Mediterranean Archaeology and Archaeometry
Vol. 22, No 3, (2022), pp. 179-202
BY

Open Access. Online & Print.

www.maajournal.com
DOI: 10.5281/zenodo0.7388262

TRANSPORT AMPHORAS FROM GRAVISCA
TO THE EASTERN AEGEAN DURING THE GREEK
ARCHAIC PERIOD (7t-6th ¢. BC): A MULTIDISCIPLINARY
APPROACH FOR CHARACTERIZATION,
MANUFACTURING, PROVENANCE AND TRADE

Andrea Bisciotti*1, Paola Comodi2, Maximiliano Fastelli2, Azzurra Zucchini?
and Lucio Fiorini3

Dipartimento di Fisica e Scienze della Terra, Universita degli Studi di Ferrara, Via Saragat, 44122 Ferrara,
Italy
2Dipartimento di Fisica e Geologia, Universita degli Studi di Perugia, Via Pascoli, 06123 Perugia, Italy
SDipartimento di Ingegneria Civile ed Ambientale, Universita degli Studi di Perugia, Via G. Duranti, 06123
Perugia, Italy

Received: 14/11/2022
Accepted: 25/112022 *Corresponding author: Andrea Bisciotti (andrea.bisciotti@unife.it)

ABSTRACT

This paper described a baseline for a multidisciplinary approach to the mineralogical and chemical character-
ization of eighteen fragments of archaic transport amphoras (7t-6th centuries BC) found at Gravisca archaeo-
logical site (Lazio, Italy) attributed to an Eastern Aegean provenance (six from Samos, three from Miletus,
three from Chios and three from Klazomenai). The samples have been typed on the evidence concerning ar-
chaic manufactory techniques by using X-ray powder diffraction (XRPD) associated with quantitative phase
analysis (QPA), optical (OM) and electron microscopy (SEM). Following Inductive Coupled Plasma Spectros-
copy (ICP), compositional data analysis has been for the first time applied to selected geochemical proxies
combining rare earth elements and selected heavy metals concentration in Hierarchical Agglomerative Cluster
(HACQ). This innovative approach allows to distinguish different sources of the raw materials used from dif-
ferent geological and geographical areas. Multivariate statistical treatments via Principal Component Anal-
yses (PCA) open the possibility to group the sherds into clusters, comparing the results with the HAC appli-
cation allowing to validate the methodology. Two distinct centres associated with Samos manufactory appear
to be operating during 7 th-6th centuries BC, which could be related to different production periods or even
different production areas. The new data concur with a more straightforward historical reconstruction of ar-
chaic Poleis manufactory and commercial activity toward Etruria and the Mediterranean and with a new
methodological approach to archaeometry.
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1. INTRODUCTION

The emporium of Gravisca (white dot in Fig. 1a, ex-
act DMS position: 42°12’46”N 11°42'37”E) is one of
the most important ports of antiquity, a crossroad of
goods, ideas and people between the East and the
West of the Mediterranean, since the end of the 7th
century BC to the Roman period. The harbour was sit-
uated about ten kilometres from Tarquinia (the an-
cient Tarkna), one of the most important Etruscan
metropoleis. The first settlers, a group of Phocaea sail-
ors from the East Aegean region (West of Turkey)
landed here, at the end of the 7t century BC, to ex-
change goods with the Etruscan natives (Fiorini, 2005;
2015; Fiorini & Torelli, 2017). From this early period,
almost until the first part of the 5t century BC, under
the protection of the deities of the sanctuary, Gravisca
represented an archaic centre of exchange in the Med-
iterranean area (Torelli, 1977; 1981; Fiorini & Torelli,
2017). During the 6th century BC and almost until the
first part of the 5% century BC, many other traders
from different Greek Settlements of the Ionia, Attic,
and Magna Graecia were attracted here by the oppor-
tunity of good affairs (Fiorini, 2005). The largest vol-
ume of the exchanged goods was stored inside
transport amphoras, the earliest historical consumer
packages (Twede, 2002), which are now widely dis-
tributed in fragments as archaeological finds in vari-
ous Mediterranean archaeological sites. During the
Archaic period, the different Mediterranean centres
producing transport amphoras developed their trade-
mark external morphology and stamped marks
(Grace, 1947; Grace, 1953). This ante litteram form of
guaranteeing the provenance of wine and oil, to-
gether with other 'characteristic' features, has tradi-
tionally been used by archaeologists to identify the
origin of the transport amphoras. However, several
past analyses showed that the relationship between
the stamps, shapes and fabrics of amphoras are quite
complex. There could be cases where 'characteristic'
properties of one class of the amphoras appear in ves-
sels of another type (Whitbread, 1995) hence a careful
archaeometric analysis is called into question. Indeed,
a multidisciplinary approach for this type of material
is widely reported and discussed in the literature (e.g.
Okan et al., 2015; Cau Ontiveros et al., 2018). In the
present work, eighteen transport amphoras from the
Gravisca site were studied (Table 1, Fig. 3, Fig. 4, Fig.
5) through an archaeometrical approach. The samples
under analysis were attributed to several possible or-
igins following the archaeological survey by Di Miceli
(Di Miceli, 2019). The above-mentioned research,

comparing the morphological geometry of the sherds
and supported by the well-known reconstruction of
the history of Gravisca, attributed the production of
the amphoras to Eastern Aegean Poleis (white dots in
Fig. 1b), especially Samos (DMS: 37°40'21”N
26°53'21"”E), Miletus (DMS: 37°31'50”N27°16'32"E),
Chios (DMS: 38°11'41"N26°01'41"E) and Klazomenai
(DMS: 38°21'29”"N26°46’03"E). In addition to these
artefacts a large group of sherds has been related to
indigenous Etruscan industries. Following the main
geographical provenance, Di Miceli 2019 has point-
out specific “attributes’ that allow assigning the am-
phoras to detailed ‘types’ that previous research (Py
& Py, 1974; Dupont, 1982; 1998; Sezgin, 2004; 2012,
Lambrino, 1938) dated back to a rigorous epoch of
production. Classical petrographic description of ves-
sels from X-ray powder diffraction associated with
quantitative phase analysis, optical and electron mi-
croscopy was made according to the basis of previous
works (Whitbread, 1995; Lawall, 1995; Jones, 1986).
Furthermore, compositional data analysis from In-
ductive Coupled Plasma Spectroscopy of rare earth
elements and selected heavy metals concentration of
the ceramic body was applied to Hierarchical Ag-
glomerative Cluster introducing an innovative inter-
pretation of the data that allows distinguishing differ-
ent sources of the raw materials used from different
geological and geographical origins. Multivariate sta-
tistical treatments via Principal Component Analyses
open the possibility to group the sherds into clusters
directly connected to the different provenance, com-
paring the results with the innovative Hierarchical
Agglomerative Cluster application. The research aim
is to establish if the archaeological classification and
provenance attribution of the amphoras matches with
the analytical results that could be obtained using tra-
ditional and innovative archaeometric approaches.
This is the first time that the Gravisca artefacts un-
dergo specific analysis to reconstruct their prove-
nance. The samples represent every different type of
amphora identified within the archeological site (Ta-
ble 1) for the mentioned Aegean provenance, dated to
the 7t and 6t century BC. Samos specimens were se-
lected in twice the number of the others because mor-
phological differences emerged within specimens be-
longing to the same assigned. As far as the authors
know, there are no recent archaeometric studies pub-
lished for 7t and 6% century BC Eastern Aegean
transport amphoras, especially for samples that have
been subjected to a detailed archaeological classifica-
tion.
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Figure 1. Geographical presummable provenance of archaeological finding under studies: (a) geographical and geological
sketch-map of central west Italy (Lazio) with the locations (white dot) of the archaeological site of Gravisca,
(b) geographical and geological sketch-map of Eastern Aegean area with the locations (white dots) of the Ionian Poleis
(Western Turkey).

