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Abstract

This paper presents the results of the archaeometric study of African Keay 25.2 amphorae
from the archaeological site of Sidi Zahruni (Beni Khiar, NE Tunisia), where this pottery
was massively produced. A set of 43 amphorae was analysed with a combined approach
consisting of thin-section petrography, X-ray powder diffraction (XRPD) and X-ray
fluorescence (XRF), to establish a homogeneous reference group for this production.
Although all the amphorae are petrographically very similar, three petro-fabrics were
identified in terms of grain-size distribution and abundance of inclusions. Detailed digital
image analysis, carried out on SEM-BSE images of some representative samples of each
petro-fabric, was used to quantify the differences among them. Cluster analysis of XRPD
data patterns also revealed groups of samples for which similar raw materials/paste and
firing conditions were used, contributing to better assessment of information on the
production process. Statistical multivariate treatment (principal component and cluster
analyses) of chemical data and comparisons with 10 samples previously attributed to the
Sidi Zahruni potteries show that the potsherds analysed here are similar fromthe
geochemical viewpoint. Similar trends in the abundance and ratie.of some trace and rare
earth elements (REE) also indicate that the Sidi Zahruni amphorae were produced from a
local clayey material collected from nearby outcrops of Upper Miocene deposits.

Highlights

e Archaeometric study of African Keay 25.2.-amphorae from Sidi Zahruni site, north-
eastern Tunisia.

e Comparisons of both bulk chemical composition and trace and rare earth element
(REE) patterns of both studied amphorae and those from literature data with local
clayey materials allow defining the'area from which the clay was supplied at Sidi
Zahruni.

e New and consistent “reference group” for Keay 25.2 amphorae is established for Sidi
Zahruni.
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1. Introduction

In the last few decades, Roman amphorae have been archaeometrically
investigated in several studies, and have provided valuable insights into socio-
economic relations, revealing interactions between different regions (mainly trade
routes) and the technological evolution of societies (Buxeda i Garrigos et al., 2002;
Prudéncio et al., 2003, 2009; Capelli, 2005; Dias et al., 2010; Fantuzzi et al., 2015a,b
and references therein). Problems regarding the provenance of amphorae, due to
imitations, export of raw materials and potters' movements, all require the support
of petrographic, chemical and mineralogical analysis in addition to classical
archaeological methods based on epigraphic and typological studies. Moreover, the
definition of reference groups, based on materials collected from the production
site, is essential to infer the provenance of amphorae found in consumption sites.
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During the Roman Empire, what is now Tunisia (once part of the Roman Province
of Africa Proconsularis) was a major centre of production of African-type
amphorae, which were extensively traded throughout the ancient world (Peacock
et al., 1990). This type of pottery provides clear information attesting to the
importance of the main economic connections among Roman regions, as trade
routes were essential for transporting foodstuffs (Bes, 2007).

The paste of African amphorae is coarse enough to allow petrographic and
mineralogical examination before chemical analyses. This approach has already
been used on African materials from consumer sites (Peacock, 1984, 1994), on
non-African materials (Schuring, 1984) and on amphorae from production sites in
regions with a single source of raw materials (Peacock and Tomber, 1991). Most of
the ceramics produced in North Africa, but also in Palestine, are distinguished from
other Mediterranean productions by the occurrence of aeolian quartz grainsiin the
paste. But, the lack of specific petrographic markers is a significant complication in
determining the provenance of African ceramics. In some cases, the distinction
among African pastes, representing specific productions; has been achieved by
comparison of petrographic characteristics, typological classifications and
reference groups of available workshops (Fantuzziet al., 2015a,b and references
therein). However, the widespread occurrence of similar siliciclastic lithologies in
North African regions, i.e., the coarser fraction in clayey materials and sand clasts
mostly composed of quartz and non-diagnaestic accessory inclusions (feldspar,
limestone, sandstone, clay pellets), hinder definite attribution of amphorae to
specific production centres in Tunisia (Fantuzzi et al., 2015a,b and references
therein). Therefore, provenance studies of amphorae from these regions also
require chemical data from a significant number of samples, and statistical
multivariate analysis (Baxter, 1994).

The aim of this paper isto establish areference group, based on petrographic,
mineralogical and chemical data;for a distinct class of amphora, African Keay 25.2,
representing the prevalent type made at Sidi Zahruni, in the Nabeul region (NE
Tunisia) (Fig. 1a). Despite the large diffusion of this amphora type in the numerous
localities of the'ancient Reman world, only preliminary archaeological and
archaeometric studies have been carried out on these amphorae in the last decade
(Sherriff et al., 2002a,b; Fantuzzi et al., 2015a,b and references therein) and they
are still generally based only on the petrographic analysis of a small number of
samples supplied from Sidi Zahruni and other sites of the Nabeul region. Only
Fantuzzi etal. (2015a,b) characterised the amphorae also from a chemical
viewpoint, but the amphorae they analysed were found in other Roman provinces
and were attributed, on the basis of archaeological considerations, to the site of
Sidi Zahruni. Proper reference groups for amphorae produced in the various
localities of this region, is actually missing, and provenance attributions are at the
moment based only on materials supposed to come from the production sites.
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Fig. 1. a) Location of the production centre of Sidi Zahruni in Tunisia. Other productive sites of Late
Roman amphorae in north and central Tunisia are also given; b) Geological sketch of the area of Sidi
Zahruni and location of clay sampling points near the site.

