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Abstract
This work deals with the archaeometric investigation
on 25 fragments of terra sigillata (red-coated ceramic
ware and moulds) found in the city of Arezzo, Tuscany
(central Italy), and attributed to several important
workshops from the first century BCE to the second
century CE. Optical and spectroscopic techniques were
used to analyse both the ceramic bodies and the red
slips. All the potsherds showed a very fine-grained
ceramic body, sharing similar mineralogical composi-
tions, mainly consisting in quartz, plagioclase, pyrox-
ene, hematite, K-feldspars, and illite/muscovite. The
mineralogical data suggest that both the red-coated
wares and the moulds were produced using the same
calcareous-illitic clay and fired under oxidising condi-
tions at temperatures between 850�C and 1000�C. A
K-rich illitic clay with a Fe content around 10–15%
(in wt%) was used to elaborate the slips. Al-substituted
hematite was found in red slips by micro-Raman spec-
troscopy. Comparison of the chemical data with terra
sigillata from other important production areas in Italy
and from other regions of the Meditteranean Sea,
allowed to define that the studied samples, locally pro-
duced in Arezzo, differ systematically from all others,
although they show similarities with nearby Pisan pro-
ductions as well as those Puteolan.
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INTRODUCTION

Archaeological excavations carried out in the second half of the 19th century in the complex of
Santa Maria in Gradi and the surrounding areas of the city of Arezzo, Tuscany, central Italy
(Figure 1a), brought to light the structural remains of ceramic workshops and drains along with
a huge amount of terra sigillata (red-slip ware type). This particular thin tableware pot,
characterised by a glossy red coating and decorations, and stamps in relief on the surface, is one
of the best examples of how standardised shapes and appearance allow the identification of
fairly defined chronological periods, favouring a deeper understanding and interpretation of
archaeological remains (Leon et al., 2015). Terra sigillata ware was extensively produced in

F I GURE 1 (a) Geographic location of Arezzo, Tuscany region (in grey), Central Italy. (b) Four representative
samples of terra sigillata wares found in Arezzo, analysed here: (1) PB-06 signed MERA BARGATHES; (2) AT-23,
attributed to Ateius; (3) PC-13 signed CRESENI; (4) CO-21 signed PCORNE. (c) Microphotographs of four
representative samples, (two red coated and two moulds) in crossed-polarised light in which a different grain size is
evident in samples CI-16 and CI-18. (d) SEM-BSE image of the sample MP-02, in which it is remarkable the
compactness and good adherence of the slip (about 20 μm thick) to the ceramic body.
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various regions of the Roman Empire, and from the mid-first century BCE until the beginning
of the second century CE, the italic terra sigillata (referring with this term to the terra sigillata
produced in Italy) was involved in all the commercial dynamics of the Roman economy. It is
important to emphasise that in Arezzo, during the second century BCE, a type of black-glazed
pottery was also produced. The black-glazed production had already spread during the third
century BCE in central Tyrrhenian Italian peninsula founding its greatest expressions in the
large productions in the area of Cales (nowadays Caserta) (Verde et al., 2022). Therefore,
the red-glazed ceramic production in Arezzo is the result of a transition from black to red,
through continuous technological advances by the aretine potters. This transformation in
ceramic production perfectly fits into the context of the historical transition that, in the first cen-
tury BCE, witnessed the Roman world moving to the “Augustan Age” (Morel, 2009), during
which the city of Arezzo reached its peak as one of the greater production centres of terra sig-
illata wares. In this period terra sigillata, quickly achieved enormous commercial success and
widely spread throughout all the provinces of the Roman Empire and the Mediterranean basin
(Brando, 2008; Guerrini & Mancini, 2007). This allowed the birth and development of new
branch workshops in various strategic centres such as Pisa (Tuscany, central Italy) and La
Graufesenque (south-western France) (Lofrumento & Zoppi, 2004; Picon et al., 1975). The term
sigillata stems from the presence of stamps or “seals” (sigilla) bearing the signature of the work-
shop’s owner and their subordinated artisans. Production techniques were so advanced as to
allow mass production in sufficient quantities to meet the demands of the export market (Sciau
et al., 2020). In the production of relief-decorated pots, a preparatory vase matrix was made on
the lathe and used as a mould to obtain the desired shape for the final product. The decorative
elements were impressed in negative on the inner surface of the vase matrix through the use of
convex punches. After drying and firing, the vase matrix was used for the standardized series
production of ceramic tableware for food and beverage consumption. The decorative motifs in
relief on the outer surfaces of these vessels were obtained by adhering the plastic clay (leather
hard) to the inner walls of the moulds by filling the cavities left by the punches, bearing the
sequence of the decorations. The leather-hard vessels were coated by dipping or brushing and,
after drying, fired in an oxidising atmosphere (Mirti et al., 1999; Sciau et al., 2020). The selec-
tion and appropriate treatment of clays played a key role in the development of slip quality.
Whether the suspension used for the coating corresponded to the finest fraction of the clays
used for ceramic bodies or to a different raw material is still a matter of debate (see Sciau
et al., 2020, and references therein). The artefacts found in Arezzo belong to several important
ceramic workshops characterised by a perfectly acquired production process of a pre-industrial
organisation. The most famous was that of Marcus Perennius, located in the complex of Santa
Maria in Gradi, in the centre of Arezzo. Since 15 BCE, Perennius Tigranus was the new owner
of the same workshop, followed by Bargathes, 10–5 BCE, whereas the latest productions are
signed by Perennius Crescens and Perennius Saturnius, the last workshop owners since 30–
40 CE until the decline of the decorated production in Arezzo (Sternini, 2012). In the present
study, fragments from each of the above-mentioned periods were analysed, including some pot-
sherds from Cincelli, where a branch of the headquarters of S. Maria in Gradi was located, and
some signed by other important Arezzo’s producers such as Cornelius and Ateius. A series of
representative samples, consisting of inner decorated moulds and red-coated wares, dating from
around 30 BCE to 30 CE, were analysed using a multi-analytical approach, combining micro-
scopic, chemical, and mineralogical analyses. For the first time, it was possible to compare the
ceramic fabrics of the red-coated samples with those of the moulds in terms of production tech-
nology, from the clay selection and processing, to the firing. Differences and similarities
between the various workshops in Arezzo were also investigated. The examination of the red
coatings was conducted to study their main features (such as thickness, colour, and appearance)
and composition, focusing on the presence and type of the hematite phase. All results were also
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considered from a broader perspective, comparing them with the most important terra sigillata
wares from regional and non-regional production centres.