2. GEOLOGICAL SETTINGS

Gravisca is part of the Roman Magmatic Province,
which originated in the area between the Apennine
orogen and the Tyrrhenian coast during the Pleisto-
cene (Marra et al., 2020). The archaeological site lies
below tuffaceous hills that are part of a thick pyroclas-
tic plateau formed by the eruptions of large volcanic
districts, the Tolfa and Sabatini Volcanics to the
South-East and Vico Volcanics to the East (Fig.1a).
The geology is dominated by widespread tuff (yel-
low-red tuff) and pumice from the lower Pleistocene
acid cycle of the Tuscan Magmatic Province (Volsini
Volcanics) and the K-alkaline sub-saturated silica cy-
cle of the middle to upper Pleistocene of the Roman
Magmatic Province (Chiocchini, 2019). The Eastern
Aegean is a mosaic composed of different tectonic en-
tities (Fig. 1b). Between them, the Menderes Massif is
the predominant geological formation that extends
eastwards to the aforementioned Aegean Poleis. The
main regional dynamothermal metamorphism oc-
curred from the Late Cretaceous to the beginning of
the Miocene, when, after a compressional regime, the
Menderes dome collapsed in an E-W direction to form
the core rocks and the associated extensional geolog-
ical formation (Yilmaz, 1997). The Samos Island, be-
longing to the Cycladic Complex, comprises several
Alpine tectonic units and two post-alpine sedimen-
tary basins. An ophiolitic mélange characterises the
Samos geology outcrops, where a chaotic mixture of
pillow basalts, relict peridotites, serpentinites, clastic
sediments and limestones reach a thickness of 200 -
300 m. The mafic and ultramafic blocks within this
heterogeneous formation are widespread ranging

from a few centimetres to tens of meters (Stouraiti et
al., 2017). On the mainland, less than 100 km South-
East of Samos, Miletus lies at the base of the Menderes
Massif. The Massif is a metamorphic complex crop-
ping out on a large region in the Alpine orogenic belt
of Western Anatolia. The area is characterised by
acidic magmatism in which the contact between or-
thogneisses (biotite orthogneiss and leucocratic tour-
maline orthogneiss) and thick metaclastic deposit,
constitutes the most commonly exposed country-rock
(Koralay et al., 2011). Chios island, in the Northern
Aegean, is part of the Pelagonian/Lycian zone and, in
addition to the Neogene carbonate sediments, a series
of small volcanic centres in the northwest and south-
east are present. The source magmas have several
characteristics comparable to ocean island basalts and
resemble subduction-related rocks (Kondopoulou,
2011). Klazomenai, at the Eastern edge of the Bornova
Flysch Zone, was formed as a result of subduction-re-
lated magmatic activity that produced high-K alka-
line products during the Palaeocene-Eocene, which
underwent a shoshonitic composition (Agostini,
2010).

3. MATERIALS AND METHODS
3.1. Samples

The transport amphoras analysed come from a se-
ries of archaeological excavations conducted, de-
scribed in (Fiorini, 2015; Fiorini & Torelli, 2017). Three
specimens were taken for each group of amphoras
classified as Etruscan, Klazomenai, Chios, Mileto and
six from Samos. The overall fragments finding of foot
and libs from Gravisca excavation is provided in Fig.
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2 without counting other ceramic fragments parts
(e.g., head, neck, shoulder, walls). Table 1 reports the
samples” codes, the provenance area (following the
first archaeological classification), the type, the pe-
riod, and the description of ceramic material by using
the Munsell Soil Colour Charts (Munsell, 1975; Zach-
arias et al., 2018). Each sample can be traced from the
archaeological record by its inventory number, also
shown in Table 1 (Di Miceli, 2019). For the photo-
graphs and drawing of the materials see also Fig.s 3,
4,5.

Samos (130)
u Miletus (70)
m Chios (34)
= Klazomenai (45)
m Etruria (N.A))

Figure 2. Pie chart with the overall numbers (legend) and
percentage (inside graph) of foot and libs from Gravisca
excavation (Di Miceli, 2019).

3.1.1. Samos Amphoras

Samos amphoras spread, since the VII century BC,
throughout the Mediterranean transporting the oil
produced on the island. Can be distinguished by their
ceramic colour which varies from red to pink, with an
often-greyish core. Present high outward hardness
and low porosity with noticeable micas inclusion.
Dupont recognizes (Dupont, 1982; 1998) two main
types, the first (Table 1: Dupont 23.6.d, Dupont 23.6,
Dupont 23.6.f) derives directly from the older classifi-
cation of the Grace (Grace, 1953) and has an echinus
hem, a short and straight neck, an oval belly and a
ring-shaped foot. The production of this type is at-
tested between the end of the 7th century to first parts
of the 6t century BC. The second type (Table 1:
Dupont 1) evolves from the end of the 6th century BC
into a pear-shaped body with a shorter neck and a
protruding lip, in the bottom a ring-shaped body re-
sults in a more rounded profile.

3.1.2 Miletus Amphoras

Miletus amphoras, erroneously recognized at first
as a typological evolution of the Samian, were pro-
duced from the end of the 7th century BC. In its most
ancient and characteristic form (Table 1: Dupont 1), it
is characterised not only by the ovoid body, but also
by the characteristic banded hem, high and narrow.
The amphoras evolved in type 2 during the mid-6th

century BC (Table 1: Dupont 2) with a distinctive de-
tail that is the horizontal lines on the neck. Then in the
First half of the 5t century BC (Table 1: Dupont 3)
there is a progressive elongation of the body and a
lowering of the shoulder curve. An essential feature
for attributing it to the Milesian production is also the
ceramic body, which shows widespread small mica-
ceous inclusions, gold and black, which can be seen
reflected under a direct light source.

3.1.3 Chios Amphoras

Chios amphoras produced for the storage and ex-
port of its famous wine represent one of the longest-
lived productions, covering a period between the 7t
and 1st centuries BC. The oldest production dated
back at the first half of the 6t century BC (Table 1:
Dupont) is characterised by a short cylindrical neck
with a thick and protruding rim, arched handles with
a flattened biconvex section. The evolution is the
A1/ A2 of the Lambrino’s type (Lambrino, 1938), with
a slender neck likewise for the body of the vase which
decreases in diameter and lengthens together with the
base. Then at the end of the 6% century BC is found
the ‘Swollen Necked’ typology where the shape of the
neck widens to form a sort of bulb, meanwhile the
body flattens on itself. It has a very wide distribution
in both the Mediterranean and Black Sea areas.

3.1.4 Klazomenai Amphoras

The amphoras from Klazomenai present a ceramic
body softer and more porous than the other Eastern
Aegean amphoras, with evident black and white mi-
caceous inclusions. The external surface presents a
painted decoration characterised by a series of brown
bands. One was typically positioned around the rim,
two along the shoulder and the last in the lower part
of the body; vertical lines are present on both handles.
Sezgin recognised (Sezgin, 2004; 2012) the production
of the last quarter of the 7% century BC for the
rounded edge and the cylindrical neck (Table 1:
Group II) then an evolution appears with differences
concerning the lip, which takes on a "beak" profile
and the neck which is more flared (Table 1: Group III).