The archaeometric analyses here proposed will allow defining a homogeneous
compositional reference group for Keay 25.2 amphorae at Sidi Zahruni. Moreover,
the comparisons with clays outcropping in the area also aimed at identifying the
specific source of the raw materials.
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2. Archaeological context

One of the best-documented amphora production area in Africa Proconsularis is
that of Nabeul (ancient Neapolis, NE Tunisia), where potteries have also been
identified by the stamp C.LN. [C (olonia) I (ulia) N (eapolis)] found on African
amphorae of Africana Il C (Keay, 1984). In the late 3rd/early 4th century, the
classical Africana I and Africana II types were replaced by the cylindrical medium-
sized Africana III (or Keay 25) type, which became the most common in the Roman
world (Keay, 1984). The African Keay 25 amphora, as classified by Keay (1984)
based on discoveries in Catalan sites (NE Spain), and corresponding to Africana
amphorae III (Peacock et al., 1989), is a variety of the North African amphorae
produced between the 4th and 7th centuries AD. This product, and particularly its
most common variant Keay 25.2 (Fig. 2), corresponding to Africanalll C (Fantuzzi
et al.,, 2015a,b and references therein), has been found in many regions-of Tunisia,
mainly in Zeugitana (Nabeul) and Byzacena (Sullecthum, Thaenae, Oued El Akarit)
where many potteries have been discovered (Peacock et al;, 1989)..Archaeological
surveys of the Nabeul region have shown the existence of many Roman potteries
such as Ain Amroun, Sidi Zahruni, Sidi Aoun, Briquéteries (Fantuzzi et al., 2015a,b
and references therein), Choggafia, Ain Chokkaf, Labayedh, and many others
located near villages. The most important of these is that of Sidi Zahruni (Fig. 1a),
with large-scale ceramic production dominated by amphorae, and active mainly
between the 5 th and 7th centuries AD. In addition to Keay 25.2 the site produced
also other varieties of Late Roman Amphorae, mainly Keay types 35, 55, 56, 57 and
62 A (Fantuzzi et al., 2015a,b and references therein).
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Fig. 2. Medium-sized cylindrical-shaped Keay 25.2 amphora (Keay, 1984).

3. Geological context

The site of Sidi Zahruni is located near the modern town of Beni Khiar, 6 km north-
east of Nabeul, and covers an area of 13 ha between the Wadi El Sohil and the Jebel
Al Qola, and crossed by the Wadi El Kebir (Fig. 1). It is at a short distance from the
sea, from which it is separated by a system of dunes (recent and Marine
Tyrrhenien) and outcrops of Late Pliocene sandstone. Sidi Zahruni is at the base of
the southern side of the massif of Jebel Al Qola (75 m high), an anticline consisting
of a stratigraphic succession of Tertiary sedimentary rock of marine origin.,
formed by few meter layers of grey-blue clays, alternating with layers of quartz-
sandstone and rare layers of thinner limestone and marl. More in'detail, the area
surrounding the site is characterised, in addition to Quatrenary deposits (soils,
crusting limestone) by the presence of two geological formatiens: i) the Upper
Tortonian-Lower Messinian Beni Khiar Formation, geologically defined near the
village of Beni Khiar, close to Nabeul, and consisting of a 15m thick sequence of
sandstone and clay, with some intercalations of [imestone and marl; ii) the
Messinian Oued El Kebir Formation, composed of sandstone, clay, sand, and small
banks of limestone. The clay levels within these formations represent the possible
clay source exploited during the Late Roman Times for the amphorae production.

4. Materials and methods

A set of 43 potsherds from Keay 25.2 amphorae (labelled CZ) were selected from
the site and archaeometrically analysed. In particular, they were collected from the
surface, since the site.was not excavated up to now, and therefore it cannot be
excluded that they. may also represent ceramic wastes from the site production. In
the area of the site various kilns have been identified. Most of potsherds have a
fine-grained paste, reddish-orange to reddish-brown in colour. In some cases, the
surface isgrey; in others, both paste and surface (samples CZ-1-230, CZ-1-227, CZ-
10-6, CZ-5-97)are grey, presumably due to a change in the firing atmosphere. The
outermost portions of the amphorae are characterised by a white/cream colour,
due to the effect of salt during firing, since salted sea water was used to mix the
clay (Sherriff et al., 2002a,b).

Two clay samples (Clay1, Clay2) were collected from the undisturbed clay-rich
layers of the nearby Upper Miocene deposits, at a depth of 30-40 cm. In detail,
Clay1 comes from the Upper Tortonian-Lower Messinian Beni Khiar Formation,
whereas Clay2 was collected from the late Messinian clayey deposit of the Oued El
Kebir Formation (Fig. 1b). Both clays are suitable for ceramic manufacture,
especially that from the Chabat Al Qola massif, although even nowadays it is
exploited by a brick factory located near the archaeological site. Traces of clay
exploitation in ancient times are still visible along the slopes of the massif.
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All amphora fragments were thin-sectioned and petrographically analysed, and
their ceramic fabrics were described following the procedure of Whitbread (1989,
1995). Samples were divided into petrographic groups and subgroups according to
the type, abundance and grain-size of inclusions. One representative sample was
selected for each subgroup and analysed by scanning electron microscopy (SEM)
on a CamScan MX 2500 equipped with a LaBe cathode, coupled to an EDS
spectrometer, and operating at 20 kV and 160 nA. For each sample, a set of about
120 back-scattered (SEM-BSE) images (resolution 1280 x 1024 pixel) were
merged, covering almost the entire surface of the thin section (approximately 46 x
27 mm). The resulting image was processed with open source software (Image]
1.44p, National Institutes of Health, USA; MultiSpec 3.1, Purdue Research
Foundation) to extract quantitative data of the textural features of the pottery
paste, i.e., the abundance of its constituents (inclusions, voids, matrix) and the
grain-size distribution of inclusions. Particle analysis of binary images.gave the
Minimum Feret diameter (MinFeret) of the grains, defined as the shortestdistance
between any two points along the selected grain boundary, cerresponding to the
minimum size of the inclusions. Particle grain-size were described according to the
MinFeret diameter because it provides results similar to those obtained by sieving
in sedimentological studies. The cut-off point between matrix inclusions and grains
was set at 10 pm, according to Whitbread (1995).Image treatment followed the
method of Dal Sasso et al. (2014).

The mineralogical composition of all samples was determined by X-ray powder
diffraction (XRPD) on a Philips PW 3710 diffractometer in Bragg-Brentano
geometry, equipped with a Cu X-ray tube, operating at 40 kV and 40 mA in the 4°-
70° 20 range, with a step-size of 0.02° and a counting time of 1 s per step. In order
to obtain homogeneous groups with analogous mineralogical composition, cluster
analysis of the whole dataset was performed with X'Pert HighScore Plus®
software, according to the procedure of Piovesan et al. (2013) for analysis of
mortars and of Maritan etal.(2015) for that of pottery.

