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Abstract
Most previous studies on Attic black gloss technology focused on productions from Greece, especially Athens. However, 
the black gloss technique constitutes the most widespread decoration practice across the Mediterranean from the Archaic to 
the Hellenistic periods. Focusing on both Attic and Atticising black gloss productions from sites in Sicily and Asia Minor, 
our work aims to shed new light on the technology of this decoration and its transmission throughout the Mediterranean 
during the fourth century BCE. Additionally, to investigate the technological relationship between black and the less com-
mon intentional red gloss decorations, a selection of bichrome black-and-red and red gloss vessels were included in this 
study. For this purpose, we applied an integrated analytical approach, aiming to characterise both the chemistry and the 
mineralogy of archaeological black and red gloss decorations. This approach includes ceramic petrography, pXRF, µ-XRD2, 
and SEM-EDS. Specimens from the fourth century BCE from Manfria (chora of Gela), Iasos (Caria), and Priene (Ionia) 
were analysed. These assemblages reflect various production groups identified by the chemical and petrographic analyses 
of the ceramic bodies. The µ-XRD2 and SEM-EDS measurements of the gloss show a certain degree of mineralogical and 
chemical variability that does not necessarily correlate with the recognised production groups but, rather, reflects different 
technological practices. Despite this variability, the results suggest that the various gloss productions were produced with 
a very similar technological process and offer new insights into the mechanisms through which the black gloss technique 
diffused throughout the Mediterranean.
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Introduction

Ceramic decoration techniques, the external display of a pot-
ter’s skills and technical knowledge, are a major focal point 
for archaeological studies aiming to understand ancient pot-
ters’ mastery of raw material processing and pyrotechnology 
as well as the mechanisms by which this know-how was 
transmitted through space and time. Black gloss1 decoration, 
one of the most characteristic techniques of the Classical 
period, has been the object of many archaeometric analyses 
(Aloupi-Siotis 2020).

The black gloss technique was first introduced around 
700 BCE in Corinth (Boardman 1974, p. 9; Jones 2021), 
reaching its technological and aesthetic peak between the 
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sixth and the fourth centuries BCE with the Attic black 
gloss vessels produced in Attica (Aloupi-Siotis 2020; 
Chaviara 2014; Lühl et al. 2014; Tang et al. 2001; Wal-
ton et al. 2014). These vessels flooded the Mediterra-
nean pottery market and, consequently, new productions 
started in other regions (Giorgetti et al. 2004; Maggeti 
et al. 1981; Mirti 1996; Mirti and Davit 2001; Vendrell-
Saz et al. 1991). These local reproductions, referred to 
today as Atticising black gloss, are key to understand-
ing the transmission of technological know-how between 
Attic artisans and potters producing Atticising vessels.

The  study of Attic black gloss started as early as 1752 
with the works of Comte de Caylus, who first identified 
the raw material used for their production as ‘ferrugi-
nous earth’. Many further investigations and reproduc-
tion experiments in the nineteenth, twentieth, and early 
twenty-first centuries led to our modern understanding of 
Attic black gloss technology as a ceramic coating pro-
duced from a levigated, non-calcareous, iron- and illite-
rich clay slip that has been vitrified through a three-stage 
oxidising-reducing-oxidising firing (e.g. Bimson 1956; 
Binns and Fraser 1929; Chaviara and Aloupi-Siotis 2016; 
Gliozzo et al. 2004; Lühl et al. 2014; Maniatis et al. 1993; 
Noble 1960; Tite et al. 1982; Winter 1978). However, few 
archaeometric works have investigated the production 
techniques of Atticising black gloss (e.g. Amicone 2015; 
Gliozzo et al. 2004; Mirti et al. 1996), thus leaving the 
question of the transmission of technological knowledge 
from Attica throughout the Mediterranean as of yet largely 
unanswered.

The primary aim of this work is to better understand 
the production of the black gloss technique, especially 
regarding the transmission of know-how between Attic 
potters and the manufacturers of Atticising vessels during 
the fourth century BCE, a period in which the Atticising 
black gloss productions flourished around the Mediter-
ranean. Additionally, the secondary goal of this study is 
to expand our knowledge of the technological relationship 
between the production techniques of black and contem-
porary red iron-based gloss decorations. To address these 
goals, assemblages containing Attic and Atticising gloss 
ware from Manfria (Sicily), as well as Iasos and Priene 
(both Asia Minor), are characterised using an integrated 
approach combining petrographic, elemental, and miner-
alogical analyses. The gloss ware assemblages from these 
three sites were selected for this study as they provide a 
view of the different black gloss productions in the Med-
iterranean during the fourth century BCE. The vessels 
from Iasos and Priene represent the Attic and Eastern 
Atticising productions, which also encompass bichrome 
black-and-red and intentional red gloss ware, while those 
of Manfria serve as an example of the Western Atticising 
productions.