3.1.5 Etruscan Amphoras

Although Etruscan amphoras have been subjected
to multiple classifications, a complete typology of this
material class has not yet been established. In the pre-
sent work (after Di Miceli, 2019) the Py regional at-
tribution is used. Py classification is based on analo-
gous vessels with a provenance from South of Gallia
(Py & Py, 1974). The most ancient Etruscan amphorae
(Table 1: Py 1/2) can be recognized by an everted
edge directly connected to the shoulders with a width
and a flat bottom. Types 3A and 3B (Table 1) represent
the morphological evolution of the oldest production
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and are distinguished by the more elongated body
and the truncated cone bottom. Lastly, type 4A (Table
1), the most recent, is characterised by the significant
elongation of the rim which takes the shape of a fun-
nel (Py & Py, 1974).

3.2 Analytical Methods

3.2.1 Optical Microscopy and Field Emission-
Scanning Electron Microscopy (OM and FE-
SEM)

The description of fabric characteristics was per-
formed by transmitted polarized light Optical Mi-
croscopy (OM) and Field Emission Scanning Electron

Microscopy (FE-SEM) on 30 pm thin sections of the
vessel’s rims. FE-SEM analyses were performed using
a Field Emission Gun Electron Scanning Microscope
LEO 1525 with ZEISS AsB (angle-selective backscat-
ter) detector and GEMINI column. Chrome coating
(8mm) was applied for SEM observations on the thin
section. Thin sections were mounted on stubs with
double sided adhesive carbon tape. Measurements
were performed on an electron high tension of 5 and
15 kV. The images were captured using secondary
electron (SE) and In-lens detectors. The FE-SEM in-
strument was coupled with Energy Dispersive X-ray
Spectroscopy (EDS) system (BrukerQuantax EDS).

Table 1. List of studied samples with sample codes, estimated area of provenance, type, period, chronological classi-
fication based on Munsell Soil Color Charts (Munsell 1975; Zacharias et al., 2018) serial numnbers related to ceramic
colours and original inventory number (Di Miceli, 2019). For all samples a rim fragment. Classification type was
made following (Py & Py, 1974(a); Sezgin, 2004; 2012 (b); Dupont, 1982; 1998 (c); Lambrino, 1938 (d)).

Sample Estimate area Type Period Munsell Soil Inventory
code of provenance Color Chart Number
E3 Etruria Py 3 A-B(a) Second half of 6th century 5YR7/6 72/7931
BC.
E4 Etruria Py 4A(a) Half of 5th to half of 3 10YR8/3-7/4 73/21617
centuries BC.
El Etruria Py 1/2(a) First half of 5th BC. 10YR8/3-7/4 78/5870
CL1 Klazomenai Group III Sezgin(b) First half of 6th century 5YR6/8 75/6130
BC.
CL2 Klazomenai Group II Sezgin(b) End of 7th century BC. 7.5YR7/6-6/6 76/11380
CLINC Klazomenai Unknown Unknown 5YR6/6-6/8 75/11860
M1 Miletus Dupont 1(c) End of 7th, first half of 6th 7.5YR7/6-6/6 75/5797
century BC.
M2 Miletus Dupont 2(c) Second half of 6th century 7.5YR7/6-6/6 75/8946
BC.
M3 Miletus Dupont 3(c) First half of 5th century 7.5YR7/6-6/6 72/21568
BC.
CH1 Chios Dupont(c) First half of 6th century 5YR6/8-7.5YR6/6 72/8904
BC.
CH2 Chios A1/A2 Lambrino(d) Half of 6th century BC. 5YR6/6 75/4349
CH3 Chios Swollen Necked End of 6th century BC. 7.5YR6/6 76/13248
Lambrino(d)
S1Vv2 Samos Dupont 1(c) End of 6th century BC. 7.5YR6/4-6/6 75/2200
S2V1 Samos Dupont 1(c) End of 6th century BC. 7.5YR7/8-6/8 75/14745
S6Vé6 Samos Dupont 23.6.d(c) End of 7t to first parts of 7.5YR7/6-6/6 16/3855
6th century BC.
S7V5 Samos Dupont 23.6(c) End of 7th to first parts of 5YR6/6-6/8 72/20842
6th century BC.
S7V7 Samos Dupont 23.6(c) End of 7th to first parts of 5YR7/8-6/8 78/7357
6th century BC.
S8v4 Samos Dupont 23.6.f(c) End of 7th to first parts of 7.5YR6/6-6/8 75/21010
6th century BC.
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Figure 3. Photographs of transport amphoras jars attributed to different Poleis found at Gravisca and studied in this
work.
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(CH1) Dupont 1
(CH3) - Swollen Necked Lambrino

(CH2) A1/A2 Lambrino (M1) Dupont 1
(M2) Dupont 2 (M3) Dupont 3
Py 1/2 (E1) Py 3A-B (E3)
Py 4A (E4)

Figure 4. Draws of different types of amphoras section (from Di Miceli, 2019)
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Figure 5. Draws of different types of amphoras section (from Di Miceli, 2019)
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3.2.2 X-ray Powder Diffraction (XRPD) and
Rietveld Analysis

Complementary investigation of mineralogical
fabric components was made by XRPD. The used in-
strument was a Bragg-Brentano 0-20 diffractometer
(Philips PW 1830, CuKa radiation A\= 1.54184 A, 40
KV and 30 mA) in the 3°- 80° [26] range with a step
scan of 0.02 [20] and a step time of 20 s. The diffraction
patterns were qualitatively interpreted by means of
X'Pert HighScore Plus 3.0 (PAN analytical) coupled
with the Crystal Open Database (COD) library for
minerals’ profile comparison (Grazulis et al., 2009;
2012; 2015; Merkys et al., 2016; Vaitkus et al., 2021).
Quantitative Phase Analysis (QPA) was performed
by means of the Rietveld method (Rietveld, 1969) im-
plemented in Material Analysis Using Diffraction
(MAUD) software (Lutterotti, 2000) measuring
weights percentage consistent with amorphous
slightly crystalline ceramic materials (Gualtieri et al.,
2014) together with the dispersion factors for neutral
atoms. The refined parameters were the background,
fitted with a Chebyshev polynomial function, the pro-
file functions (pseudo-Voigt-type), the scale factor,
the zero point of the instrument and the lattice con-
stants for each phase. When necessary, the March-
Dollase correction (Dollase, 1986) for preferred orien-
tations was applied. The fit accuracy was calculated
by the numerical parameter known as R-weighted-
pattern (Rwp) reported in Table 2.

3.2.3 Chemical analysis

The chemical characterization of the transport am-
phoras was made through Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES)
and Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) to quantify major and minor constituents
and trace species, respectively. The used ICP-OES in-
strument is a Thermo Scientific® iCAP 7000 series,
whereas for the ICP-MS analysis a Thermo Scientific®
iCAP Q series was used. The chemical analysis al-
lowed the determination of concentration for 50 ma-
jor, minor and trace elements: CaO, K20, MgO,
Fe203, Al203, S5i02, Na20, Y, Pr, Nb, Sm, Eu, Gd, Dy,
Ho, Tm, Yb, Lu, B, Ba, As, Sc, Ti, V, Cr, Mn, Cd, Co,
Cu, Fe, P, Mo, Ni, Pb, Se, Sb, Sn, T1, Zn, Zr, Pd, Ag, La,
Hf, W, Ge, Ce, Tb, Er, In (Table 3 and Supplementary
Materials (S.M.) Table I, II, III, IV). Prior to being ana-
lysed, the interior and exterior of archaeological ce-
ramics were abraded to remove adhering soil that
would contaminate the sample. The digestion was
carried out with HNO3, HCIO4 and HF. The determi-
nations were performed in a 1:10 dilution of the solu-
tion obtained after the dissolution procedure. The cal-
ibration of the instrument was carried out with multi-
element standard solutions, HNO3 solution (1M) was

used as a blank. For the preparation of the concen-
trated standard solution, mono-element LabMix24
and CPAchem international standards were used
(LM24-CUS-70886, LM24-OP-4003179, C063.2NP.L1,

CO031.2NP.L1, C025.2NP.L1, C054.2NP.L1,
C043.2NP.L1, C016.2NP.L1, C037.2NP.L1,
CO058.2NP.L1, C021.2NP.L1, C036.5N1FP.L1,

C029.2NP.L1, C018.2NP.L1, C068.2NP.L1). The multi-
element standard solutions contained all the major
and minor chemical species determined by ICP-OES.
For the trace element concentrations ICP- MS were
used with the above-mentioned calibration method.
Instrumental detection limits are in the parts-per-bil-
lion range for most elements and precision is within
2-3%.