MATERIALS AND METHODS

Twenty-five sherds of terra sigillata aretina (hereafter TSA), made available by the National
Archaeological Museum of Arezzo, were selected for mineralogical and chemical
characterization (Figure 1b). All the fragments, consisting of 15 internally decorated moulds
and 10 red-coated wares with the typical red-glossy coating on both surfaces and external relief
decorations, were denominated according to the belonging workshop (Table 1), considering
that the same stamps and decorations generally correspond to the same production centre
(Menchelli, 2005). The area of findings and the decorative patterns on the ceramic surfaces were
also considered for the discrimination of similar sherds. After being carefully cut, the freshly
broken surfaces were observed with a Zeiss Stemi 2000-C stereomicroscope to compare the
ceramic bodies of the samples from the different workshops. Thin section observation was per-
formed using a Zeiss Axioscope A1 equipped with a high-resolution camera and Axiovision

TABLE 1 List of the studied samples with the type of ceramic (red-coated or mould), the stamp (if any), the site of
finding and the chronological framework (Menchelli, 2005; Sternini, 2012).

Sample Type Workshop Stamp Site of finding Chronology

MP-01 Red-coated Marcus Perennius - S. Maria in Gradi (Arezzo) �30–15 BCE

MP-02 Red-coated Marcus Perennius - S. Maria in Gradi (Arezzo) �30–15 BCE

MP-03 Mould Marcus Perennius - S. Maria in Gradi (Arezzo) �30–15 BCE

MP-04 Mould Marcus Perennius Cerdo S. Maria in Gradi (Arezzo) �30–15 BCE

PB-05 Mould Perennius Bargathes - S. Maria in Gradi (Arezzo) �10–5 BCE

PB-06 Red-coated Perennius Bargathes Mera/Bargathes S. Maria in Gradi (Arezzo) �10–5 BCE

PB-07 Mould Perennius Bargathes Bargathes S. Maria in Gradi (Arezzo) �10–5 BCE

PT-08 Mould Perennius Tigranus - S. Maria in Gradi (Arezzo) �15–10 BCE

PT-09 Mould Perennius Tigranus - S. Maria in Gradi (Arezzo) �15–10 BCE

PT-10 Red-coated Perennius Tigranus Tigrani S. Maria in Gradi (Arezzo) �15–10 BCE