Previous studies of Attic gloss technology

It is well known that black gloss was obtained through the 
application of clay paint on leather-hard vessels before firing. 
Through combined physicochemical analysis and replication 
of the process, it is clear that the clay slip was prepared from 
a fine colloidal suspension of iron-rich, non-calcareous clays 
with substantial illitic content (Aloupi-Siotis 2008, 2020; 
Chaviara 2014; Chaviara and Aloupi-Siotis 2016; Giorgetti 
et al. 2004; Gliozzo et al. 2004; Lühl et al. 2014; Maniatis 
et al. 1993; Noll et al. 1975; Tite et al. 1982; Walton et al. 
2014). The clay slip was produced through levigation of the 
raw clay (Walton et al. 2014; Winter 1978) or suspension 
in water (Aloupi-Siotis 2008) followed by peptization and 
precipitation (Winter 1978). The finest clay fraction was 
finally thickened via evaporation to produce a concentrated 
clay paint. The use of raw clays rich in illitic clay minerals 
is explained by their chemical and mineralogical composi-
tion (rich in potassium) and their ability to spontaneously 
disperse in water without the need for any deflocculating 
or dispersing agent (Chaviara 2014; Chaviara and Aloupi-
Siotis 2016). However, additives such as bone powder, wood, 
plant, or seaweed ashes could have been used to enhance the 
dispersion of the clay particles in water (Aloupi-Siotis 2020; 
Hofmann 1962; Mirti et al. 1996; Noble 1960; Winter 1978).

Clay sources have been investigated to identify the pos-
sible raw material zones of supply in Attica. Until now, 
five sources have presented suitable characteristics to pro-
duce black gloss around Athens (Chaviara 2014; Chaviara 
and Aloupi-Siotis 2016). Nevertheless, similar suitable 
clay deposits can also be found around the Mediterranean 
(see Aloupi-Siotis 2020 and literature therein), which 
could explain the transmission of the black gloss produc-
tion technique across the region.

Many studies identified the firing scheme of Attic black 
gloss as a three-stage oxidising-reducing-oxidising process 
in an updraft kiln (Aloupi-Siotis 2008, 2020; Balachandran 
2019; Bente et al. 2013; Binns and Fraser 1929; Chaviara 
2014; Cianchetta et al. 2015; Giorgetti et al. 2004; Gliozzo 
et al. 2004; Jones 2021; Lühl et al. 2014; Madrid i Fernández 
and Sinner 2019; Noble 1960; Tang et al. 2001; Tite et al. 
1982). The first, oxidising stage of the firing, from ambient 
to maximum temperature (around 850–900°C), consists of 
thoroughly drying the vessels, dehydration of the clay miner-
als, sintering, and initiation of vitrification in both the clay 
body and the paint layer. During the second, reducing stage, 
the temperature decreases while the iron oxides present in 
the clay paint and the ceramic body are reduced to iron spi-
nels, magnetite (FeO·Fe2O3), and hercynite (FeO·Al2O3), 
which are responsible for the black colour. Additionally, 
the reducing conditions accelerate the vitrification of the 
paint layer and make it impermeable to oxygen, thus seal-
ing the black iron oxides for the rest of the firing. The last, 
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reoxidising stage allows for the reoxidation of the ceramic 
body into the reddish hematite (α-Fe2O3). Moreover, this 
process sees the formation of the brownish reverse spinel 
maghemite (γ-Fe2O3) as a transition state iron oxide. Both 
these iron oxide phases can also be observed in the gloss, 
depending on how well it was vitrified during the previous 
stage. It appears that the firing scheme is quite complex and 
requires a high degree of control over the different param-
eters, especially because of the very narrow range of tem-
peratures at which the vessels must be fired to produce a 
good quality black gloss decoration.

On a chemical level, Attic black gloss is typically com-
posed of high amounts of silica, alumina, and iron oxide, with 
a low CaO content (Table 1) (Jones 2021; Lühl et al. 2014; 
Maggetti et al. 1981; Scarpelli et al. 2014; Tite et al. 1982; 
Walton et al. 2014). In terms of mineralogical composition, 
Attic and Campanian black gloss are composed of hercynite, 
magnetite, and maghemite, usually associated with quartz and 
feldspars, and with the occasional presence of hematite (Bente 
et al. 2013; Berthold et al. 2017; Cianchetta et al. 2015; Gli-
ozzo and Memmi Turbanti 2004; Jones 2021; Lühl et al. 2014; 
Maggetti et al. 1981; Maniatis et al. 1983; Scarpelli et al. 
2014; Tite et al. 1982; Vendrell-Saz et al. 1991; Walton et al. 
2014). Moreover, the close dependence of the mineralogical 
content on the firing conditions again stresses the importance 
of a high degree of control to produce good-quality black 
gloss decoration (Cianchetta et al. 2016; Scarpelli et al. 2014).

Several colour effects can be seen between different 
examples of black gloss. For instance, Gliozzo et al. (2004) 
and Giorgetti et  al. (2004) discriminated seven surface 
appearance categories in Etruscan black gloss, which depend 
on the mineralogical content of the gloss. Another study sug-
gested that the high quality of the Attic black gloss is due to 
the presence of Fe(II) in the spinel nanocrystals dispersed 
in the gloss, while a greenish hue could appear when the 
ratio of spinel is higher, and/or due to the presence of Fe(III) 
(Aloupi-Siotis 2008).