3.2.4 Multivariate Statistical Analysis

A matrix (NxM) with the 18 samples (N) and 50
concentrations (M) of major (Wt.%) and trace (ppm)
elements from ICP-OES and ICP-MS was generated
to conduct a multivariate analysis.

The constant sum problem of the composition data
was avoided using the Aitchison approach (Aitchison
1982, 1986). Starting from raw data, CoDaPack 2.03
Software (Comas Cufi & Thié i Fernandez de
Henestrosa, 2011) was used to produce the Composi-
tional Variation Matrix (CVM), which allows the
quantification of the total variation (vt) in the data set,
and to understand which elements contribute to a
greater extent to the observed variability (Buxeda &
Kilikoglou, 2003; Aitchison & Egozcue, 2005). Then,
the Centered Log Ratio (CLR) transformation of the
raw data was applied to the whole set of Rare Earth
Elements (REEs) and heavy metals concentration (Cr,
Ni, Co, Zn) for agglomerative Hierarchical Clustering
(HAC) procedure, using Ward’s minimum variance
criterion (Ward 1963) available in the CoDaPack 2.03
software. Ward’s method, as a hierarchical clustering
method, was used to create groups where the vari-
ance is minimised. To apply a recursive algorithm un-
der this objective function, the initial distance be-
tween individual objects must be proportional to the
squared Euclidean distance; after Aitchison transfor-
mation in CLR, this condition should be verified. The
results have been interpreted in the view of different
geological raw materials sources: ultramafic, felsic-
mafic and metamorphic origins. Furthermore, the
chemical raw dataset was transformed using Co-
DaPack 2.03 (Comas Cufi & Thié i Fernandez de
Henestrosa, 2011) in Additive Log Ratio (ALR) using
Ge as divisor, and it was analysed through Principal
Component Analysis (PCA) using Prism9 Software
with GraphPad suite. PCA was applied for data re-
duction, commonly used in archaeometry studies to
highlight the presence of compositional groups be-
tween the artefacts. The initial dimensionality of the
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data set, equal to the number of chemical species (N),
is reduced to n, representing the number of Principal
Components (PCs) used. PCs are then calculated as
eigenvectors of the covariance matrix of the trans-
formed data, whose eigenvalues represent the vari-
ance of the data along with the eigenvector directions.
Linear transformation of correlated variables results
in an exploratory method in which scores based on
the first two variables are plotted either to investigate
or display structure in the data (Baxter, 1995).

4. RESULTS
4.1 Fabric description

The description of the thin-section petrography of
the amphora’s families has been made by means of
both OM and SEM with Backscattered Electrons (BSE-
SEM). Taking as a base reference the previous Whit-
bread classification of 7t century BC transport am-
phoras fabric (Whitbread, 1995). The following char-
acteristics have been highlighted: texture, porosity,
micro-mass, matrix, presence and/or absence of
amorphous and mineralogical composition with pos-
sible identification of index minerals. High-cooking
temperatures were inferred by the optical inactivity
of thin sections (Medeghini et al., 2020), by the amor-
phous amount (just only qualitatively estimated)
from BSE-SEM imaging of mineral alterations, and

11462, 3
SE MAG: 69 x HV:15.0. KV WD: 9,4 mm+ %

from XRPD results like in the case of the presence/ab-
sence of calcite, which decomposition temperature
occur around 800°C (Aras, 2004).

4.1.1 Etruscan Fabric

Etruscan samples present an optically active micro-
mass with the presence of microcrystal and ochre-
brown matrix. Voids and coarse fragments of quartz
and feldspar are common and give high porosity (Fig.
6al). From OM the main minerals observed are feld-
spars and micas with the sporadic occurrence of cal-
cite and pyroxenes (Fig. 6bl and 6c1). The E4 sample
shows a strongly amorphous ground paste unlike the
others, an indication that only this sample was sub-
jected to higher firing temperatures with respect to
the other two.

4.1.2 Klazomenai Fabric

Klazomenai specimens are characterised by the
presence of a very abundant background paste and
fewer blasts of different sizes. The matrix is amber-
ochre in colour and porosity is low (Fig. 6a2). From
OM observations quartz content is low with a pre-
dominance of phyllosilicates. Modulation of the mix-
ture by using tempers is observed by the presence of
angular grains of quartz and feldspar used as addi-
tives or correctives mainly in CL1 and CL2 samples
(Fig. 6b2 and 6¢2).

Figure 6. Petrographic and microstructural characteristics of the 30 um thickness pottery thin section. Etruria sample
E4: (a1) BSE-SEM imaging 15 kV magnification 67x, (b1) OM on Crossed-nicol, (c1) OM on Parallel-nicol. Klazomenai
sample CL1: (a2) BSE-SEM imaging 15 kV magnification 62x, (b2) OM on crossed-nicol, (c2) OM on parallel-nicol.
Chios sample CH1 (a3) BSE-SEM imaging 15 kV magnification 69x, (b3) OM on crossed-nicol, (c3) OM on parallel-nicol.
Thin sections highlight texture, porosity, micro mass, matrix, presence and/or absence of amorphous and mineralogical
composition.
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4.1.3 Chios Fabric

Chios pottery presents a bimodal grain size distri-
bution with several angular clasts (Fig. 6a3). Blasts are
medium to large in size composed mainly of quartz
and feldspar (orthoclase and plagioclase) with pres-
ence of pyroxene (Fig. 6b3 and 6c3). As already ob-
served by Whitbread 1995, are also detected rare ser-
pentinite, sandstone, quartz-biotite schist. Porosity is
high due to macro-vughs and thin channels through
the paste and around macro-inclusions. Several dis-
solution voids or dark circular shadows are found
within the clay matrix that could be due to calcite dis-
solution. Microcline, a characteristic metamorphic
mineral, can be observed.

4.1.4 Samos Fabric

Samos transport amphoras shows high amounts of
amorphous content related to an optically inactive
micromass. The matrix is ochre-red-brown in colour.
In accordance to Whitbread 1995, inclusion observed
mainly comprises dominant to few polycrystalline
quartz and white mica, very few to rare orthoclase,
plagioclase and limestone (Fig. 7a4). The preferred
orientation of mica is well pronounced (Fig. 7b4 and
7c4) and could be related to the use of mechanical pot-
ter-wheel. Porosity is low with a predominance of un-
glazed clay matrix.

4.1.5 Miletus Fabric

Miletus pottery micromass appears optically active
with low porosity (Fig. 7a5). The matrix is brown-bor-
deaux in colour. Moderate degree of isorientation of
micas minerals (Fig. 7b5 and 7c5) resulting from the
use of mechanical potter-wheel. Grain size distribu-
tion is unimodal with medium-small blasts dimen-
sion and highly homogenised. Blasts consist mainly

of quartz and micas. No detections of additives or cor-
rectives, although some components of the skeleton
show a certain angularity.