PC-11 Red-coated Perennius Crescens Creseni S. Maria in Gradi (Arezzo) �25–30 CE

PC-12 Mould Perennius Crescens - S. Maria in Gradi (Arezzo) �25–30 CE

PC-13 Mould Perennius Crescens Creseni S. Maria in Gradi (Arezzo) �25–30 CE

PS-14 Red-coated Perennius Saturnius - S. Maria in Gradi (Arezzo) �25–30 CE

PS-15 Mould Perennius Saturnius Saturn S. Maria in Gradi (Arezzo) �25–30 CE

CI-16 Red-coated Cincelli Tig Cincelli �15–10 BCE

CI-17 Mould Cincelli - Cincelli Prior to 10 BCE

CI-18 Mould Cincelli - Cincelli Prior to 10 BCE

CO-19 Red-coated Cornelius - Cincelli Prior to 10 BCE

CO-20 Red-coated Cornelius - Cincelli Prior to 10 BCE

CO-21 Mould Cornelius P Corne Cincelli Prior to 10 BCE

CO-22 Mould Cornelius P Coreli Cincelli Prior to 10 BCE

AT-23 Red-coated Ateius - Via Nardi (Arezzo) �15 BCE-30 CE

AT- 24 Mould Ateius - Via Nardi (Arezzo) �15 BCE-30 CE

AT-25 Mould Ateius - Via Nardi (Arezzo) �15 BC-30 CE
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software for image acquisition and management. The petrographic analysis of the ceramic body
was carried out following the characterisation and description methods of Quinn (2022) and
Maritan (2024). Mineralogical analysis was performed on both the bodies and the coatings,
mechanically separated from each other, avoiding possible contamination, and ground in an
agate mortar. X-ray powder diffraction (XRPD) was carried out using a Malvern PANalytical
X’Pert PRO diffractometer in Bragg–Brentano geometry, equipped with a Cu X-ray tube oper-
ating at 40 kV and 40 mA (CuKα radiation), and an X’Celerator detector. Data acquisition
was performed by operating a continuous scan from 3� [2θ] to 70� [2θ] at an acquisition rate of
0.02� [2θ] per second. Silicon zero-background holders were used for slip powders, due to the
small quantity of material available, and a CoKα radiation was employed. HighScore Plus® 3.0
software by Malvenr PANalytical was used to interpret the diffraction patterns and qualita-
tively analyse the mineral associations by comparison with reference patterns of the PDF data-
base from the International Centre for Diffraction Data (ICDD). Statistical treatment of the
XRPD data was performed by cluster analysis on the Quadratic Euclidean Distance according
to Maritan et al. (2015), in order to group samples on the basis of their mineralogical patterns.
The dissimilarity cut-off used to define the number of clusters was calculated with the KGS test
(Kelley et al., 1996; Piovesan et al., 2013). A semiquantitative estimation of the crystalline
phases of the pastes was performed on the XRPD data of the most representative samples of
each group, using the Rietveld method as implemented in Profex 5.2.1 program (Döbelin &
Kleeberg, 2015). In the Rietveld analysis of the XRPD data, the calculated crystalline phases
can be taken as an overall amount, omitting the amorphous part but risking altering the per-
centage ratio between the various crystalline phases. The quantification of the amorphous con-
tent via X-ray diffraction can be determined using direct or indirect methods. With the indirect
methods, the absolute abundances of the crystalline components are derived using a
normalisation constant (e.g. internal standard or external standard method), and the amor-
phous content is estimated by difference. With the direct methods, the contribution of the
amorphous component to the pattern is directly modelled and used to obtain an estimation of
its concentration. Within indirect methods, the internal standard, consisting in the addition of a
known amount of crystalline standard to the sample (De La Torre et al., 2001), is the most fre-
quently used for the quantification of the amorphous phase. Unfortunately, the powders of the
studied potsherds were no longer available, and there was not the authorization to take any
more samples from the original fragments. Therefore, given the impossibility of performing the
analysis with internal standard on all samples, the Rietveld analysis was carried out using
the reference structure “silicabgm”, present in the Profex software’s BGMN database, which
takes into account the amorphous fraction by fitting the wide hump in the background of each
diffractogram. The “silicabgm” approach belongs to the direct methods group and is based on
the modelling of the amorphous phase starting from a crystal structure and allowing the crystal-
lite size and strain to refine to values suitable for the broad peak widths and shapes of the
observed data (Madsen et al., 2011). Although not a particularly accurate absolute quantifica-
tion method, it is nevertheless effective for semiquantitative estimation of crystalline phases,
bringing percentages to more reliable values and providing information on the amorphous part,
which would otherwise be excluded from the analysis. All the samples were also chemically
analysed in terms of their major, minor (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O,
K2O, P2O5), and trace elements (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce,
Nd, Pb, Th, U) by X-ray fluorescence (XRF), using a sequential WDS Panalytical Zetium spec-
trometer, equipped with a Rh tube and operating at 2.4 kW as maximum power. Samples were
prepared as beads by mixing calcined powder and Li2B4O7 in a 1:10 dilution ratio. The chemi-
cal elements were processed with multivariate statistical methods by principal component anal-
ysis (PCA) on the covariance matrix using STATGRAPHICS Centurion Version 19.4.02
software package in order to define differences or analogies between moulds and red-coated
ceramic bodies composition and for comparison with literature data from other terra sigillata
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production centres. The R Project for Statistical Computing was used to explore the composi-
tional variation matrix, according to the method of Buxeda i Garrigos (1999) to determine the
compositional variability for chemical elements also evaluating any possible contamination.
PCA was performed on a subset of elements, excluding those with a high ratio between total
variation (vt) and variance (τ.i.). Raw data were standardised according to the procedures of
Vitali and Franklin (1986) and Baxter (1999, 2006) by log transformation in order to avoid mis-
classifications due to the differing orders of magnitude and ranges of variables and also to avoid
the constant sum problem (Aquilia et al., 2015). For a more in-depth observation of the coat-
ings, a microstructural analysis was performed on polished carbon-coated sections of some rep-
resentative samples using the FEG-FIB SEM TESCAN SOLARIS. Imaging was performed
with the Mid-Angle-BSE in-beam detector, an acceleration voltage of 5 KeV and a current of
300 pA, with a working distance of 4 mm on three representative red-coated samples. A prelim-
inary elemental spot-microanalysis was performed by SEM-EDS. After identifying a fairly
homogenous area on each sample, point maps were drawn along an arbitrary line from the
outer coating to the ceramic body in order to reveal possible compositional differences between
the bodies and slips. The latter were also analysed by μ-Raman spectroscopy to investigate the
presence and features of hematite. μ-Raman spectra (Leon et al., 2010; Lofrumento &
Zoppi, 2004; Zoppi et al., 2006) were recorded using a single-grating Renishaw RM 2000 spec-
trometer equipped with an air-cooled device, coupled with a near-IR laser diode (λ = 785 nm).
A 50x objective was used on a sample area of 1.5 μm diameter, with incident laser power rang-
ing from approximately 2 mW to 200 μW for the diode, with varying acquisition times for each
sample.