Alongside the black gloss decorations, intentional red 
gloss can also be observed on Archaic and Classical Greek 
vessels (Cohen 2006). These red gloss layers were pro-
duced from a similar iron-rich clay paint as the black layers 
but fired in oxidising conditions to produce the hematite 
red colouration (Binns and Fraser 1929; Maish et al. 2006; 
Richter 1951; Tite et al. 1982; Walton et al. 2009). The 
technological challenge represented by intentional red 
gloss production lies in the coexistence of both black and 
red gloss coatings in some vessels. Different hypotheses 

were suggested to reconstruct the firing of bichrome vessels 
(Aloupi-Siotis 2008; Farnsworth and Wisely 1958; Richter 
1951; Tite et al. 1982; Winter 1978), which involved the 
use of different clay slips, different clay fractions, or a sec-
ond firing under oxidising conditions for the production of 
the red gloss. However, a consensus on this question has 
not yet been reached.

Overall, the previous archaeometric studies of black gloss 
vases showed that the pyrotechnological process of their 
production was far from easy. Therefore, the most plausi-
ble explanation for the wide spreading of this sophisticated 
technique is that the reproduction of black gloss decoration 
can only be successful when directly transmitted from one 
experienced potter to another.

Materials and methods

Materials

Manfria

The fattoria officina of Manfria (DMS coordinates: 37° 06′ 
29″ N, 14° 09′ 51″ E), or Manfria Farm, is a rural site located 
in the chora of Gela (southern Sicily, Italy), approximately 
12km west of the city. Gela is a Greek colony founded at 
the beginning of the seventh century BCE. Archaeological 
research indicates that habitation at Manfria peaked from 
the middle of the fifth century BCE to the first half of the 
fourth century BCE and was generally abandoned in the 
middle of the fourth century BCE (Lambrugo et al. 2019). 
A recent re-examination of the pottery assemblage refuted 
the original interpretation of the site as a rural farm associ-
ated with a workshop (Adamesteanu 1958) and proposed a 
new interpretation as a sanctuary (Amicone 2016). A great 
number of well-preserved black gloss vessels were recovered 
from the site, the shapes of which clearly indicate Atticising 
productions, dating to the second half of the fifth and the 
first half of the fourth century BCE (Lambrugo et al. 2019). 
Therefore, this assemblage represents well this type of ware 
in Gela and its chora.

A total of 15 vessels were sampled from the black gloss 
assemblage of Manfria (Table 2). This sampling was done 
to represent the diversity in petrographic fabric (see the 
‘Manfria fabrics’ section) and vessel shapes of the com-
plete assemblage.

Table 1  Mean chemical composition of ancient Attic black gloss sherds (from Aloupi-Siotis 2008)

Major oxides Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO

Content (%) 0.7 1.9 30.0 46.2 0.3 5.4 0.8 0.6 0.1 14.5
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Iasos  

The ancient Greek city of Iasos (DMS coordinates: 37° 16′ 
46″ N, 27° 35′ 03″ E) is located in Caria, close to the mod-
ern village of Kıyıkışlacık (Muğla Province, Turkey). Black 
gloss vessels from the fourth century BCE were found in all 
of the currently excavated parts of the city, both residential 
and public (Berti 2013). A particularity of the black gloss 
ware recovered in Iasos is the presence of intentional red 
gloss associated with the usual black gloss. This is especially 
common on plates, bolsal cups, and kantharoi. These black 
and red vessels represent the typical regional production of 
Atticising vessels in Iasos (Berti 2013) and occasionally 
occur in Northern Ionia from the end of the fifth century 
BCE (Cook 1965).

A total of 15 vessels were chosen to represent the produc-
tions found in Iasos based on a first macro-fabric descrip-
tion of the complete Iasos assemblage (Table 2). Thirteen 
of the sherds were dated to the fourth century BCE, while 
the two others were clearly identified as fifth century BCE 
Attic black gloss and were thus used as comparative refer-
ences (Amicone 2015).

Priene

The ancient Greek city of Priene (DMS coordinates: 37° 39′ 
32″ N, 27° 17′ 53″ E) is located in Ionia, near the modern 
village of Güllübahçe (Aydın Province, Turkey). The current 
location of Priene corresponds to a relocation of the entire 
city during the middle of the fourth century BCE (Raeck 
2020, pp. 2-4; Rumscheid 1998, p. 15). In 1998, the Univer-
sity of Frankfurt started new excavations focusing on various 
residential and public areas of the city. Large amounts of 
Attic and Atticising vessels were thereby recovered, mainly 
dating to the fourth and beginning of the third century BCE 
(Heinze 2014).

Their study (Heinze in press) led to the identification 
of 8 distinctive macro-fabrics, supported by chemical data 
obtained via pXRF. In particular, one macro-fabric repre-
sented the Attic black gloss imports in the city of Priene.

Based on this previous study, 17 vessels were selected to 
best represent the various macro-fabrics and shapes of the 
gloss ware assemblage (Table 2).