Quantitative chemical analyses of major, minor (SiOz, TiO, Al203, Fe203, MnO, MgO,
Ca0, Naz0, K20;P20s) and trace elements (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr,
Nb, Ba, La, Ce, Nd, Pb, Th, U) were performed on both potsherds and clay materials
by X-ray fluorescence (XRF) on a Philips PW2400 spectrometer, in order to define
the chemical variability of the potsherds and their compatibility with the
petrographic subgroups and the local base-clays. Potsherds and clay specimens
were reduced to powder in an agate mortar, after removal of the surface layer of
potsherds to avoid any contamination, and then prepared as beads from calcined
powder and Li2B407, dilution ratio 1:10. A set of geological standards, as
analytically tested by the international scientific community (Govindaraju, 1994),
was used for calibration; they were supplied by the following agencies: USGS
(United States Geological Survey, Reston, USA), CRPG (Centre de Recherches
Pétrographiques et Géochimiques, France), ANRT (Association Nationale de la
Recherche Technique, Paris, France), GIT-IWG (Groupe International de Travail -
International Working Group, France), RIAP (Research Institute of Applied Physics,
Irkutsk, Russia), GSJ (Geological Survey of Japan, Japan), MINTEK (Council for
Mineral Technology, South Africa) and WIHG (Wadia Institute of Himalayan
Geology, India).
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Chemical data were processed with standard statistical tools such as Principal
Component Analysis (PCA) and cluster analysis (CA) with Statgraphics® Centurion
XVI software. The R Project for Statistical Computing was used to explore the
compositional variation matrix, according to the method of Buxeda i Garrigés
(1999) to evaluate any contamination. Multivariate analyses were carried out on a
subset of elements, excluding those with a low ratio between total variation (vt)
and variance (t.i). Raw data were standardised according to procedures designed
by Vitali and Franklin (1986), Baxter (1999) and Buxeda i Garrigds (1999), by log-
normal ratio transformation in order to avoid misclassifications due to the
different orders of magnitude and range of variation of the variables (Fermo et al.
2008).

5. Results and discussion

5.1. Petrography

Petrographic analysis of thin sections facilitated the identification of three fabrics
according to similarities and differences, especially in the nature, shape and
arrangement of aplastic inclusions, voids and micromass.

= Petro-group 1: PG1

This group of 17 samples contained about 30% of very poorly sorted aplastic
inclusions, displaying almost unimodal grain-size distribution. In some cases,
medium sand-sized inclusions also.occurred, showing a grain-size gap with respect
to the smaller fraction. The inclusions were mainly fine to medium sand-sized
quartz, occasionally associated with rare crystals of pyroxene, plagioclase and
mica, small fragments of chert, micriticand sparitic limestone, sandstone, and
microfossils. The poreswere generally small to medium in size (< 1 mm),
occurring mainly as vesicles;butalso as elongated subparallel channels and
irregular-shaped vughs (Fig. 3a). The micromass was generally iron-rich, optically
inactive.

= Petro-group 2: PG2
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Fig. 3. Photomicrographs of representative’'samples of the petrographic groups: a) PG1; b) PG23a; c)
PG2b; d) PG3. Cross polars.

This group contained 22 samples, characterised by abundant very fine-grained
inclusions (< 300 pum), predominantly composed of angular quartz grains, and a
coarser fraction of rare rounded (aeolian) grains of quartz and quartz-sandstone,
usually with calcareous cement. Coarse fragments of fine quartz-sandstone and
sub-angular to rounded quartz grains were occasionally found. As regards
inclusion composition; the samples of this group were similar to those of PG1, but
had smaller quartz grains, with bimodal grain-size distribution. Rare fragments of
microfossils:and iron-rich inclusions were also found in some potsherds. Two
distinct subgroups were distinguished: one with higher (PG2a) and one with lower
(PG2b) percentages of silt and fine sand-sized inclusions (Fig. 3b,c).

= Petro-group 3: PG3

This was a small group of only four samples, characterised by moderately sorted
mainly medium-sized inclusions, with unimodal grain-size distribution, composed
mainly of sub-angular to sub-rounded quartz, with rare coarser aeolian quartz
grains, up to 700 pm. Compared with PG1 and PG2, the silt and fine sand-sized
fraction were lower, and the abundance of coarse sand higher. The groundmass
was moderately to very porous, dark reddish-brown in colour, and optically
inactive. A few crystals of plagioclase, biotite, pyroxene, opaque minerals chert and
quartz-sandstone were also found (Fig. 3d).
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The presence of siltstone and sandstone fragments in most of the amphorae was
consistent with the clayey materials from the Upper Miocene deposits (Chabat Al
Qola massif), which were also rich in sandstone grains.

As the petrographic groups were distinguished mainly according to their grain-size
distribution, some representative samples of each petro-group were subjected to
digital image analysis (DIA) on scanning electron microscope back-scattered (SEM-
BSE) images, to quantify these differences.

The DIA results showed that all the above petro-groups had similar c:f:v
(coarse:fine:voids) ratios, as clearly revealed by the histograms of their
percentages (Fig. 4a), although their grain-size distribution of inclusions differed
(Fig. 4b,c). In more detail, groups PG1 and PG2a appeared to be very similar,
although the former was richer in medium sand-sized inclusions. Petro-group
PG2b had the lowest percentages of medium and coarse inclusions, whereas petro-
group PG3 has the highest ones.
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Fig. 4. a) Histogram of quartz, voids and matrix percentage; b) dispersion diagram of quartz
inclusions; c) cumulative grain-size curves of inclusions, as obtained from DIA, for samples
representative of the various petrographic groups.

5.2. Mineralogical composition and firing temperature

As regards the mineralogical composition, the cluster analysis of XRPD patterns
(Fig. 5) showed that the samples fell into five clusters, with the exception of three
sherds (outliers: CZ-4-65, CZ-4-67 and CZ-12-173). The diffraction patterns of the
most representative sample of each cluster showed the same mineralogical
association of quartz, orthoclase, calcite, anorthite, hematite and diopside;
therefore, the clusters differed in their relative abundances of mineral phases. The
resulting dendrogram showed that the sherds of clusters 1 and 2 were very
similar, due to the presence of calcite and the low anorthite content (Fig. 6a,b),
whereas those of clusters 3, 4 and 5 (Fig. 6d,e,f) shared a higher proportion of
anorthite. The three isolated samples were composed of quartz, orthoclase, illite
and calcite (Fig. 6¢), in addition to a relatively small amount of hematite in sample
CZ-12-173. The mineralogical similarities between clusters indicated that quartz-
rich and moderate-poor carbonate clayey materials were used to produce these
amphorae. The small differences in the relative proportions of the mineral phases
may have been due to firing conditions (maximum firing temperature and
atmosphere) and perhaps on the addition of a temper.
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Fig. 5. Dendrogram from cluster analysis of XRPD patterns of Keay 25.2 amphorae from Sidi
Zahruni site, according to Euclidean distance and average linkage method on position and intensity
of peaks. *: most representative samples within each cluster.
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Fig. 6. XRPD patterns.of most representative sample (sample name: top right of each pattern) for
each cluster identified in the:.dendrogram of Fig. 6. Abbreviations: Qz: quartz, Ill: illite, Mi:
microcline, Or: orthoclase Cal: calcite, Hem: hematite, Di: diopside, An: anorthite (Whitney and
Evans, 2010).

