractionating (La/Yb)ch ratio (CW=11.3; PS=11.7) of 
both CW and PS. On the other hand the Bracarense 
ceramics have REE patterns similar to those found 
in the sedimentary kaolins, presenting comparable 

Fig. 1. REE patterns of the Bracarense and common ware ceramic bodies.
Fig. 1. Padrões de Terras Raras das pastas de cerâmicas Bracarense e comum.

Fig. 2. REE patterns of residual and sedimentary kaolin deposits located near the coast. 
Fig. 2. Padrões de Terras Raras de depósitos de caulinos residuais e sedimentares localizados na costa.
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Eu anomaly (BA+AQ=0.41; Sk=0.38) and (La/Yb)ch 
ratios (BA+AQ=6.1; Sk=7.9). 

In this way, two main types of pastes appear 
to exist in shards of different typologies found in 
large amounts in Bracara Augusta and vicinity (the 
“Bracarense paste” and the “common ware paste”), 
pointing to local/regional productions with the use 
of two main types of local/regional raw materials 
(sedimentary kaolins and Prado sediments), clearly 
emphasized by REE patterns. The absence of archae-
ological evidence of ceramic production justifies the 
chemical clay tracing to establish provenance and 
confirm local/regional productions. 

4. Final Remarks

Compositional analysis of archaeological ceram-
ics and raw materials, together with classical archaeo-
logical methods are a powerful approach to solve 
questions dealing with provenance, technology and 

use of such artefacts in ancient times. Clay analysis 
plays a crucial role in studies of ancient ceramics, 
contributing with answers to better understanding 
resource exploitation strategies, production technolo-
gies, and regional and interregional interaction pat-
terns. The vessels are made essentially by clays, the 
composition of the ceramics reflecting the origin of 
the clay materials used and conclusions may be in-
ferred concerning the type of raw materials and the 
establishment of the geographic area of production. 

Considering trace elements, the REE are a group 
particularly useful in geochemistry, since they can be 
a pointer of the genesis processes and subsequent al-
terations, which enables to better fingerprint clays, as 
well as ceramic pastes, contributing to the correlation 
with their potential raw materials. In this way, REE 
may have a special role in ancient ceramics prov-
enancing and thus differentiating local productions 
from imports, a usual relevant question of cultural 
heritage researchers. 

Fig. 3. REE patterns of clays located near Braga of: weathered granite; weathered schists; sediments of the Prado basin; 
and sediments belonging to small sedimentary basins (Ucha and Quebrosas).

Fig. 3. Padrões de Terras Raras de argilas localizadas na região de Braga provenientes de: granitos alterados; xistos alterados; sedimentos 
da bacia do Prado; e sedimentos de pequenas bacias sedimentares (Ucha e Quebrosas).
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