4.2 Mineralogical XRPD assemblage

The XRPD analysis coupled with QPA results,
showed substantial homogeneity in the composition
of the different ceramic groups in terms of main min-
erals within the same group. However, the QPA re-
sults (reported in wt. % in Table 2) show different
mineral assemblages and variability even when com-
paring samples from the same area. Quartz, feldspars
and phyllosilicate are the ubiquitous and dominant
mineral phases (>20 wt%) in almost all the analysed
specimens (Table 2). Only in Chios amphoras, neither
muscovite nor biotite were detected. Biotite was de-
tected only in the Miletus amphoras (M1, M2),
whereas in all the other samples muscovite is re-
vealed. Pyroxenes, mainly observed in Chios (CHI,
CH2, CH3) and Etrurian samples (E4, E1), are distrib-
uted in considerable amounts in several raw materials
from similar geographical origin, mainly volcanic.
Calcite occurs as an accessory mineral but is also
strongly related to the firing temperature reached and
its presence it’s useful to identify pottery that hasn’t
been treated at high temperature (~850°C). Further-
more, in Etrurian samples (E3, E1) the presence of
analcime could be related to the provenance of the
raw materials from the Roman province, where the
alteration process of tuff and pumice produce differ-
ent types of zeolites (Comodi et al., 2014; Novembre
et al., 2021). Lastly, hematite cannot be directly linked
to an unambiguous geological area or even to geolog-
ical processes.

Figure 7. Petrographic and microstructural characteristics of the 30 um thickness pottery thin section. Samos sample
S1V2 (a4) BSE-SEM imaging 15 kV magnification 71x, (b4) OM on crossed-nicol, (c4) OM on parallel-nicol, (a5). Miletus
sample M1 (a5) BSE-SEM imaging 15 kV magnification 71x. (b5) OM on crossed-nicol, (c5) OM on parallel-nicol. Thin
sections highlight texture, porosity, micro mass, matrix, presence and/or absence of amorphous and mineralogical com-
position.

Mediterranean Archaeology and Archaeometry, Vol. 22, No 3, (2022), pp. 179-202



190

A. BISCIOTTI et al

Table 2. QPA of the studied samples using the Rietveld method (Rietveld, 1969). Quantities are given in wt. %.

Sample  Quartz  Felds. Musc.  Biot. Hem. Pyrox. Calc. Analc. Rwp
E3 46.00 20.90 29.20 - - - 3.50 0.40 14.94
E4 17.10 39.10 15.00 - - 15.10 13.70 - 1043
E1 22.80 64.80 1.70 - - 10.30 - 0.40 13.96
CL1 10.80 76.90 12.30 - - - - - 15.25
CL2 17.60 61.20 21.10 - - - - - 11.69
CLINC 17.50 41.70 37.20 - - - 3.70 - 14.39
M1 17.60 51.70 15.60 15.10 - - - - 13.16
M2 27.80 55.20 2.90 13.40 0.70 - - - 14.52
M3 19.00 55.90 24.90 - - - 0.20 - 11.03
CH1 25.60 57.60 - - 0.60 16.30 - - 16.85
CH2 46.80 40.60 - - 0.60 12.10 - - 12.84
CH3 29.40 41.20 - - 0.40 29.10 - - 13.29
S1v2 32.60 67.40 - - - - - - 12.3

S2v1 40.20 27.90 31.90 - - - - - 15.31
S6V6 11.90 62.10 26.10 - - - - - 10.53
S7V5 12.90 58.90 27.70 - 0.50 - - - 12.21
S7vV7 18.50 49.10 32.40 - - - - - 12.12
S8v4 25.60 53.80 20.00 - 0.60 - - - 9.3

Where: Felds. = feldspar, Musc. = muscovite, Biot. = biotite, Hem.
4.3 Chemical Analysis

Results of ICP-OES and ICP-MS analyses are given
in Table 3 and in S.M. Tables I, I, III, IV. Composi-
tional data are usually recorded as closed data sum-
ming to a constant, such as 100%, which precludes the
application of standard statistical techniques. In par-
ticular, the arithmetic mean, and the variance or
standard deviation of individual components do not
fit with measures of central tendency and dispersion
(Buccianti et al., 2006). Therefore, it is necessary to in-
troduce an alternative as the variation matrix. The

= hematite, Pyrox. = pyroxene, Calc. = calcite, Analc. = analcime.

compositional variation matrix T of the chemical da-
taset, derived from ICP analysis (CVM, Fig. 8), pro-
vides information on the variability (t) of composi-
tional data, given in the “ij” element. This matrix, in
which all diagonal elements are 0, presents in the off-
diagonal elements the variances defined as follow:

T = [ty;] = [641,;] = [var{log(x;/x;)}:1,j=1, ..., D]

In the amphoras assemblage analysed the elements
that account for a higher variability in the data set are:
Na20 (t.i = 0.70), Ni (t.i = 0.47), MgO (t.i = 0.44), K20
(t.i=0.43) and TI (t.i = 0.38).

variability (t) of compositional data

Figure 8. Dataset variability 1.i calculated from the analysed chemical specie
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Different enrichments in heavy metals can be re-
lated to the chemical composition of the local clays
derived from the alteration of the mineral assemblage
of the mafic and ultramafic rocks (Otamendi et al.,
2016). In particular, soils from weathering of ultra-
mafic/peridotite rocks are typically characterised by
high concentrations of four metals: Ni, Cr, Co and Zn
(Caillaud et al., 2009; Horen et al., 2014; Nguyen-
Thanh et al. 2017). Barone et al. (2004) showed that Cr
vs Ni plot could be a good proxy for provenance at-
tributions of pottery since its relevant variation was
observed in Greece and Italy. Nickel and chromium
scatter-plot can suggest amphoras produced with ul-
trabasic derived mud (Becquer et al., 2006; Gentili
2014), being these two chemical species generally en-
riched in olivine/spinel minerals. Furthermore,
anomalous concentrations of Ni and Cr are mainly
due to serpentine, a typical mineral produced from
the weathering of peridotite rocks. From the analysis
of whole-rock data (Kierczak et., al 2021), we can ob-
serve that without the presence of ultramafic miner-
als, the average value of Cr and Ni in soils is about
100 ppm respectively. Instead, due to the presence of
olivine, clinopyroxene and serpentinite, values of 150
ppm and 300 ppm are reported for Ni and Cr. Exam-
ining the Cr vs Ni plot (Fig. 9), we can observe that all

the samples from Chios (CH1, CH2, CH3), three sam-
ples from Samos (S7V7, S7V5, S6V6) and one sample
from Miletus (M3) have a concentration higher than
200 ppm in Cr and Ni. Therefore, these specific sam-
ples may be related to an ultramafic geological envi-
ronment of the raw materials used in the sherds.

500
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Figure 9. Bi-plot scatter data plot of Cr vs Ni [ppm] plot
from the studied samples.

Table 3. ICP-OES chemical analysis of major elements in % wt of oxides.