XRPD analysis provided the key to reconstruction of firing temperatures according
to mineralogical changes during firing (Maritan et al., 2005, 2006; Nodari et al.,
2007; Grifa et al., 2009). Regarding outliers, in which some calcite and illite were
detected and newly formed minerals were not identified, the firing temperature
was 800-850 °C. According to their optically active groundmass in thin section
(Fig. 3a), these samples were relatively low-fired products. In the potsherds of
clusters 1 and 2, anorthite and diopside became detectable in the diffraction
patterns and calcite was still present in trace amounts, indicating relatively higher
firing temperatures, around 850-900 °C. In these samples, also amorphous phase
can be recognised, as the background is quite high, especially in the region
between 20° and 30° 20. The majority of samples (clusters 3, 4, 5) had higher
quantities of anorthite and diopside, suggesting firing higher than 900 °C but lower
than 1000 °C, since mullite, which would be expected to form after the
decomposition of phyllosilicates (Gualtieri et al., 1995; Cultrone et al., 2004), lacks.
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XRPD analysis of the two clay samples (Clay 1 and Clay 2), collected near Sidi
Zahruni, showed remarkable similarities in their mineralogical compositions, since
they were both composed mainly of quartz, calcite and K-feldspar, in addition to
clay minerals, illite and kaolinite. Clay1 had a notably higher content of calcite.

5.3. Chemical composition and raw material provenance

The chemical composition of the amphorae was quite homogeneous, although
small differences were observed for some elements (Table 1). More in detail, the
amphorae are calcareous, although not highly, have a relatively high content of
iron, which determine their reddish-brown colour, and of silica due also the nature
of their inclusions (mainly quartz), whereas alumina is relatively low (Table 1).
The statistical treatment of the chemical data, according to cluster analysis
(performed on 26 elements and excluding Sc, U, Sr and CaO due to their high't
values: 19.539, 15.222, 4.787 and 4.618, respectively), shows that the amphorae
tended to cluster into two main groups, with the exceptionof a few samples (CZ-3-
93, CZ-4-67, CZ-2-2, CZ-10-6 and CZ-11-40) and the two.clays (Clay1land Clay2),
which show a high dissimilarity level (Fig. 7). Most of the potsherds of PG1 tended
to group in cluster CL2, separately from those of PG2 and PG3, which clustered in
CL1. This was also confirmed by the PCA score plot (Fig. 8), inwhich almost all the
PG1 potsherds had negative values of PC1 and were richeriin MgO and Ni, whereas
those of PG2 and PG3 mainly had positive values of PC1 and were richer in SiO2,
Ti02, K20, Fe203 and trace elements such as Ce, Nb, Ba, Zn, Cu, Rb, Zr, Y and Th. As
regards clay materials, the two samples were isolated from the potsherds, but
Clay2 was closer to the amphorae cloud, whereas Clay1 was chemically different
from all the samples because ofits high CaO concentration (Table 1). Although
many archaeometric studies based on petrographic analysis have been carried out
in recent years on Late Roman African amphorae from various workshops in
Tunisia and found in many consumption sites in the Mediterranean area (Sherriff
et al.,, 2002a,b; Capelli, 2005; Capelli and Leitch, 2011; Fantuzzi et al., 2015a,b and
references therein), only very few African amphorae have been chemically
analysed (Sherriff etal., 20023a,b; Fantuzzi et al., 2015a,b). Statistical analysis of
these data with those produced in the present research shows a clear distinction
between the amphorae produced at Sidi Zahruni and those found in Catalonia
attributed to various workshops in the Nabeul area (Sidi Zahruni, Labayedh,
Choggafia) and central Tunisia (Moknine and Henchir Chekaf) (Fig. 9). In more
detail, the amphorae found in Tarragona (Catalonia, Spain) (Sidi Zahruni in Fig. 9),
previously defined by Fantuzzi et al. (2015a) as produced at Sidi Zahruni on the
basis of typology (Keay 35 A, Keay 35B, Keay 27, Spatheion 1) and petrographic
features, do not cluster with those of Sidi Zahruni due to their higher contents of Ce
and Nb (Fig. 10). Despite they are compositionally more similar to those of the
central Tunisian workshop of Henchir Chekaf, it cannot be excluded that the
geochemical differences with the samples collected at Sidi Zahruni are due to the
different instrument used to perform the analysis or to the fact that those analysed
by Fantuzzi et al. (2015a) come from a consumption site. In addition, the amphorae
of Labayedh and Moknine are geochemically different from those of Sidi Zahruni
(Nabeul) and Henchir Chekaf (central Tunisia), since they have higher contents of
Nb, Ce and Cr (Fig. 10), whereas the amphorae of Choggafia are geochemically
different from all the others due to their higher Zr content. Lastly, three amphorae
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from Sidi Zahruni (CZ-4-67, CZ-11-40, CZ-2-2) exhibit a higher dissimilarity level
(Fig. 9) with respect to the other amphorae analysed, due to their lower Naz0 and
Pb contents in the former two and higher Ni concentration in the latter (Fig. 10).

Table 1. Geochemical composition by XRF of analysed samples (ceramic and clays)
with the literature data for amphorae attributed to Sidi Zahruni (in italic) (Fantuzzi
et al., 2015a) and other sites of the Nabeul area (Fantuzzi et al., 2015b). Major and
minor elements expressed as wt% of oxides, trace elements as ppm. Petrographic
group for samples of Sidi Zahruni is also reported.