Surface appearance criteria

Each of the 47 gloss samples’ surface appearance was visu-
ally assessed and divided into different categories. The black 
gloss specimens were separated into shiny, metallic, matt, 
and irregular (Table 2). Black gloss specimens that reflected 
light with a shiny appearance were characterised as ‘shiny’ 
(see ‘shining black ‘and ‘vitreous black’ in Gliozzo et al. 
2004), while the specimens that reflected light with a metallic 

Table 2  List of the samples with the surface appearance of their black 
and red gloss respectively

* Sample analysed via SEM-EDS

Site Sample no. Black gloss Red gloss

Manfria M1* Matt
M11* Metallic
M17* Matt
M18 Shiny
M19 Matt
M20 Matt
M22 Matt
M26* Shiny
M29 Shiny
M31 Shiny
M33* Metallic
M34 Metallic
M40 Matt
M42* Matt
M51 Irregular black

Iasos IA1* Shiny Red
IA2 Red
IA3 Metallic
IA4* Shiny
IA5 Irregular black Red
IA6* Shiny Red
IA7 Irregular black
IA8 Matt
IA9 Shiny Red
IA10* Matt Red
IA11 Shiny
IA12 Matt
IA13* Matt
IA14 Irregular black Red
IA15 Shiny Red

Priene Pri530* Shiny
Pri533* Matt greenish
Pri534 Shiny
Pri536* Irregular black
Pri540* Irregular black
Pri544* Irregular black
Pri545 Irregular black
Pri546 Irregular black
Pri552 Red
Pri558* Red
Pri559 Irregular red
Pri561 Matt
Pri562* Matt
Pri571* Red
Pri602* Matt
Pri609 Shiny
Pri674 Matt
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appearance were labelled as ‘metallic’. The specimens, which 
did not reflect light were characterised as ‘matt’. Finally, the 
black gloss specimens with both black and brownish to red-
dish areas were labelled as ‘irregular black’.

The red gloss specimens were considered one single sur-
face appearance and were labelled ‘red’, except for Pri559, 
which was characterised as ‘irregular red’, as it presents both 
red and brownish areas (Table 2).

Methods

Ceramic petrography and portable X‑ray fluorescence

To complete the previous ceramic body characterisations 
of the studied material (Amicone 2015; Heinze in press), 
a ceramic petrographic analysis of the Manfria and Priene 
assemblages was performed alongside a chemical investiga-
tion of the Manfria assemblage via pXRF.

For the ceramic petrographic study, each sample was 
vertically cut in a cross-section, glued to a glass slide, and 
prepared into a thin section by polishing the sample to a 
thickness of approximately 30µm. The examination of the 
resulting thin sections was done with a petrographic micro-
scope, following Quinn’s guidelines (Quinn 2013, pp. 
80–120) to identify the different petrographic fabrics repre-
sented in the assemblages.

The chemical characterisation of the ceramic bodies of 
the Manfria assemblage was performed with a Thermo Sci-
entific Niton XL3t. A detailed description of the instrument 
can be found in Helfert et al. (2011). Three points across the 
ceramic body were measured to reinforce the representativ-
ity of the measurements and compensate inhomogeneity of 
the sample. The measurements for each sample were aver-
aged and the major and minor elements, recorded in oxide 
weight percentage, were normalised to 100% and calculated 
with respect to the stoichiometry (Helfert 2013, pp. 39–40, 
Quinn 2022, pp. 358–365). Trace elements were quantified 
in parts per million. After normalisation, the data were used 
as such for visual display in bivariate plots. Additionally, a 
principal component analysis (PCA) was performed using the 
computer-based statistical package R to create a multivariate 
scatterplot of the chemical data. This chemical characteri-
sation was carried out following the same methodology, in 
which the assemblages of Iasos and Priene were studied, to 
ensure comparability (Amicone 2015; Heinze in press).

Micro‑X‑ray diffractometry

The mineral composition of the gloss in each sherd was 
investigated by micro-X-ray diffraction coupled with a two-
dimensional detector (μ-XRD2). This technique permits a 
high-resolution, local analysis of a sample’s surface with a 

small sample volume and does not require any preparation 
of the sample (Berthold et al. 2009; Berthold and Mentzer 
2017) and has already been proven a highly effective analyti-
cal technique of Attic black gloss (Berthold et al. 2017). By 
acquiring the characteristic mineralogical phases present in 
the gloss, it is possible to obtain information on pyrotech-
nology, i.e. the firing temperatures and atmospheres of the 
firing process.

The measurements were carried out with a BRUKER D8 
Discover Θ/Θ GADDS micro-diffractometer. The instrument 
is equipped with a Co-sealed tube, running at 30kV/30mA, 
a HOPG-primary monochromator, and a 500-μm monocap-
illary optic with a 300-μm pinhole at the exit, producing a 
beam diameter of 300μm. The detection system uses a VÅN-
TEC-500 2-dimensional detector that covers about 40° in 
the 2θ- and ψ-range. The usual measurement setup involves 
a fixed incident beam angle of 10° and two positions for 
the detector (15 and 40°) with a 4-min measurement time 
by position. The final diffractogram covers approximately 
a 60° 2θ angle range. The mineral phase identification was 
performed using the Powder Diffraction File database, 
available from the International Centre for Diffraction Data 
(Newtown Square, PA, USA). To guarantee a proper com-
parison between the measurements, each diffractogram was 
calibrated on the X-axis with the help of the quartz reflection 
at 31° 2θ (see Supplementary Materials).

For each sample, a total of three individual measurements 
were taken on the gloss’ surface to obtain the most repre-
sentative mineralogical composition of the sherd. Addition-
ally, measurements were performed on the surface of a fresh 
fracture of the ceramic body for comparison. In the case of 
the bichrome samples from Iasos (IA1, IA5, IA6, IA9, IA10, 
IA14, and IA15), three measurements were taken on both 
the black and the red gloss. Similarly, samples presenting 
an irregular black or red gloss were measured with three 
individual points on each colour shade (black, grey, brown, 
or red).