RESULTS

Ceramic bodies

All the samples present a fairly homogeneous texture and highly fine grained (depurated, as
defined by many authors) body with small rounded and elongated pores with a preferential
orientation parallel to the object walls. The colour of the body of the red-coated samples var-
ies between soft red and pinkish, and the thickness does not exceed 5 mm, whereas it is about
1 cm in the moulds whose body is pinkish grey. Within the two main groups (coated ceramics
and moulds), no subgroups could be distinguished macroscopically from the initial visual
examination. Compared to the others, a coarser grain size was detected in sample CI-16 (red-
coated), CI-17 (mould), and CI-18 (mould). On the basis of the petrographic features observed
in thin sections (figure 1c), all samples are characterised by a fine-grained to very fine-grained
body, well sorted and homogeneous texture with unimodal grain-size distribution. The abun-
dance of inclusions is around 5% mainly composed by fine equant rounded quartz grains
(≤50 μm). All samples show a homogeneous and optically inactive matrix and a low porosity
(≤ 5%) composed of small spherical and elongated voids well-aligned with margins of sections.
As already noted macroscopically, a coarser grain size was detected in samples CI-16, CI-17,
and CI-18, with inclusions between 50 and 100 μm in the first two and 100 and 200 μm in CI-
18. These samples also show polycrystalline quartz and plagioclase inclusions as well as a
higher porosity composed of irregular and elongated voids (Figure 1c). In samples MP-2, PC-
12, CI-18, and AT-23 microcrystals of secondary calcite are detected in some voids. The red
slips appear to be homogeneous and well adherent to the body. In some cases, the presence of
elongated voids at the interface between the coating and the ceramic body is observed
(Figure 1c, sample MP-1).

6 MASCARO ET AL.
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Mineralogical composition

The mineralogical composition of ceramic bodies is very similar in all samples without distinc-
tion between moulds and coated ceramics. It includes both primary minerals as quartz,
K-feldspar (microcline), illite/muscovite, and new phases formed during the firing process as
hematite, diopside-like pyroxene, and plagioclase. In the case of such similar samples, of which
the production centres and chronological frame are well known, the statistical treatment of dif-
fraction data allows to simultaneously compare all the samples with the aim to identify similari-
ties/differences among the various workshops, according to the different assemblage of the
mineral phases. A cluster analysis of all raw XRPD data, using Euclidean distances and average
linkage method, was performed to group the samples and evaluated according to the main
parameters of the raw diffraction patterns, and in particular the position of the peaks. The den-
drogram in Figure 2a shows the TSA samples grouped into five main clusters except PT-09, CI-
18, AT-23, and AT-25, which do not group in any of them and can be considered outliers. Each
cluster contains both matrices and coated ceramics, without any particular subdivision, regard-
less of the various workshops and the relative chronological period. Cluster analysis helped to
select the most representative samples of each group (marked with an asterisk in Figure 2a) of
which the relative diffractograms and microphotograph of the thin sections are shown in
Figure 2b and c, respectively. It is important to consider that the clustering of samples is the
result of a number of discriminant factors related to the mineralogical composition, such as
the mineralogy and grain size of the used base clay, as well as the firing temperature, all acting
together in defining the groups (Maritan et al., 2015). In particular, when the cluster analysis of
XRPD data is performed on a set of ceramic samples that are very similar in terms of mineral-
ogical composition and belonging to a specific area of production, it takes into account much
finer differences that, as in this case, required an in-depth examination. The very fine-grained
texture of the samples prevented the quantification of the mineralogical phases under the
polarised-light microscope. Therefore, performing the Rietveld refinement was useful to assess
this aspect, better highlighting the differences between the various clusters. The mineralogical
assemblage of the 25 samples and the relative estimation of firing temperature is given in
Table 2. The goodness of fit (GoF) and the weighted profile R-factor (Rwp) for each Rietveld
refinement (Toby, 2006) are also reported. The results refer to the total of the mineral groups of
plagioclases, K-feldspars, and pyroxenes, without specifying the intermediate phases of the solid
solution. As for the plagioclase its main peak resulted to be very broad (see detail in Figure 2b
sample MP-02, where the peak decomposition was highlighted) and was interpreted as the con-
tribute of anorthite and albite-rich plagioclases. Because anorthite is unfrequently present in
clays, its occurrence is related to the ceramic firing process of a carbonate-rich (calcareous) clay
at temperature exceeding the decomposition of calcite (>850�C in oxidising conditions).