Sa||Pet||_.|[T||A| F CN P L

m (|ro- il|l2|ez aa zTo VCC C G SYZ L||C TU
pl |gro|| ||O[|0}|O ol? Oot_I ri|io u a r r ajle h
es |lup 2|33 o| |Is

Potsherds. n =43

A0 NRARNERENENE RN ERNEENEN NN
-1-PG9..4.3'8';';}'2'.(1)'9.1'11(1)122(1)29i321;} 73293
22|12 |0 (|84 9 9 9 (19 3|18 0 8 1(|8(4|4
. 272533528526 512 3 7 8 4
B A R S o S A
22|11 |3 |83 6] 119 2.(9 6 ||4 9 911911913
4 9 (|2 4 2 4 4 7 1
8 51719 3|° 0 80 4
CZ 6|01 2
-1-PG5..5.6' > . 010 111321292222358421
231 48730708810'8921 28188 9503106424
6 (|39 (4.0 017 16 1 1 5 0
0 11817 2
4
CZ 6|01 2 9
-1-PG6..4.5'0'2'6'0'.0'9.1 11122129233 4 3
222 782702378197210 89042906 4776415
1 4 4
9 7 117 |ls 33963 83 010 3 8 3
R AR AN RS IR ERERIIE
o |5 [ o1 [ I s e 2 e o 2 5 F L2 ool el .
: |
1 080935 36 1 574583130 4111|6123
5195 6
8
— ::::::::::1::::::::::::::::::::::
601 2
CZZPG7..4.§'O5 5' 1'811 1162(1)2922313363376
21 583644 4'80114 87446887 24-766
2|11 1 8



http://www.sciencedirect.com/science/article/pii/S0169131716302320#f0045
http://www.sciencedirect.com/science/article/pii/S0169131716302320#f0050
http://www.sciencedirect.com/science/article/pii/S0169131716302320#bb0055
http://www.sciencedirect.com/science/article/pii/S0169131716302320#bb0055
http://www.sciencedirect.com/science/article/pii/S0169131716302320#bb0060

U

ri|b|a|alle|d|b|h

Z|N||B||L{|C||N|[P|IT

Y

u|inf|ajb|r

i

o

C|{|C||N||C||Z||G||R||S

MANUSCRIT ACCEPTAT

i

.

16

4171|4121
645|141
2(|6113]12|11
0{/5|18|(61|0
3163|121
5(71|9/181|2
2|6]42
962377
3163|121
81|5]|7||41|0

3
4

9
8
7462

5
7

816163214

102




MANUSCRIT ACCEPTAT

17

_ =) | \© | < | < | o | o | 0 | ® | o [ e |
[ &= [~ o | o | — - | o | — - | ~ [~ | — [ e |
[ - Il NN Il NS Il N on Il N Il N 10 Il N © Il — © Il N © I
[ Z T Il N~ Il N IR M N I[ <+ o Il M o [ n o Il <+ o Il 1N [on v ]
[[Co o [~ ~ [ © o l © ® [ =~ 1n Il ~ < [ o o [ o o Il © N [ < ]
[ =« [+ — [ s o | <+ [ < o | <+ o [ o o [ | 1 [0 > ]
| B« |l s <o [ wasl I o« |l momno || =mwmnm [ momo |l ommoe || om;w [ o~ ]
[ Z o Il — ™ Il — ™ Il — O Il — O I[ — o I[ — O I[ — © I[ N [ = o ]
[ N = |l noom || cnowm o o« |l c o || o+ | o win || cnon [ on [ o n ]
L > [0 oo L~ o NS | |~ o L oo L o= [ = |
_ ) __280 __437 __ = N __650 __ N on <F __599 __308 __ N __91_
[ = | =com || o« I o ~ |l o o | =« o o | o © | o [ lo oo |
| O [~ w0 | [ o= I~ | NS L~ w0 NS L o~ [ |
_ N = __108 __111 __ —\ O ™ __102 __ — o I~ __107 __103 __ - — o __11_
I [ o « [ o | & & [ o~ [ o o [~ o [ ~ o [ |
[ =z - [ o [ o [~ v I ol [ omom [ o w0 [ o [ o=« [n = |
| © o | | IS | | [ — [~ [~ [~ [« o |
_ - | = ~ © | = & o I — o o | = = .o [ = = [ = o~ o [ = & [ <« o [ = ]
[ «» o [~ o I © I ~N | © | 0 | © [~ | — o [~ |
_L.O.d. __3.33 __6.05 __ — 1N \© __141 ﬁ SN < __170 __136 __ - N o __0.8_
_ = B __99.99 __99.97 __100.05 __99.43 __100.00 __99.52 __99.35 __100.01 __99.9_
[ O v | S = & [ S o — Il S — ™ [ 8 = = i S —<w /. [ S = un [ S « — Il S — I~ [ S = ]
[ ¥ ~ O [ .o [ .o~ [ 0 .0 o [ . o0 [ 0 T [a. ©o = [ .0 [ 0 . o~ [ . o]
[Z ® ~0 || S in = | S = ~ | 8 ~ © | 8 © — [ o o [ slo — R S [ s o |
[ O s 0 S | 8 = o | 6w o | ¥ 10 | < o o | & oo = | < v 10 | & o o | = o ]
[ & w00 [ & & ~ [ & < @ [ & en o [ & o 1n | & o~ | no o [ & n o [ & o [ & o ]
[ S =0 [ S o » [ S o « | S o ™ [ S o « | S o m | S & = [ S o & | S o ™ [ 8 o |
_F&.O3 __5.90 __6.51 __ N N o __657 __ O — __6.69 __640 __ O O < __7.2_
_Ab.03 __15.64 __15.81 __13.37 __14“96 __1547 __15.091;15.82 __16.74 __14.4_
[ =0 ~ Jlo .o~ J[o .oxo [ o .o - [ .o« [ o .o « [ .o Jlo. oo [ o .o w [o . o]
_.ﬂ.\u.UO2 __70.22 __65.62 __6&23 __66.21 __66.70 __6385 __6578 __6636 __646_
o 62 & o o o o w w & o o

A = bBp P A A A o~ A N & o A N N
gE28 [ 8+8 [B+% || 8vp [Beg | Bevk |SvS~ [Bvdw [§ovSe [B 8]