Scanning electron microscopy coupled 
with energy‑dispersive X‑ray spectroscopy

The chemical composition of the samples’ gloss was meas-
ured by scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDS). Twenty of the 47 
sherds were selected for SEM-EDS analyses. Fifteen of these 
have only a black gloss, 2 of them have only a red gloss, and 3 
of them are bichrome (see Table 2). This selection was based 
on the petrographic and mineralogical results obtained before-
hand to represent the different petrographic fabrics of each 
archaeological site and to investigate the diverse diffraction 
patterns obtained with μ-XRD2. Furthermore, it was ensured 
that this sub-selection of samples represented the variety of 
surface finishes present in the assemblage.
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A small cross-section of the selected sherd was cut and 
embedded in a resin block and gradually polished until a final 
polishing of 1-µm grain size. Lastly, a carbon coating was 
applied to the sample using a Bal-Tec SCD005 Sputter Coater.

Measurements were performed at the Institute of Archae-
ology at the University College London using a Carl Zeiss 
EVO25 electron microscope with a W-filament housed in a 
Lab-6 column electron generator. The instrument is equipped 
with an Everhart-Thornley secondary electron detector cou-
pled with a 5 quadrant HD LM 5SBSD-1kV 16-mm low-kV 
diode back-scattered electron detector. An Oxford Instru-
ments X-Max 80 spectrometer is attached to the microscope 
to detect the characteristic X-rays. The elemental composi-
tions of the ceramic bodies were measured at 200× magnifi-
cation, while the measurements of the gloss layers were done 
at 500× magnification. The analytical parameters involved an 
electron beam of 10keV, 2048 channels, and a processing time 
of 4, with a count limit of 750,000 counts. The acquisition of 
the spectra, the elements’ confirmation, and the quantifica-
tion were performed with the AZtec 5.0 software provided by 
Oxford Instruments. At the beginning of each measurement 
session, a standard measurement was run using the BHVO-2 
basalt reference (Wilson 1997) to ensure the quality of the fol-
lowing analyses (see Supplementary Materials).

For each sample, the elemental composition of the gloss 
was measured in three different points for both the outer and 
the inner gloss, or the black and the red gloss respectively, for 
a total of at least six gloss measurements per sample. Addition-
ally, each sample’s ceramic body was measured three times at 
different points. The original quantifications were performed 
as non-normalised (see Supplementary Materials). These 
measurements were then normalised (see Supplementary 
Materials), and finally, each sample was described with an 
average elemental composition based on a mean of the meas-
urements taken. However, a few measurements were discarded 
before calculating the average compositions, as they appeared 
too different from the other measurements of their respective 
sample. In addition to the chemical characterisation, BSE 
micrographs of each measurement area were taken.

Results

Characterisation of the ceramic bodies

Manfria fabrics

The petrographic study of the Manfria assemblage revealed 
that the black gloss ware could be divided into three petro-
graphic fabrics.

Fabric Ma-A (Fig. 1a) is represented by a non-calcare-
ous fine matrix, weakly bimodal, and of low optical activ-
ity, with the common presence of quartz and feldspars, and 

occurrence of biotite, muscovite, and iron-rich minerals. 
Additionally, calcite-rich microfossils were observed in 
several samples. This fabric includes samples M1, M20, 
M31, and M40.

Fabric Ma-B (Fig. 1b) is a non-calcareous fine fabric, 
weakly bimodal, and of medium optical activity, with fre-
quent occurrence of quartz and feldspars, and the presence 
of calcite, iron-rich minerals, muscovite, and biotite. This 
fabric includes samples M19 and M42.

Fabric Ma-D (Fig. 1c) is characterised by a very fine 
non-calcareous paste, unimodal, and with low to non-vis-
ible optical activity. It is dominated by quartz inclusions 
and further contains muscovite, biotite, iron-rich minerals, 
and calcite. This fabric includes samples M11, M17, M22, 
M26, M29, M33, M34, and M51.

The PCA of the ceramic body chemical characterisa-
tion, which accounts for 66% of the total variation, displays 
the distribution of the samples into three distinct clusters 
(Fig. 1d). The samples of fabric Ma-D are separated from the 
other two fabrics along PC1. This separation is illustrated 
again in the scatterplot of CaO against  SiO2 (Fig. 1f). This 
coincides with the petrographic analysis, which identified 
the presence of micro-fossils and calcite inclusions in fabric 
Ma-A and Ma-B, respectively, whereas samples of fabric 
Ma-D are relatively calcite-poor. Additionally, the biplot 
of Zr vs Ba concentrations (Fig. 1g) displays a chemical 
differentiation of fabrics Ma-A and Ma-B, which confirms 
their distinction. In this scatterplot, samples from Ma-B 
show higher Zr and lower Ba concentrations than samples 
from Ma-A. Overall, the three fabrics identified via ceramic 
petrography were confirmed by the bulk chemical analysis.

Iasos fabrics

All samples were already studied and characterised in a 
previous paper (Amicone 2015), which identified three 
distinctive petrographic fabrics among the 15 sherds.