Chemical analysis

All the analysed ceramic bodies show a quite homogeneous chemical composition (as suggested
by the low standard deviation values reported in Table 3) characterised by a high content of
alkaline-earth elements (CaO + MgO > 11%) and a moderately high concentration of iron
(Fe2O3 7–8%), indicating the use of a carbonate- and iron-rich clay. All the TSA samples in the
ternary system Al2O3-CaO + MgO-SiO2 (Figure 3a) plot in the calcium-rich section just inside
the stability field of silica-anorthite-pyroxene. As a matter of fact, the mineralogical composi-
tion of the studied samples is mainly given by quartz, plagioclases, and pyroxenes as the result
of the complete reaction of the pristine fine-grained calcite with the phyllosilicates and quartz
under complete equilibrium conditions (Heimann & Maggetti, 1981, 2019). Going back to the
geochemistry, differences in the concentration of some elements are highlighted in the score and
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loading plot of the principal components analysis (Figure 3b), which shows a random distribu-
tion of samples with no clear separation between moulds and red-coated wares, indicating the
use of the same type of clay and clay preparation for the production of both types of object.

Chemical data of the studied samples were compared with that of the most important terra
sigillata wares from regional and extraregional production centres. For this purpose, quantita-
tive data of major, minor, and trace elements of terra sigillata from Italian territory: Arezzo
(Tuscany region, central Italy) (Olcese & Picon, 2003), Pisa (Tuscany region, central Italy)
(Schneider & Zabehlicky-Scheffenegger, 2016), Padan area (Veneto region, northern
Italy) (Maritan et al., 2013), Puteoli (today Pozzuoli, Campania region, southern Italy), Cales
(today Caserta, Campania region, southern Italy) (Guarino et al., 2011) and the so-called
“Produzione A della Baia di Napoli” (Campania region, southern Italy) (Grifa et al., 2019), and
from abroad: Jaen, Malaga, and Mayorga (Spain) (Compana et al., 2014), Lyon (France) and
Carthage (Tunisia) (Schindler-Kaudelka et al., 1997), northern and central Tunisia (Baklouti
et al., 2015) and Turkey (Schneider & Zabehlicky-Scheffenegger, 2016) were considered and sta-
tistically treated together with TSA samples here analysed. The statistical treatment was carried
out, in this case, on a very small number of trace chemical elements, due to the structure of the

TABLE 2 Results of the Rietveld refinement of XRPD data using the reference structure “silicabgm”. Rwp and
GoF values from the refinement are reported. Abbreviations of the mineral phases according to Warr (2021):
Qz = quartz, Pl = plagioclases, Px = pyroxenes, hem = hematite, Kfs = K-feldspar, Mus = muscovite. The estimation
of the firing temperature (FT) is included.

Sample Qz Hem Px Pl Kfs Mus Silicabgm FT (�C) Rwp GoF

MP-01 18 4 6 14 7 5 44 900–950 7.93 2.12

MP-02 18 3 14 16 10 1 39 900–950 6.21 1.66

MP-03 15 3 12 15 8 1 44 900–950 6.25 1.73

MP-04 15 3 6 10 5 11 49 850–900 6.98 1.87

PB-05 16 3 15 16 8 1 40 900–950 6.35 1.59

PB-06 18 4 7 20 6 4 39 900–950 6.45 2.34

PB-07 16 7 8 34 9 3 22 900–950 6.56 2.33

PT-08 21 3 6 5 9 7 49 900–950 9.38 3.4

PT-09 20 1 4 2 6 6 61 900–950 8.15 2.92

PT-10 17 3 7 11 8 7 45 900–950 7.68 2.78

PC-11 10 2 8 14 6 1 57 900–950 6.36 2.27

PC-12 16 5 11 27 9 3 24 900–950 6.54 2.33

PC-13 25 3 7 23 12 3 25 900–950 6.47 2.32

PS-14 22 5 12 26 10 4 21 900–950 6.09 2.21

PS-15 12 4 6 21 6 2 49 900–950 6.88 2.53

CI-16 15 3 16 19 10 2 32 900–950 5.68 2.04

CI-17 18 3 15 21 12 3 26 900–950 5.56 2.01

CI-18 19 3 5 13 10 3 44 900–950 5.69 2.27

CO-19 9 3 6 17 5 1 57 900–950 6.51 2.48

CO-20 12 4 6 24 5 1 49 900–950 4.99 1.94

CO-21 15 2 6 15 6 4 52 900–950 6.59 2.42

CO-22 11 3 6 15 7 2 55 900–950 6.27 2.29

AT-23 18 2 19 15 10 5 28 900–950 5.15 2

AT-24 17 2 15 18 7 5 31 900–950 6.09 2.2

AT-25 4 1 13 23 3 / 56 950–1,000 7.05 2.67

THE PRODUCTION OF TERRA SIGILLATA IN AREZZO, CENTRAL ITALY: AN ARCHAEOMETRIC
INVESTIGATION
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database for which only elements common to all the studies were considered. The homogeneity
in chemical composition is also confirmed by the score plot of the principal component analysis
(Figure 4), which clearly shows how all the TSA samples completely overlap with those from
Arezzo, already analysed in previous studies (Olcese & Picon, 2003), and show a very high