MANUSCRIT ACCEPTAT

_ =) | | — | < | \© | — | o | — | ~ [~ |
[ &= | | — N | — N | — N | — o | — | ® | o [ |
[~ o | | N~ | N~ | N | N < | N~ | N | ™ o [ e~ |
[ =2= | | o | <+ | <+ o | o < | N | o o | <+ [ |
[ v o | I[ © = | © © I >~ o I N I[ > o I[ >~ I[ © o [~ ]
[ =« | | Rolle) | = | <+ — | e | ~N o | =) | <+ — [ <+ |
_ n __9 __ n n o __ Mmoo __ <+ o __ n — o __ <+ n o __ N © N __ N o I~ __36_
[ =2 | | — o | — D~ | — o | — © | ) | — > | — @ [ — |
[ N = I+ || oo~ o | oo o I oo | « o~ [ oo [ o= [ o+~ len o]
L > L [ o~ L ~o | | = | cw L o~ |
_ ) __5 __ N 1N ™M __ N < O __ Nesk N __ N0 N __ N <+ N __ on I~ O __ NS __37_
| o | [ oo | o« I o w [ oo | [ o o [ oo [ o |
| O L [ ~w L o« I o | L~ o« L~ o~ L~ v [~ |
| N = lo || —« o | < oo L= o © | « o« I o o I o » | = o~ = o]
I | S [ co | | [~ [ o [ oo« [~ |
[ =z - L [ o~ [ co [ o« [~ o [~ o [~ oo [ o [ = |
| © o [ [ = | | | [~ o [~ o [ <o L = |
[ (o = = |l o @ I o~ | « o w | = oo I © 1n I o — | « = «~ = o]
_ > __3 __ — I~ __ — — 1 __ — on - __ - o __ — O N __ o o __ — ™ N __10_
[ «» o I | 0 | ~ | o | ~N | ~ | ~ | — N [ |
_L.O.d. __2 __ N o __ — O N __ — o ﬁ oo __ — o n __ 0 F o __ — 10 ® __L8_
_ = B __4 __99.85 __99.79 __99.79 __99.77 __99.49 __100.10 __99.26 __10_
[~ O [+ ] S = 1n [ S — 1n [ S —« © [ S & « [T « « [ S = « [ S — 1n [S —]
[ ~© [vw [ & .~ o [ o . =~ [ . o [ o .~ o [ & o [ 0 . 1n « [ o .~~~ [ 7]
[Z2 &« «0 o | S 0 o | S <+ | S 1N o | S 0 A i S 10 o | S 10 1n | S <+ ® [S ©]
[ O s 0 NS NS | < o« | 5 o o I 6= o | N~ < | < o « [8 o]
[ & w00 [ ]| & o~ [ & o =« [ & o o [ & o « [ = oo [ &+ © [ & = © I
| & =0 [t S o ™ | S o m | S o m | S o m | S o, | S o 1n | S o m [S o]
_F&.O __5 __ N o \© __ N O o __ O — < __ 1N o N __ 1N NN __ 1 < __ NRRTo ") __57_
_A_Iv..O __9 __14.78 __14h00 __15.43 __14“29 __1253 1:1289 __1553 __13_
[~ © [n [ o .o o [ o . o~ [ o .o «~ [ o . o o [ o . ol~ = ~ o [ .o o [IEN
_.ﬂMO __7 __67.85 __69.11 __66.84 __67.57 __69.58 __6753 __6599 __67._
IR o o o o o o & &
Ay =~ bp A N A o A, N A, N A NN AL NN A N =%
sz v S -2 g8 23 8-s-38-2s-g 5822 5-2-a 523 5]

18



U

|[on

[0

)

|~

Lo

o

ri|b|a|alle|d|b|h

Z|N||B||L{|C||N|[P|IT

Y

u|inf|ajb|r

i

o

C|{|C||N||C||Z||G||R||S

MANUSCRIT ACCEPTAT

|Len

19

3||7 (|42 ||1
6|(1]4/4|0
6(/5]1013|1

1131318128
3
1

62|12 |42

4

1

7
8
91 (2 ||2
9 (6 (8 (|6

112{2 |0

1

1 (0. ||6 ||6}}2 |0
7

9

10. 1[5 ]|12(|1 |0
7
7

10. |6 ||2|0

5

2
7

118 1[0 (I3 |[0 |4 ||.
1. |l0|6 (|0 ||6 |[.
9 1|510{|7 (|5

N4 qoL|8 1|7 |

4
9
6

0
18
8
8

9
4

1
2

122




MANUSCRIT ACCEPTAT

_ =) | o™ | o | ~ | o™ [« .o J0 .o o>
[ == Il — Il — I[ — o Il o [ o N
[ ~ = I[ N I[ = Il on [ =~ 1n [ < + [ .~
[ Zz= I[ o < I[ N N Il N~ [ < o [[on o © J[n .o o
[ o o Il ~ I~ Il ~ o0 Il ~ O [~ - [~ = .o J[in . o~
[ - Il N < Il n o I[ N Il <+ - Il M o [~ . o o
_ N © __ MmN ™ __ o eNan __ on IS __302 __378.1__57.13
[ Z o Il — ™ Il — o I[ — I~ Il N - Il — o [= . o0
_ N = __ M n o __ N 0.0 __ N © N __275 __324“5__50.12
_ > I N I M o 1l M N | o ld & =~ [ 0 0~
_ v =~ __ MmO < __ N A __ N O __305 __34.5.9__14.82
_ g o I o I o o I —- oo I o~ o 6 50 || 6 © w0
_ o « __ N ™ __ N O __ LN __ NS __24“90__1“87
_ N = __ o~ __ - o o __ = __112 __103.8__7.4.3
_ o = __ N o __ M N __ N o __ NS __28.41__3.61
_ z - __ DS __ o O __ M o __ ™M o __3L83__658
_ Qo __ — \© __ — __ — 1N __ —0 0 __1655__170
_ O = __ o 10 __ — — __ o o __113 __104“7__&22
_ > __ —\ — o __ — N1 __ —\ N o __126 __119.3__9.85
[ wv o Il o~ Il — Il o~ [ = o [ — - [+ .=«
_L.O.d. __ — 0 I~ __ N __ N 4—0.99 __L67 __0.90
_ = 2 __100.17__ o o~ __100.06 __99.92__99.80__0.31
[~ O Il S — < I[ S — I~ Il S — [ 8 — /= S = « [ S8 o —
[ ¥ ~ O [ & . 10 1n Il N .0 AN I[ N .~ O [0 . © [ . &> J[o . = 1n
[z @ ~0o | S 1N © I S 1n 1n | S 1n N [ S o o [ s e o | s = o
[ O s 0 | N~ o I W o I W~ © | 5 10 o I % <« o | = « o
[ & 00 [ & o o I[ N I N [ &~ [T on [ S on o
[ S =0 [ S o « | S o 1n | S o o [ S o = [ STo. s T o o
_F&.O __ N O o __ S <+ 1n __ N 0 o __6.20 __603 __0.47
_Ab.O __1&58 __ — 15 © ® __ — < 1n __15.86__14h69__1“03
[~ © [ o . o — [ o . o o [ o .o o [ . o [ o v |J[o o =
[ & © [ o =~ in [ o = o [ o = in — [o & o o 6 & =« |[ & © —
-