Fabric Ia-1 (Fig. 2a) is represented by a non-calcareous 
reddish clay matrix with small quartz and polycrystalline 
inclusions and the rare occurrence of biotite and musco-
vite. This fabric includes 8 samples (IA1, IA2, IA4, IA6, 
IA9, IA11, IA14, and IA15).

Fabric Ia-2 (Fig. 2b) is characterised by a non-calcare-
ous grey clay matrix with small quartz inclusions and the 
rare presence of micrite, muscovite, and plagioclase. No 
provenance was proposed for this fabric, as the scarcity 
and size of the inclusions do not permit a clear comparison 
with geological references. This fabric includes 3 samples 
(IA5, IA8, and IA13).

Lastly, Fabric Ia-3 (Fig. 2c) is characterised by a red-
dish-brown clay matrix with abundant quartz and muscovite 
inclusions; the rare presence of feldspar, micrite, and biotite; 
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Fig. 1  a–c Petrographic fabrics of Manfria (XP light, field of view 1.5mm). d–g Scatterplot and variable plot of the first two principal compo-
nents of the PCA and bivariate scatterplots based on the pXRF data of the bulk chemical composition of the samples from Manfria
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Fig. 2  a–c Petrographic fabrics of Iasos (XP light). d–g Scatterplot and variable plot of the first two principal components of the PCA and 
bivariate scatterplots based on the pXRF data of the bulk chemical composition of the samples from Iasos. Chemical data from Amicone (2015)
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and the occasional occurrence of metamorphic rock frag-
ments. Some of the samples also bear fragments of shells and 
clay-rich inclusions. Due to the occurrence of metamorphic 
inclusions, it was proposed that those sherds could come 
from the area of modern-day Milas, i.e. the ancient city of 
Mylasa, located appr. 20 km inland from Iasos, where meta-
morphic formations are observed (Amicone 2015; Konak 
and Şenel 2002). Mylasa was an important urban centre and 
functioned as capital of Caria before the reign of Mausolus. 
This fabric includes 4 samples (IA3, IA7, IA10, and IA12).

The results of this petrographic study were comple-
mented and confirmed by a chemical characterisation of 
each sample’s ceramic body by pXRF. The PCA (Fig. 2d), 
which accounts for 58% of the total variation in compo-
sition, suggests a clear separation of fabric Ia-1 from the 
other two fabrics. Moreover, as two samples of fabric Ia-1 
were used as Attic reference vases (IA4 and IA11), it was 
concluded that these 8 samples could represent fourth cen-
tury BCE Attic imports at Iasos, while the other two fabrics 
Ia-2 and Ia-3 reflect Atticising productions (Amicone 2015). 
Given the chemical variability in the samples of fabric Ia-1 
in the PCA scatterplot, it could be argued that this fabric 
can be subdivided. However, as this study aims to compare 
Attic with Atticising productions, fabric Ia-1 will be kept 
as one entity. One sample, IA7, plots as an outlier of fabric 
Ia-3 in the PCA. This can be explained by its very high 
CaO content (16.51%) compared to the other samples from 
this site (7.07% on average), as well as by its low V and Rb 
levels (101 and 120 ppm respectively). This high CaO con-
tent (Fig. 2f) can be explained by secondary calcite deposi-
tion, which was observed during the petrographic analysis. 
Furthermore, the scatterplot of Cr/(V+Rb) vs Zr/(V+Rb) 
(Fig. 2g) corrects for the high vanadium and rubidium levels 
of sample IA7, making this sherd cluster with the rest of the 
sample from fabric Ia-3. Thus, this sample can still be con-
sidered part of fabric Ia-3. This scatterplot also illustrates 
that fabrics Ia-2 and Ia-3 can be chemically distinguished 
by their Cr and Zr contents (Fig. 2g).

Priene fabrics

A total of six distinctive petrographic fabrics were identified 
by the petrographic analysis of the Priene assemblage.

Fabric Pri-A (Fig. 3a) includes the most samples with 
6 specimens: Pri540, Pri544, Pri545, Pri546, Pri552, and 
Pri571. It is characterised by a non-calcareous clay matrix, 
reddish to light brown in colour, except for sample Pri545, 
which has a grey clay matrix. Inclusions are dominated by 
quartz and muscovite, with presence of amphibole and very 
small serpentinite inclusions. Few calcite-rich inclusions, 
most probably microfossil shells, along with shell-shaped 
voids, are visible in those samples. Sample Pri552 presents 
big fragments of mica schists.

Fabric Pri-B (Fig.  3b) includes samples Pri533 and 
Pri534. Its inclusions are dominated by quartz and musco-
vite, with a few small polycrystalline inclusions, possibly 
metamorphic rocks, in a reddish non-calcareous clay matrix.

Fabric Pri-C (Fig.  3c) includes samples Pri561 and 
Pri562. It is defined by a calcareous cream-coloured clay 
matrix. The quartz and muscovite inclusions in this fabric 
are less abundant and the quartz grains are coarser than in 
the other fabrics.

Fabric Pri-D (Fig.  3d) includes samples Pri558 and 
Pri559. It is characterised by a calcareous cream-coloured 
clay matrix, with inclusions dominated by fine quartz 
and muscovite. Few small serpentinite inclusions can be 
observed as well. Interestingly, both the samples forming 
this fabric Pri-D have intentional red gloss layers.