F I GURE 3 (a) SiO2-Al2O3-CaO ternary diagram with mineral stability fields (Wo: wollastonite; Gh: gehlenite; An:
anorthite, Mul: mullite), reporting the plot of the composition of the TSA samples. Field of Ca-poor and Ca-rich clay
are also reported with shades of orange and yellow, respectively. (b) Score and loading plot of principal component
analysis performed on a log-transformed subset of elements (excluding S, U, P2O5 for their high ratio between total
variation (vt) and variance(t)) divided by TiO2. PC1, and PC2 represent 21% and 15% of the total variance respectively.
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chemical affinity with those from Pisa. They result also chemically close to the terra sigillata
from Puteoli and Cales.

Red slips

The coating appears isotropic, compact, and well adherent to the ceramic body in all samples,
and its thickness varies from approximately 20 to 40 μm (Figure 1c-d). Under the SEM, the red
slips show a glassy matrix where micrometric grains of quartz and nanometric crystals with a
higher average atomic number are embedded (Figure 1d). The latter could not be precisely
analysed because their size is much lower than the spot beam. A preliminary SEM-EDS spot
microanalysis was carried out on samples MP-01, MP-02, and PB-06, selected as representative
for the good quality of the coating. The results reported in Table 4 showed substantial differ-
ences in the concentration of some elements between the bodies and the red slips. In particular,
there is a higher concentration of aluminium and a dramatic decrease of calcium in the coat-
ings, where the potassium content is about twice the level found in the bodies. Iron is also
higher in the coatings, except in sample PB-06. The diffraction patterns of that three red-coated
samples are reported in Figure 5 and indicate the presence of hematite, anorthite and pyroxenes
(diopside-like) as phases formed during firing. Quartz and K-feldspar are present as primary
phases. The μ-Raman spectroscopy analysis of the red slips was performed on all 10 coated
samples to investigate the hematite, even if, in sigillata red slips, it is not the predominant phase
but usually displays the most intense spectrum overwhelming the other phases (Sciau
et al., 2020).

Figure 6a shows the acquired Raman spectra of the red slips that were compared to those of
pure hematite and hematite with a substitution of aluminium content of 8% (Figure 6b). A mul-
tipeak fitting analysis, using a mixed Gaussian-Lorentzian function and a quadratic basis func-
tion, was employed to estimate peak positions and widths averaged over five measurements for
each sample. The results revealed broader peaks shifted to higher wavenumbers (Figure 6b)
compared to those of pure hematite (α-Fe2O3). This observation aligns with a disordered phase

F I GURE 4 Score plot of the principal component analysis performed on a log-transformed subset of elements
(SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5, Ni, Rb, Sr, Y, Zr) divided by TiO2, with PC1, PC2,
and PC3, representing 38%, 22% and 14% of the total variance, respectively.
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indicating aluminium substitution in the haematite lattice, which is also reflected by the occur-
rence of a high frequency band located near 670 cm�1 and a right shoulder of the band at
412 cm�1, close to 430 cm�1. Because this region is quite sensitive to the geometry of FeO6

octahedra, being the 412 cm�1 signal attributed to O-Fe-O bending mode, this additional band
could be related to a local distortion caused by Al ions. The contribution of the 670 cm�1

band is further indicated by the height ratio 670/612. Therefore, the fitting results are consistent
with hematite featuring approximately 8% aluminium substitution (Zoppi et al., 2006, 2008).

DISCUSSION

Macro- and microscopic observation of the ceramic bodies show that there are no clear differ-
ences between matrices and coated wares nor between the samples attributed to the various
workshops. Thin-section textural analysis revealed a very fine grain size of inclusions with
strongly unimodal distribution that can be the result of an intentional depuration process
(or the use of a very fine-grained clayey material), as well as the low porosity detected in all
samples (Quinn, 2022). An exception is represented by three samples found in Cincelli site (CI-
16, a red-coated sample sealed by Tigranus, and CI-17 and CI-18, fragments of moulds where
no stamps were identified) showing larger grain size of inclusions and a higher presence of voids
with respect to the others. The other fragments (CO-19, CO-20, CO-21) coming from this site

TABLE 4 Elemental composition of slips and bodies of three selected samples by SEM-EDS spot microanalysis
(oxides concentration normalized to 100%); bdl = below detection limit.