£2§ 2 g - 2 o g

se=g |8 -8 R 8 d: 5 8§ 85+ [Bude [ 5% | G-

Sidi Zahrunin =10

_ |
[0 .o [ o ~ |
[ N =N
[ I Il I |
[0 — o [« o |
_ ! | ! |
| o < o & o |
_ N [ o .~ ]
_329.8__17.2_
_200.20__103_
_233.1__43.4_
_91“30__3.33_
_18.40__0.96_
_80.80__4.87_
_14.70__221_
o v o |8 o< |
_ ! L |
_105.9__4.50_
[t dw |[foo |
_ ! I ! |
_114 __0.30_
_9986__0.10_
[ S o [S8 o =n ]
[ . nNo o . o]
_0.50 __0.05_
| &~ < ls & o |
[ 6 o ~ [S © o |
| S o 1n [S o o |
_580 __0.16_
_14.90__0.44_
o .o~ J[o .o |
_6&08__117_
5sE: | SgE
(s [+ |

20



U

ri|b|a|alle|d|b|h

Z|N||B||L{|C||N|[P|IT

Y

u|inf|ajb|r

2 (16|17
4 (5|11 |4 |2
2 (1|6 (|17
6 |0 ||7.{|6||5

i

o

C|{|C||N||C||Z||G||R||S

MANUSCRIT ACCEPTAT

|
|

I

7

__1213

:\15.01

I

I

__6138

__63.46

Nabeul area n

E

T2||Mo
20 ||kni
M |ne

21

1|7 (|7 1|9 ||9
3117 |1 ||8
105 |7 (|18 ||2
1131|717 ||8

0.
53
8454950

5.1(0.1|2.||8-||0.
6101168 |14 ||

__15.12

__6196

EC||Che
H |lkaf
EC||Che
H |kaf

CA||He
T2||nch
14 ||ir
CA||He
T2||nch
24||ir




MANUSCRIT ACCEPTAT

U

Z |N||B||L||C|[N||P||T
ri|b|a|alle|d|b|h

Y

u|inf|ajb|r

i

o

C|{|C||N||C||Z||G||R||S

Clays

_ < | o™ |
_ o [~ o |
[ A o> [ |
[ o~ I o~ |
_ ;N ™ [ wn v |
[ e [ o~ — |
laomo N v unw |
[ = — [ .= v |
|l o w ol v oo |
L —o L @ ]
e =~ =~ o ]
_ O <o __ o _
[ o | ~ o |
[ & I o« |
[ ~ v IS |
_ N < __ N _
[ © [~ |
| ~ o | o |
| o= || mocw ]
_ ~N | ~N |
_Znu.51__1L12_
_99.69__99.68_
[ 8 o & [ S o o |
[— o o o .« <« ]
[ S = « | s « — _
_23.56__5.80 _
_ — o [ 5 + o |
[ S o ~ [ S o « |
_&64 __5.43 _
_9.82 __1L81_
[ .ino Jle .~o |
_5&73__7L46_
S S~
O > O >
| S&~ |o&~ |

22



MANUSCRIT ACCEPTAT

Dissimilarity
0 30 60 90 120 150
Petro-group Samplesl A RN B
T PG2 CzZ-1-227
PG2 CZ-3-102
PG1 CZ-11-56
PG2 CZ-10-34
PG2 CZ-3-100
PG2 CZ-10-40
PG1 CZ-10-29
PG2 CZ-12174
PG1 CZ-4-65
PG1 CZ-3-83
PG2 CZ-3-92
PG2 CZ-597
ol PG2 CZ-10-54
| PG2 CZ-5-129
PG3 CZ-1148
PG2 CZ-21
PG2 CZ-1-229
PG2 CZ-573 3 1
PG2 CZ-12-67
PG2 CZ-4-56
PG2 Cz125 — L
PG2 CZ-10-52
PG1 CZ-12-78
PG3 CZ-3107 ——
PG3 CZ-11-38 ————
PG2 CZ-10-23
+ PG2 CZ-1043
T PG1 CZ-1-228
PG1 CZ-1-230
PG1 CZ-5118
PG1 CZ-11-42
PG1 CZ-3-75
E PG1 CZ5%
PG3 CZ-5121
PG1 CZ-11-57
PG1 CZ-12173
PG1 CZ-3-72
4 PG1 CZ-5125
PG2 CZ-3-93
PG1 CZ4-67
PG1 CZ-2-2
PG2 CZ10-6
PG2 CZ-11-40
Clay Clay2
Clay Clay1

1. Download high-res image (562KB)
2. Download full-size image

Fig. 7. Dendrogram from hierarchic cluster analysis (average linkage method, square Euclidian
distance) performed on sub-composition SiO», TiO>, Fe;03, MnO, MgO, Na:0, K-0, P,0s, V, Cr, Co, Nij,
Cu, Zn, Ga, Rb, Y, Zr,Nb, Ba, La, Ce, Nd, Pb and Th, divided by Al,03, for studied potsherds and clay
materials. Abbreviations: CZ: amphorae from Sidi Zahruni site, AZ: clay materials collected near the
site.
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Fig. 9. Dendrogram from hierarchic cluster analysis (average linkage method, square Euclidian
distance) on sub-composition SiO,, Al;03, Fe;03, Mg0, CaO, Nax0, K»0, V, Cr, Ni, Zn, Ga, Rb, Y, Zr, Nb,
Ba, Ce and P divided by TiO2. Ca0, Sr, MnO, Cu, P;0s, and Th were excluded from treatment due to
their high ti:6.26, 4.03, 3.96, 3.20, 3, and 2.62, respectively. Amphorae from Sidi Zahruni analysed
in this research and from other localities in north-eastern and central Tunisia are included. Samples
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attributed to Sidi Zahruni, Henchir Chekaf, Moknine, Choggafia and Labayedh (Fantuzzi et al.,
2015a) have the site name in Italic.
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Fig. 10. Scores and loading plots of principal components 1.and 2 (PC1 vs. PC2), representing 26%
and 23% of total variance respectively, relative to PCA on.amphorae from Sidi Zahruni and from
other localities in north-eastern and central Tunisia. Sub-composition as in Fig. 9.