Fabric Pri-E (Fig. 3e) includes samples Pri530, Pri602, 
Pri609, and Pri674. It is characterised by a non-calcareous 
clay matrix. The colour of the clay is either deep red (sam-
ples Pri530 and Pri609) or greyish (sample Pri602). Sample 
Pri674 presents a mostly greyish matrix, with deep red areas 
on the outside of the sample. The inclusions are dominated 
by quartz and muscovite, and quartz inclusions are coarser in 
this fabric than in others. Few small serpentinite inclusions 
can be identified as well.

Fabric Pri-F (Fig. 3f) is only represented by sample 
Pri536. It is similar to fabric Pri-A, characterised by a non-
calcareous reddish clay matrix with fine quartz and musco-
vite inclusions. The placement of sample Pri536 placement 
in a separate fabric is discussed in more detail in the follow-
ing paragraphs and in the ‘Petrographic fabrics and produc-
tion centres’ section.

The results of this petrographic study were compared to 
the chemical characterisation of the samples’ ceramic bod-
ies via pXRF. The PCA (Fig. 3g) accounts for 55% of the 
total variation and shows a good separation of the calcareous 
fabric Pri-C and Pri-D, which confirms their distinction from 
the rest of the assemblage. This distinction in calcite content 
is further visible in the scatterplot of CaO vs  Fe2O3 (Fig. 3i). 
Additionally, the outlier sample Pri536, representing Pri-
F, plots in all 3 scatterplots away from fabric Pri-B, which 
confirms the differentiation between those two fabrics. In the 
PCA, Pri-E appears as distinctive from the others along PC1 
but separates itself into two groups along PC2. This division 
of the Pri-E samples can also be observed in the scatter-
plot of CaO vs  Fe2O3 according to their iron content. This 
appears connected to the colour of the clay matrix in those 
samples, as observed in the petrographic analysis, and could 
suggest a separation of fabric Pri-E into two sub-fabrics. 
However, for simplification, this fabric still includes all 4 
samples in this work. Additionally, samples Pri571 (fabric 
Pri-A) and Pri609 (fabric Pri-E) appear to separate them-
selves from their respective fabrics with higher CaO levels 
than their counterparts (Fig. 3i). This can be explained by 
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Fig. 3  a–f Petrographic fabrics of Iasos (XP light). g–j Scatterplot and variable plot of the first two components of the PCA and bivariate scatter-
plots based on the pXRF data of the bulk chemical composition of the samples from Iasos. Chemical data from Heinze (in press)
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the presence of secondary calcite deposition, which was 
observed in those two samples during the petrographic 
analysis. Therefore, these two specimens are still consid-
ered part of their respective fabrics. Lastly, scatterplots of 
CaO vs  Fe2O3 and Cr vs Zr demonstrate the separation of 
fabric Pri-B from the others with low CaO and Zr levels and 
high Cr contents (Fig. 3i–j). Overall, the separation of the 
assemblage in 6 petrographic fabrics was visually confirmed 
by the PCA and bivariate scatterplots.

Gloss chemical characterisation by SEM‑EDS

The chemical characterisation of the 18 black gloss speci-
mens reveals a relatively homogeneous composition 
(Table 3 and Fig. 4), corresponding to a typical vitrified 
clay slip, with a relatively high  Al2O3 level compared to 
their  SiO2 content with an average of 29.9% and 44.9% 
respectively. Furthermore, they all appear to have relatively 
high FeO (14.9%) and  K2O (5.5%) levels and a low CaO 
content (1.1%). The  Na2O and  P2O5 contents are also rela-
tively homogeneous with respective averages of 0.7% and 
0.3%. Interestingly, a rather high ZnO content was detected 
in two of the black gloss specimens (M42 and Pri533), with 
0.3% and 0.4% respectively.

Despite an overall homogeneity of the data, some vari-
ations in the chemical composition were observed. Sample 
IA10 displays high CaO (8.9%) and  P2O5 (0.6%) contents 
(Fig. 4b–c). Nevertheless, it can be argued that these val-
ues should be considered with caution, as they have higher 
standard deviations than the measurements of other samples 
(Table 3). Black gloss Pri562 shows a high  K2O content 
(11.4%), much higher than the other black gloss specimens 
(5.5% on average) (Fig. 4a), which is discussed in the ‘Black 
gloss raw material’ section. Other samples (Pri540, IA4, 
M1, and M42) also appear to have high absolute  K2O levels 
(all higher than 6.5%) but exhibit similar overall ratios of 
potassium to the clayey fraction (alumina + silica) to the rest 
of the black gloss assemblage (Fig. 4a), and therefore can 
be considered comparable with the rest of the assemblage. 
Lastly, sample IA6 exhibits a much higher  Al2O3/SiO2 ratio 
(Fig. 4b), which does not appear to come from measurement 
errors and is further discussed in the ‘Black gloss raw mate-
rial’ section.