Sample Layer Al₂O₃ SiO₂ Fe₂O₃ K₂O MgO CaO TiO₂ Na₂O

MP-01 Slip 22.57 49.91 13.33 7.64 3.87 2.04 0.63 Bdl

Ceramic body 16.10 51.25 11.29 3.32 3.60 13.36 1.09 Bdl

MP-02 Slip 31.23 30.43 20.56 6.42 7.80 2.58 0.97 Bdl

Ceramic body 14.55 48.65 13.31 3.26 3.25 16.00 1.07 Bdl

PB-06 Slip 27.30 42.01 14.85 6.50 5.49 1.99 0.79 1.07

Ceramic body 14.28 32.39 35.77 2.13 5.57 8.53 1.33 Bdl

F I GURE 5 Diffraction patterns of the slip of samples MP-01, MP-02, and PB-06 showing the same mineralogical
assemblage. Mineral abbreviations according to Warr (2021): Qz = quartz, an = anorthite, Px = pyroxenes,
hem = hematite, Kfs = K-feldspar.
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and attributed to Cornelius (Table 1) do not show the same textural characteristics. Having no
information regarding the attribution of samples CI-17 and CI-18, it is not possible to draw
conclusions regarding the potential correlation between the textural and granulometric charac-
teristics of these samples with a specific workshop, but it would certainly be interesting to inves-
tigate this further. The deliberate refining of clay by artisans can be difficult to detect in thin
sections, and it is not always possible to know exactly what type of refining method (sieving,
settling, or levigation) was used by potters. However, considering the similar composition
showed by mineralogical and chemical analysis, is plausible to hypothesise a difference in the
refinement process rather than a different clay source. The mineralogical associations detected
by XRPD analysis indicate that all samples were produced from calcareous-illitic clay material.
The presence of pyroxene in all samples constrains the firing temperature above those of the
decomposition of calcite, therefore exceeding 850�C. Calcite reacts with silica and
phyllosilicates (or their product of decomposition) forming pyroxene (calcium–magnesium sili-
cate such as diopside) and anorthite at temperatures above 850�C (Grammatikakis et al., 2019;
Trindade et al., 2009). What emerges from the mineralogical analysis (Table 2) is that the pro-
portion of muscovite/illite phase to pyroxenes and plagioclases could be considered as one of
the main discriminator factor between the various samples. With reference to several results
reported on the thermal behaviour of illitic raw clay (Crespo-L�opez & Cultrone, 2022;
Khalfaoui & Hajjaji, 2009; Mazzucato et al., 1999; Pérez-Monserrat et al., 2022), the illite/
muscovite phase persists up to 950�C, after which it completely decomposes. The results suggest

F I GURE 6 (a) Typical Raman spectra of the samples of the sigillata red slip. (b) Curve fitting of red-slip Raman
spectra (top), pure hematite and Al-substituted hematite (bottom).
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that a dehydroxylation process of illite/muscovite occurs between 800�C and 1000�C, leading to
the development of the high-temperature phase. Therefore, it was possible to identify illite/
muscovite (muscovite-2 M) peaks by XRPD analysis even in association with high-temperature
phases such as diopside-like pyroxenes. Microstructural observation at SEM was a useful tool
to confirm the co-presence of these mineral phases, as shown in Figure 1d, where muscovite
crystals in the process of thermal breakdown are recognisable. In the majority of samples, the
mineralogical phases representing the residual component of the base clay, such as illite/musco-
vite, quartz, and K-feldspar, together with calcium and aluminium silicates, (anorthite-rich pla-
gioclases and diopside) as neoformation mineral phases due to the firing process, and hematite,
suggest a heating temperature between 900�C and 950�C (Maritan et al., 2006; Nodari
et al., 2007). Based on the considerations made so far, the mineralogical associations of sample
MP-04 suggest a lower firing temperature not exceeding 900�C, whereas in sample AT-25 the
higher amount of pyroxene and plagioclases together with the scarce presence of quartz and
the absence of muscovite phase, indicate a temperature between 950�C and 1000�C. Consider-
ing the level of similarity among the studied samples, some differences in firing temperature can
be interpreted as the result of a more or less long time of residence in the kiln or to an inhomo-
geneous heat distribution within the kiln due to the density of the objects inside the firing cham-
ber rather than a different heating process.

Under a geocheimical point of view, the results of the principal component analysis
(Figure 3b) clearly indicate that, despite some divergences mainly due to the different concen-
tration of some elements, no specific groups are formed, neither by type nor in regard to sam-
ples from the same workshop. This is related to the use of a common base clays (probably
different levels of the same deposits) and a very similar degree of depuration to obtain the clay
paste for producing both moulds and red-coated ware. Looking at the chemical composition
(Table 3) the samples attributed to Ateius workshop (AT-23, AT-24, and AT-25) show the
highest CaO content, confirming what already emerged in Schneider and Hoffmann (1990) and
Schneider and Zabehlicky-Scheffenegger (2016).