Sample CaO KO MgO Fe;03 Al,O3 SiO; Na,O
E3 4.92 0.85 1.19 5.32 14.19 36.19 3.31
E4 7.00 1.11 2.03 5.83 1591 3941 0.49
El 5.23 1.05 1.73 5.92 15.49 34.17 3.24
CL1 5.96 1.14 1.55 6.46 18.42 40.61 4.81
CLINC 6.26 0.08 0.84 8.93 17.59 35.41 3.40
CL2 5.08 1.12 1.03 7.00 16.47 45.46 4.61
M2 4.54 1.00 1.58 5.89 17.75 41.04 419
M1 7.16 1.92 2.92 6.77 18.51 41.63 4.84
M3 7.17 1.11 1.59 8.99 20.70 39.83 047
CH3 9.65 0.68 4.56 6.66 14.08 37.22 0.48
CH1 7.40 0.67 3.09 5.97 13.76 40.27 4.74
CH2 6.43 0.47 2.56 6.61 13.96 32.68 443
S6Ve6 6.03 1.09 244 10.13 22.78 37.05 3.11
S7v7 6.34 0.17 0.36 7.52 16.85 34.55 047
S2v1 7.26 1.53 1.33 6.26 19.07 31.06 3.60
S7V5 6.34 0.18 0.34 8.16 18.46 43.86 0.41
S8Vv4 7.10 1.37 1.19 6.75 21.06 36.27 4.61
S1v2 8.52 0.70 0.19 6.00 18.97 34.90 417
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On the other hand, specific REEs have proved that
they could be used as a proxy in soils for felsic and
metamorphic geological environments (Zaharescu et
al., 2017; Frondini, 2014; Henderson, 1984). For exam-
ple, La and Ce anomalies, can be associated with
weathering of granite rock leading to enrichments in
the derived soils (Pruysers et al., 1991). Ce can occur
as Ce (IV) and Ce (IlI), where Ce (IV) is less mobile
than Ce (IlI). During weathering processes, Ce (I1I) is
oxidised to Ce (IV) and it either precipitates as either
CeO2 or is absorbed by secondary minerals such as
Fe/Mn-hydroxides (Han et al.,, 2019; Zhou et al.,,
2020). The La values instead, it is a widely used indi-
cator that reflects the degree fractionation extent be-
tween HREEs and LREEs (Zhou, 2020). HREEs ex-
hibit higher mobility than that of LREEs in the weath-
ered crust, because as they tend to form complexes

with carbonate ligands that have better migration
than other complexes (Nesbitt, 1979; Mihajlovic et al.,
2019; Vazquez-Ortega et al., 2015). The different mi-
gration rates lead to the enrichment of LREE in the
upper section and HREE at the lower part of the
weathered crust. Diving both species with Yb allows
to normalise the data. In conclusion the Ce/Yb values
provide information on possible enrichment from
granitic derived soils meanwhile high La/Yb ratio re-
fers to the crustal proximity of the derived rock mate-
rial, while the low La/Yb ratio to a deeper crust
source. Ce/Yb and La/Yb (Fig. 10) enrichment are
documented for Etruria samples (E1, E2, E3) for
Klazomenai (CL2) and Samos specimens (S51V2, S2V1
and S8V4).
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Figure 10. Ce/Yb vs La/Yb bi-plot of the studied samples.

4.4 Multivariate Statistical Analysis

All the values for the different REE concentrations
(La, Ce, Pr, Nb, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu) and selected heavy metals (Cr, Ni, Co, Zn) were
finally applied to Ward's minimum variance method
(Ward, 1963) for the Hierarchical Agglomerative
Clustering (HAC) procedure. The dataset consisting
of the mentioned chemical species was previously
transformed into Centered Log Ratio (CLR). The
HAC dendrogram incorporates a “contiguity” rela-
tionship between objects in the clustering process
(Lebart, 1978; Grimm, 1987; Gordon, 1996). The ob-
tained partition minimises the within-cluster inertia
or “error sum of squares”. The HAC results are visu-
alised with a graphical dendrogram representation,
which also supports model selection and interpreta-
tion of the results. The dendrogram results (Fig. 11)
provide comprehensive evidence leading to differen-
tiate the geological raw material sources. Two main

families were obtained from HAC, in which the sam-
ples belonging to groups 1 and 2 are distinguished
from those belonging to groups 3 and 4. Group 1 and
Group 2 samples are all related to Samos and Chios
(S7V7, M3, S6V6, S7V5, CH1, CH2, CH3) and were
previously presented as related to an ultra-mafic min-
eral’s soils (Fig. 9). The last two groups contain all the
samples that are consequently geochemically differ-
ent from an ultramafic contest. In this perspective ev-
idence for possible felsic and metamorphic geological
environments were already presented for the major-
ity of these samples (Fig. 10). We can observe that
within group 3, Klazomenai samples (CL1, CL2,
CLINC) are well related to each other, also showing a
similarity to those from Miletus (M1, M2). Group 4,
on the other hand, contains all the Etrurian samples
and three Samos samples (S8V4, S1V2, S2V1) that
were already separated from the other Samian speci-
mens in the previous data-plots.
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The initial dimensionality of the data set, equal to
the number of chemical species concentrations from
ICP, is reduced to two variables, representing the
number of Principal Components (PCs). The entire
data set was transformed in Additive Log Ratio (ALR)
using Ge as divisor. The species found in the loading
plot (Fig. 12) represent in each of the two directions of
the PC axes the greatest variability compared to the
original input data set. Following data reduction of

old S pny 5§ O § )

S7V7 M3 S6V6 S7TV5S CH1 CH2CH3 M2 m1

the redundant species with a minor impact on the var-
iance in the PC’s the loading of dataset accounts for
the residual species (SiO2, V, B, Ho, Cr, Na, As, Sb,
Fe203, Y, Ti, T1, Mo, Pd, Pr, Zr, Hf and Se) that were
used to calculated the PCs values. The chosen meth-
odology wants to maximise the variance inside PCA
to enhance the observable differences between the
specimens. The chemical species selected after study-
ing the normal distribution of the dataset appear as
the most reliable variables, presenting minor outliers.
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Figure 11. Dendrogram representation of Ward's minimum variance method for agglomerative hierarchical clustering
HAC of heavy metal (Cr, Ni, Co, Zn) and REEs concentration (ppm).

Results of the PCA are given in Fig. 13 and allow
materials to be referenced with the Euclidean connec-
tion distance indicating clusters directly related to the
difference in the major and trace chemical concentra-
tion of the sample (Baxter, 1995). The PCA plot (Fig.
13) provides evidence of at least five different clusters
related to the archaeological amphoras investigated,
which are also equivalent to the number of the initial
distinct provenance. In this perspective, the present
results agree with the main provenance attribution
based on morphological type conducted by Di Miceli
(2019). Only for the cluster related to the Samian sam-
ple (orange points, Fig. 13), it is possible to observe
the anomalous presence of the M3 sample, which was
previously considered to be of Milesian manufacture.
By the present results, considering the QPA and PCA

results, it can be concluded that the M3 sample it’s of
Samian origin. Comparing the clusters resulting from
PCA with those of the HAC dendrogram, it was pos-
sible to derive substantial consistency in the interpre-
tation of the data. Considering that the chemical spe-
cies used in the two multivariate methods are almost
completely different, the results obtained could give
support to the validation of the proposed methodol-
ogy. In this perspective, the use of the HAC proce-
dure, applying the CLR transformation of heavy
metal (Cr, Ni, Co, Zn) and REEs concentration, proves
to be a valid proxy for distinguishing the different
main geological characteristics of the raw materials
used. At least making it possible to clearly distin-
guish, within the clusters, between ultra-mafic, felsic
and metamorphic.
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Figure 12. Loadings of different species that account for the variability of PCs. The eigenvectors of the covariance matrix
of the transformed data are given together with their eigenvalues that represent the variance of the data along with the
eigenvector directions.
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Figure 13. PCA scores plot of studied samples (Klazomenai green points, Etrurian samples blue points, Milesian samples
red points, Chios samples black points, Samos samples orange points).