Separating the amphorae into two groups may reflect technological changes, since,
the three production centres in the Nabeul region were active at different
chronological phases: between the 2nd century and the first half of the 5th,
amphorae were produced at Choggafia, and from the 5th to the 7th centuries at
Sidi Zahruni and Labayedh (Fantuzzi et al., 2015a,b and references therein). This
hypothesis does not exclude the possibility that the potters used various clay
materials. According to Capelli and Bonifay (Fantuzzi et al., 2015a,b and references
therein), the amphorae from Zahruni are more similar to those of Choggafia than
those of Labayedh:

On the basis of these considerations, it cannot be excluded the possibility that
differences between the amphorae found at Sidi Zahruni and those attributed to
the site.(Fantuzzi et al., 2015a) are due to the use of different clay materials or
production processes. Since the inclusions are mainly composed of quartz and
other major elements concentrations may have been affected by technological
changes (addition of temper, levigation of clay), the trace element patterns of the
amphorae should reflect those of the clay materials used (Pillay et al., 2000),
therefore allowing us to constrain their provenance better (Lee, 2002; Jia et al.,
2004). In this case study, one group of trace elements and two major potentially
immobile elements (Y, Ce, Cr, V, Al, Ti) were selected to define possible sediment
sources (Bhatia and Crook, 1986; McLennan, 1992; Yang et al., 2003, 2004).

Comparisons among potsherds from Sidi Zahruni, those attributed to the site, ones
from other workshops in the Nabeul area and the clay materials collected near Sidi
Zahruni all show that only one clay (Clay2) always overlaps with potsherds from
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Sidi Zahruni and is attributed to the site, whereas the other (Clay1) is also isolated
from the potsherds from Choggafia and Labayedh (Fig. 11). This indicates that the
amphorae from the latter workshops were produced with a different clay material
from that of Sidi Zahruni. Therefore, Clay2, collected from the Upper Miocene clay
deposits of the Oued El Kebir formation, was most probably the one used to
produce amphorae in the Sidi Zahruni workshop, independently of the type of the
final product. This is also confirmed by the distribution of trace elements
normalised to average continental crust, which demonstrates that the amphorae
from Sidi Zahruni and those attributed to the site (Fantuzzi et al., 2015a) both
show patterns very similar to those of Clay2 (Fig. 12). Small differences in some
trace element concentrations, essentially between amphorae attributed to Sidi
Zahruni and Clay2 (Fig. 12c), may reflect the small natural inhomogeneity of raw
materials from the same geological formation along sedimentary clayey deposits.
From an archaeological viewpoint, this is a satisfactory hypothesis: due to the
longer production period of the centre (about 200 years), various levels from the
same outcrop could have been exploited.
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Fig. 11. Binary variation diagrams of: a) TiO vs. Cr; b) Al203 vs. Y; c¢) Al,03 vs. TiOz; d) Vvs. Y; e)
Ce/Y vs. Cr/Y for the amphorae from Sidi Zahruni, the clays collected near the site and the
amphorae attributed by Fantuzzi et al. (2015a) to Sidi Zahruni, Choggafia and Labayedh.
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Fig. 12. Normalised elemental distribution of some trace and rare earth elements of: a) clay
materials collected near Sidi Zahruni and average values of potsherds analysed in present work and
attributed to Sidi Zahruni (italic) from Fantuzzi et al. (2015a); b) some selected potsherds from Sidi
Zahruni here analysed and Clay2; c) the samples attributed to Sidi Zahruni from Fantuzzi et al.
(2015a) and the Clay2.
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Therefore, it can be established a new and consistent reference group of Keay 25.2 amphorae,
together with those found in Catalonia by Fantuzzi et al. (2015a) according to their chemical
composition, in view of available mineralogical and petrographic information, although some
technological changes did occur.

6. Conclusions

This archaeometric study of Keay 25.2 amphorae from Sidi Zahruni (north-eastern
Tunisia) based on petrographic and mineralogical compositions provided
significant information to describe the nature of this ceramic class.
Petrographically, all samples were very similar, with small differences in the
textural features of the inclusions revealed by image analysis. The different
proportions between matrix and inclusions, especially quartz, are responsible for
the small geochemical differences among the samples. Also from a mineralogical
viewpoint, the amphorae from Sidi Zahruni are homogeneous, indicating
standardised production technology in terms of source clay, paste preparation and
firing conditions. Geochemical comparisons with a group of African.amphorae
found in Tarragona (Spain) and attributed to the Sidi Zahruni workshop indicates
that different variants of amphorae produced at SidiZahruni are similar, especially
in terms of trace element patterns, indicating that the same clay source was used
for these productions. In more detail, the amphorae produced at Sidi Zahruni were
made from the clay outcropping in the nearby Upper Miocene deposits of the
Chabat Al Qola. The availability of large quantities of raw materials would have
been an obvious factor in locating a flourishing ceramic industry in the Nabeul
area. The different geochemical composition of the amphorae produced in other
workshops in the area indicates that.the potters followed their own production
strategies and used different base clays.

A new and consistent reference group for the Keay 25.2 amphorae from Sidi
Zahruni is now established, and is also representative of the various fabrics found
at the site. This reference group will be useful for further provenance studies on
Roman amphorae, to identify.possible exportation from Sidi Zahruni to other sites,
especially in Hispania, where the Keay 25.2 type of amphora has often been found,
and to better define how this type spread and where it was imitated. Such data will
aid interpretation of the socio-economic relations between various regions, trade
routes and the technological evolution of societies.
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