Chemical data of TSA samples, here studied, fairly matched those from the other main pro-
ductions of central Italy (Figure 4), first and foremost that of Pisa, where kiln discharges were
found mainly attributable to the manufacturing activities of Ateius and his artisans. Regional
similarities can be the result of geological factors, which cause clays with similar compositions
to be found in many parts of the same region (Tuscany, in this case). However, human factors
play an important role in this similarity, and the proliferation of products with analogous com-
positions can also be explained by the fact that when a particular clay showed specific qualities,
potters tried to find deposits of it in other parts of the region (Cuomo di Caprio & Picon, 1994).
Compositional affinities can be individuated also with the Puteolan and Calenian samples, for
which a high-CaO clay deposit was used (Grifa et al., 2019; Guarino et al., 2011). The discrete
similarity between these groups suggests a specific selection of raw material for the terra sig-
illata ware production oriented to the choice of Ca-rich clays. It is already known that the ther-
mal behaviour of carbonate-rich clays has technological advantages for both the firing of the
ceramic body and the coating (Sciau et al., 2020). The sintering process is promoted at lower
temperatures than in noncarbonate clays (around 800�C) due to the presence of melting agents
such as Mg and Ca, making the work of ancient potters easier and less energy consuming
(Heimann & Maggetti, 2019; Trindade et al., 2009). For what concerns the slips, the presence
of aluminium in the crystal lattice of hematite, resulting in a change in the relative lattice vibra-
tions in the Raman spectra, is related to the crystallization of the iron oxide in a system very
rich in aluminium, such as that provided by a very depurated clay (enriched in phyllosilicates
and iron oxides). The Al enrichment is also evident from SEM-EDS analysis, which shows an
aluminium content around 20–30% in the slips. The high Mg content is consistent with what
has already been experienced in other studies on Italic terra sigillata (Leon et al., 2015) in com-
parison with the French production showing low concentration of magnesium in the slips and
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higher firing temperature. The presence of magnesium plays an important role in the quality
and microstructure of the coatings. Magnesium and calcium silicates (pyroxenes), which are
formed by the reaction of carbonates between 850 and 900�C, improve the mechanical proper-
ties of the coatings by increasing compressive strength and reducing crack formation (Pradell &
Molera, 2020). Moreover, a magnesium concentration of more than 3% in the slips may be
related to the possible formation of spinel nanocrystals, derived from the decomposition of
illite, which acts as a melting agent favouring the vitrification process at temperature below
1000�C. The frequency bands near 670 cm�1 and 412 cm�1 (Figure 6) could be markers for the
presence of spinel phases associated with haematite in the coatings, although these are only pre-
liminary data that should be studied further. Another interesting result is the enrichment of
potassium in the coatings, a factor that could be decisive in the quality of the final product.
During firing, potassium compounds function as fluxes, facilitating the sintering process and
the surface clay’s consequent vitrification (Mirti et al., 1999). The high potassium content is
related to the presence of a higher concentration of illite/muscovite in the clay used for the slip
than in that used for the ceramic body, as the result of a more effective depuration process in
which the concentrated phyllosilicate and other mineral phases (especially carbonates) were sep-
arated. The high petrographic and chemical homogeneity of the studied samples suggests the
use of a raw material extracted from the same clay deposit. Although this contribution does not
focus on questions of provenance, as the material studied was locally produced, some general
considerations are given below. The geographic vicinity of the main known production centres
of terra sigillata in Arezzo, as well as their moderately calcareous composition, indicate that the
Plio-Pleistocene sedimentary deposit of the Arezzo–Quarata clay formations (Peña &
Gallimore, 2014; Peña & Blackman, 1994; relevant sheet of the Carta geologica d’Italia, foglio
114) was exploited for this ceramic production. Clayey outcrops enriched in the fluvial sandy
and arenaceous components typical of the area near the right bank of the Arno River were also
indicated as possible georesources. Considering the differences in the chemical composition of
the coatings compared to the ceramic bodies, especially with regard to Ca content (Table 4), it
is reasonable to assume that clays obtained from two different parts of the Arezzo–Quarata for-
mation were used. Even if there are still uncertainties about the organisation of production pro-
cess, the studies made so far on the basis of the findings of remains of kilns and clay
purification tanks (Corchia & Zaccagnino, 2005) could suggest the presence of a few main
workshops located in strategic positions and numerous smaller sites that functioned as opera-
tional branches of the bigger ones. It is also assumed that the main workshops supplied the
small ones with selected, already purified clay, which they then either used for firing in their
kilns or returned the semiprocessed product that was fired in the main facilities (Pucci, 1973).
Bearing in mind that these are hypotheses that would require further investigation, this system
could explain the homogeneous quality of the final products as well as the presence of selected
craftsmen able to operate in specific steps of the production process. Previous studies
(Widemann et al., 1975) have also hypothesised the employment of skilled craftsmen and equip-
ment from Arezzo in Ateius’ workshop branches in France.

CONCLUSION

The archaeometric analysis of mould and red-coated terra sigillata sherds found in Arezzo indi-
cates a very standardized production technology over a period ranging between the �30–
15 BCE and the �25–30 CE. The almost uniform chemical composition of the ceramic bodies
clearly indicated that, despite the objects were produced in different workshops, the same
carbonate-rich illitic base clay with a very similar degree of depuration was used. The raw clay
material was probably sourced from specific outcrops of the Arezzo–Quarata clay formation, in
the area along the banks of the Arno, not far from where the remains of Cincelli’s workshops
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were found. As for the slips, the use of a K-rich and Fe-rich illitic clay with a relatively low
CaO content is suggested. Moreover, the range of firing temperature, determined on a mineral-
ogical base, suggest a unified firing technology, which leads to the hypothesis of the use of the
same type of kiln and firing in terms of quantity of fuel, the drought of the kiln, and length of
the entire firing process. The results of this work indicate that, from Marcus Perennius onward,
highly experienced potters working in the same workshops in Arezzo used a common recipe for
the production of terra sigillata ware.
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