5. DISCUSSION

By combining the results of the tissue characteris-
tics, the mineralogical assemblage and the chemo-
mineralogical statistical analysis on the amphora set,
the following considerations can be made:

1) Comparing the fabric of transport amphoras lo-
nian production of 7th-6th centuries BC, Chios, Miletus

and Samos amphoras present evidence of a ‘standard-
ised manufacture’. The clay, as mainly observed for
Samos and Miletus amphoras, is free from impurities
that could be the results of soaking processes or by the
mining of selected raw materials. The wet clay was
frequently worked mechanically using potter wheels,
resulting in a more cohesive shape. Firing should then
be conducted at high temperature (> 850° C) to pro-
duce an extremely resistant ceramic body, as emerged
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by the relatively high amount of amorphous compo-
nents observed with optical microscopy. This aspect
was certainly of primary importance considering that
transport was often stormy, and the need to avoid
rupture of the amphoras was at any cost to be
avoided. The presence of coarse aggregate inclusion,
in this context, produces ‘weak points’ that could eas-
ily lead to shear rupture resulting in a failure expedi-
tion. The technical awareness acquired at that time
came from a solid and widespread commercial activ-
ity of these Poleis that started in the 7t century BC
after their settlement in the lonian area (Roebuck,
1953). Samos, Chios and Miletus were the first colo-
nies developed after migrations from the Greek area
(Hanfmann, 1948) followed in the succeeding century
by the foundation of other Poleis on the adjacent
coast. Klazomenai and Etruria were developed later
in this context, starting their own exporting activity
and amphoras production only in 7t-6th centuries BC.
Their amphoras production shows an ‘experimental
manufacturing” approach, mainly observed in the use
of coarse temper, lower and heterogeneous firing
temperature (often < 850°), and by the absence of me-
chanical processing of the clay.

2) The mineralogical composition of amphoras dis-
plays a similar primary mineral composition, consist-
ing mainly of quartz, feldspar and micas in variable
amounts and, when detected, minor contents of cal-
cite, pyroxene, biotite and analcime. Pyroxenes are
characteristic minerals of volcanic and metamorphic
environments as observed in Chios specimens (CH1,
CH2, CH3) and Etrurian samples (E4, E1). The ab-
sence of phyllosilicate minerals from Chios samples
could be read as evidence of high temperatures
reached during the firing process (> 950°C) that re-
sulted in the thermal collapse of the crystal structures.
Following OM, the presence of microcline was ob-
served for Chios specimens, and could be used as an
index mineral related to a ubiquitarian metamorphic
environment, which is also characteristic of the Island
of Chios. On the other hand, the presence of calcite in
the Etrurian samples results as evidence of a lower fir-
ing temperature (around 850°C). Analcime that was
found in the Etruria samples, could allow to attribute
directly to a provenance from the Tarquinia area, and
in general to the Roman area, considering the diffu-
sion of tuff and pumice and the well-known zeolitiza-
tion processes affecting these rocks in this area (No-
vembre et al., 2021). Furthermore, the presence of bi-
otite appears to be a characteristic marker of the Mi-
letus samples M1 and M2, whereas it was absent in
the M3 sample, the first evidence that the archaeolog-
ical assignment could be incorrect. The outcrop of or-
thogneiss biotite in the Miletus area, as reported in the
geological map, and the presence of this mineral in

the Miletus sherds, could therefore represent strong
evidence to define their local provenance.

3) CVM can be used for preliminary assessments of
chemical composition variability. Evidence related to
either different or analogous material provenance can
be inferred. The data reflect the use of different raw
materials, in agreement with the presence of various
workshops in different geographic areas.

4) The chemical and mineralogical composition of
clays is influenced by weathering processes linked to
the chemical/mineralogical composition of the pa-
rental rock. Assuming that the clays used in ceramic
preparation were extracted in the proximity of the
production centres, the chemical composition of the
sherds should then reflect the geochemistry and min-
eralogical features of the local regions and thus give
key information for the provenance attribution. Every
single REE species (La, Ce, Pr, Nb, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu) combined with selected
heavy metals concentration (Cr, Ni, Co, Zn) were
used in Ward's minimum variance method for HAC
procedure with graphic representation in a dendro-
gram. Cr, Ni, Co, Zn trace elements enrichments have
been used as proxies to mark an ultramafic context of
the parental rocks associated with secondary index
minerals formations. Instead, whole REEs concentra-
tion trends were related to a possible contribution for
felsic and metamorphic geological environments.
Group 1 contains Samian samples dated from the end
of 7t to first parts of 6t century BC being part of the
Dupont 23 type (S6V6,S7V7,S7V5 and M3 outlier that
was in conclusion also associated with a Samian man-
ufactory) presenting a direct connection with Group
2 related to Chios amphoras, related to a metamor-
phic environment. This geochemical affinity reflects
the similar Samos Island geological environment with
that from Chios, being both related to “primitive”
magmas. The first one has been described by the pres-
ence of outcrops of mafic and ultramafic rocks (ser-
pentinite, gabbros) whereas the second for small vol-
canic centres in where the source magma features are
comparable to ocean island basalts. Group 3 contains
all the Klazomenai and Miletus specimens (if we ac-
cept that for the M3 sample have been provided
enough evidence that proves instead a Samos prove-
nance attribution). Group 4 contains all the Etrurian
samples and the remaining specimens from Samos
that were instead dated to the end of 6% century BC
and being part of Dupont 1 type (S1V2, S2V1 except
for S8V4). The similarity raised from group 3 and 4
could once again be explained from a similar geolog-
ical environment, this time associated with a more
“evoluted” magmatism, different from the previous
ultramafic and ocean island basalts. Miletus geology
has been in fact described for an acidic magmatic ac-
tivity that characterised the Menderes massif unit. If
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we then consider the acidic-evolved characters of the
Gravisca area, associated with tuff and pumice for-
mation, we could conclude that also for the Samos
samples (51V2, S2V1 and S8V4) it could propose a
similar geological environment.

5) Multivariate statistical treatment performed
through PCA was useful to compare the provenances
provided by archaeological evidence with those from
archaeometric analysis maximising the differences in
the chemical composition after reading the initial
whole data set loading scores values. The results
could mainly corroborate the initially assessed prov-
enance distinction of sherds made from Di Miceli
2019, but also add interesting new information. The
data from PCA showed that the previous HAC based
distinction of the geological environment of raw ma-
terials source is still effective in the obtained clusters,
providing further evidence of its validity. Two
groups connected to different geographic Samos
manufactories appear from PCA and also from HAC
dendrogram. The anomalous presence of the sample
M3 within one of the Samos clusters, which was con-
sidered on the basis of morphological characteristics
of Milesian manufacture, can be reinterpreted accord-
ing to the present data has to be considered as one of
the artefacts of direct production from Samos.

6. CONCLUSION

In this study, a set of eighteen pottery samples, in-
itially attributed to different production sites based
on archaeological evaluations (Etruria, Klazomenai,
Chios, Mileto and Samos) were studied from miner-
alogical and chemical analysis using compositional
data analysis elaborated with traditional PCA and an
innovative approach based on HAC. Textural and
mineralogical descriptions extend the previous classi-
fication of Eastern Aegean transport amphoras (Whit-
bread, 1995; Lawall, 1995; Jones, 1986). Manufacture
of transport amphoras appear to be consciously de-
signed to obtain the highest mechanical strength, and
this awareness could be also correlated to the amount
of commercial exchange of the Poleis from the 7th and
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SUPPLEMENTARY MATERIALS

Table I. ICP-MS chemical analysis of the minor and trace elements in ppm.

Sample Sc \% Ti Cr Co Zn Zr Mo

E3 10.84 102.61 3280.92 148.39 12.02 42.61 15.85 0,73

E4 12.64 104.55 3106.72 94.86 10.61 46.94 85.43 0.49

E1 13.01 140.10 2828.96 101.98 10.89 4424 82.74 0.55

CL1 10.15 95.26 2393.13 113.27 11.41 61.62 169.68 0.88

CL2 10.36 121.40 2198.64 128.40 13.55 59.91 130.00 0.76

CLINC 10.10 117.75 2052.25 127.50 17.82 49.23 166.82 0.81

M1 10.06 83.83 3168.09 114.04 11.49 36.22 57.83 0.25

M2 9.94 71.76 3194.44 106.02 10.81 37.81 52.92 0.21

M3 18.35 162.55 3912.55 392.21 25.83 53.90 38.82 1,09

CH1 14.61 96.28 3657.64 281.82 17.08 36.95 19.22 0,20

CH2 13.65 94.10 3619.58 367.22 23.76 42.92 26.88 0,39

CH3 16.27 111.82 3448.41 330.45 22.04 37.67 32.57 0,17

S1V2 14.26 121.23 3875.71 145.05 13.77 48.05 74.37 0,29

S2V1 15.18 139.25 2537.00 140.75 13.16 56.10 62.53 0,33

S6V6 19.47 174.01 4174.23 413.22 27.72 63.84 32.60 0,57

S7V5 17.63 166.12 3728.02 359.52 24.43 53.79 39.02 0.56

S7V7 16.56 164.60 2828.98 301.99 23.79 53.53 31.00 0.60

S8V4 15.61 148.52 4757.14 224.14 16.34 58.78 52.60 1.29

Table I1. ICP-MS chemical analysis of the minor and trace elements in ppm.

Sample Y B Ba As Mn Cd Cu Fe P Ni
E3 10,08 97.99 508.03 7.99 867.47 0.05 21.95 37179.52 662.85 68.27
E4 11.37 120.55 549.21 13.01 751.19 0.11 18.70 40745.26 2205.53 35.77
El 11.80 125 586.88 25.97 878.96 0.16 49.27 41375 2644.55 48.27
CL1 17.75 109.48 389.34 15.11 1265.40 0.12 23.93 45184.60 968.96 63.51
CL2 14.06 134.05 522.57 32.58 1021.98 0.14 48.16 48939.69 1256.22 79.77
CLINC 20.94 142.75 431.5 25.99 1312.75 0.10 27.16 62482 1386.25 90.5
M1 23.39 110.85 670.64 12.03 841.70 0.12 46.18 4732511 1401.49 143.19
M2 19.10 133.56 454.40 8.77 622.45 0.10 26.19 41212.03 881.48 110.65
M3 14.16 215.80 506.06 42.34 1196.10 0.11 43.53 62862.33 1126.19 240.48
CH1 12.08 104.34 454.75 4.84 831.82 0.03 26.57 41725.62 388.02 178.51
CH2 10.21 131.84 365.57 5.70 1857.55 0.04 25.40 46223.11 1421.70 303.30
CH3 10.51 129.09 29591 7.49 1074.55 0.05 41.52 46569.77 657.05 270.68
S1V2 7.67 164.62 488.91 9.03 871.23 0.07 22.03 41929.25 880.42 61.08
52V1 7.96 158 509.5 19.55 1005.5 0.12 46.81 43762.5 1473.75 60.75
S6V6 14.03 249.12 466.52 31.85 1268.94 0.07 42.53 70842.29 1116.74 262.11
S7V5 11.79 204.76 499.27 33.76 1367.58 0.09 45.59 57054.76 1613.37 240.29
S7v7 10.71 151.99 517.69 33.68 1803.98 0.12 42.53 52562.61 2264.38 207.30
S8V4 7.35 221.92 482.01 16.17 529.56 0.04 48.11 47205.17 1012.81 125.37
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Table I1I. ICP-MS chemical analysis of the minor and trace elements in ppmn.

Sample Pb Se Sb Sn T1 Pd Ag Hf W Ge In

E3 0.12 1.06 0.34 5.22 043 0.12 0.14 0.43 346.33 23.40 0.06

E4 0.16 1.16 0.64 4.94 0.30 0.16 0.13 1.66 324.41 23.53 0.06

El 0.18 1.38 2.71 5.94 0.48 0.18 0.68 1.78 406.66 26.34 0.06

CL1 0.13 1.73 0.73 9.24 0.58 0.13 0.43 3.87 574.95 23.40 0.08

CL2 0.11 131 0.66 6.42 0.48 0.11 0.7 279  407.00 26.79 0.07

CLINC 0.14 157  0.60 8.25 0.34 0.14 0.21 357  405.75 28.45 0.07

M1 0.12 1.3 0.83 8.72 0.60 0.12 0.22 112 551.70 23.23 0.08

M2 0.13 135 0.93 8.10 0.58 0.13 0.30 1.13 549.54 22.90 0.08

M3 0.13 1.13 241 7.36 0.71 0.13 0.09 0.90 431.60 24.81 0.08

CH1 0.12 0.84 0.45 4.13 017 012 0.18 0.49 204.96 18.12 0.06

CH2 0.14 091 0.85 6.60 0.09 0.14 0.09 0.75 178.03 17.07 0.03

CH3 0.15 0.80 0.45 4.55 0.04 0.15 0.14 0.85 171.47 16.54 0.02

S1V2 0.13 1.16 0.67  5.66 0.49 0.13 0.15 1.56 340.40 23.27 0.06

S2V1 0.15 1.16 0.87 6.75 0.64 0.15 0.29 1.25 292.43 24.21 0.08

S6V6 0.13 1.14 2.34 5.95 047 013 0.18 076 410.75 25.31 0.07

S7V5 0.11 0.99 2.09 6.41 0.42 0.11 0.86 0.79 364.76 22.33 0.06

S7V7 0.12 1.04 1.68 6.42 0.65 0.14 0.22 0.70 325.30 21.19 0.07

S8V4 0.15 1.01 0.85 6.90 0.48 0.15 0.28 1.50 385.25 24.70 0.07

Table IV. ICP-MS chemical analysis of REEs in ppm.

Sample La Ce Pr Nb Sm Eu Gd Tb Dy Ho Er Tm  Yb Lu
E3 2633 5337 5.98 2431 469 093 377 024 272 045 122 016 101 014
E4 3454 6626 7.29 2889 513 1.08 399 025 274 046 131 017 112 016
E1l 3819 7115  8.65 3356 610 124 478 029 326 055 155 020 129 018
CL1 3512 6399 724 2861 867 080 678 028 468 077 216 028 197 028
CL2 38.88  91.68 1054 3635 618 075 478 030 335 056 1.63 022 152 022
CLINC 3712 6599 1050 3652 671 075 542 036 434 076 226 032 217 032
M1 36.60 7293  8.66 3093 627 1.04 526 038 461 079 224 030 193 026
M2 3570 7171 799 3045 621 1.02 519 038 459 079 219 029 188 025
M3 3193 6172 7.08 2748 540 113 443 029 329 055 154 020 130 018
CH1 2212 4560  5.05 2046 413 08 353 025 299 053 154 021 136  0.18
CH2 21.75 4214 484 2052 422 095 364 024 292 052 149 020 132 019
CH3 1858  36.03 415 1730 361 084 316 022 280 050 148 020 133 019
S1V2 4204 8256 852 3301 599 116 455 028 294 046 124 016 1.07 015
52V1 4014 7788  8.20 3203 595 116 461 028 294 045 115 014 093 013
S6V6 3257 6157 710 2832  5.61 121 455 030 348 060 168 022 148 0.21
S7V5 2994 5573 643 2590 5.06 1.07 409 027 310 053 149 020 132 018
S7V7 2805 53.66  6.12 2446 481 103 391 026 297 051 118 019 127 018
S8V4 36.16 7026  7.20 2861 521 097 398 025 269 043 117 015 1.05 014
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