The red gloss chemical characterisation of the 4 bichrome 
vessels from Iasos (IA1, IA6, IA10, and IA13) and the 2 
intentional red gloss vessels of Priene (Pri558 and Pri571) 
have an overall similar composition compared to the ana-
lysed black gloss samples (Table 3). Nonetheless, varia-
tions can be observed in the chemical composition of the 
red gloss samples. Sample Pri558 has a higher  K2O (9.5%) 
content and a slightly higher  Na2O/(Al2O3+SiO2) ratio 
than the black gloss samples. Red gloss specimens Pri571, 

IA10, and IA13 have a high content of CaO (1.8%, 2.3%, 
and 2.0% respectively). IA10 is also characterised by very 
high sodium levels (1.9%). Lastly, IA1 displays quite high 
phosphorus levels, but with an equally high standard devia-
tion, which suggests that this value should be taken with 
caution. A more detailed description of the chemical varia-
tions between black and red gloss decorations is discussed 
in the ‘Technological relationship between black and red 
gloss’ section.

Gloss mineralogical characterisation by µ‑XRD2

The black gloss mineralogical characterisation reveals the 
presence of reduced iron oxides in the assemblage. Both 
magnetite and hercynite are detected in different intensi-
ties in the various specimens with their main diffraction 
peak at around 41.4°2θ (d = 2.53Å) and 42.7°2θ (d = 
2.46Å) respectively (Fig. 5a–c). Due to the overlap and 
the broad intensities, µ-XRD2 does not allow for a clear 
distinction between magnetite and maghemite (detected 
at around 41.6°2θ, d = 2.52Å), but it can be assumed that 
maghemite is also present beside magnetite in most of the 
gloss specimens. Additionally, the red, oxidised iron oxide 
hematite is detected by its main reflection at 38.7°2θ (d = 
2.70Å) in a few samples. The analyses of the brown areas 
of the irregular black gloss specimens indicate the pres-
ence of mostly hematite and maghemite and/or magnetite 
(Fig. 5a–c).

The characterisation of the red gloss ware from Iasos 
shows that their iron oxide phase is dominated by hematite 
together with magnetite/maghemite (Fig. 5d). A very small 
peak of hercynite can also be observed in most of these 
gloss’ diffractograms. Similarly, the intentional red gloss 
specimens of Priene display the presence of hematite and 
maghemite and/or magnetite. In these samples, however, no 
hercynite can be detected.

The measurements also exhibit the presence of quartz 
together with feldspars in most of the gloss specimens. 
Although these minerals can be present in the gloss itself, 
part of the signal presumably comes from the underlying 
ceramic body, as the X-rays penetrate a little deeper than the 
thickness of the gloss. As for the iron oxides contained in 
the ceramic body, the control measurements of the ceramic 
bodies do show the presence of some iron oxides, but in a 
much lesser intensity than in their respective gloss, verifying 
the validity of gloss measurements.

Microstructure observations by SEM

The BSE micrographs of the gloss layers taken via SEM 
allowed for a visual evaluation of their microstruc-
ture (Fig.  6). While most samples display a dense and 
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Table 3  Mean chemical composition of each black and red specimen’s gloss calculated from the normalised quantification of the multiple meas-
urements performed on each sample by SEM-EDS. n: number of measurements; SD standart deviation; –, element not detected

Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO FeO  ZnO  n

Black gloss M1 Mean 1.0 1.8 29.0 45.1 0.2 0.1 – 6.9 1.2 0.5 0.1 0.1 14.0 – 6
SD 0.1 0.1 0.7 0.7 0.1 0.0 – 0.2 0.2 0.0 0.0 0.1 0.6 –

M11 Mean 0.9 1.9 29.7 45.7 0.2 0.2 0.1 4.8 1.2 0.5 0.1 0.2 14.7 – 5
SD 0.1 0.1 0.3 0.7 0.0 0.1 – 0.1 0.2 0.1 – 0.0 1.0 –

M17 Mean 0.5 1.7 30.5 45.9 0.2 0.1 – 4.6 1.1 0.6 0.1 0.2 14.5 – 6
SD 0.1 0.1 0.2 0.2 0.1 0.0 – 0.8 0.5 0.1 0.0 0.1 0.3 –

M26 Mean 0.4 1.7 29.9 45.1 0.2 0.1 0.1 5.0 0.8 0.6 0.1 0.1 16.1 – 6
SD 0.1 0.1 0.2 0.2 0.1 0.1 – 0.2 0.1 0.0 0.1 0.0 0.3 –

M31 Mean 0.6 2.3 27.8 45.1 0.2 0.2 0.1 6.4 1.2 0.7 0.1 0.1 15.4 – 6
SD 0.1 0.1 0.9 2.1 0.1 0.1 – 0.6 0.2 0.1 0.0 0.0 2.2 –

M42 Mean 1.1 1.6 30.6 44.6 0.1 0.2 0.1 6.8 1.0 0.5 0.1 0.1 13.1 0.4 6
SD 0.2 0.1 0.9 1.4 0.1 0.0 0.2 0.5 0.2 0.1 0.0 – 2.0 0.1

IA1 Mean 0.5 1.9 30.2 46.8 0.2 0.3 0.3 3.9 0.8 0.7 – – 14.5 – 3
SD 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 – – 0.2 –

IA4 Mean 0.4 1.6 29.7 42.8 0.3 0.1 – 7.6 1.4 0.4 0.1 0.1 15.7 – 6
SD 0.1 0.1 0.4 0.5 0.1 – – 0.3 0.5 0.1 0.0 0.0 0.1 –

IA6 Mean 0.7 2.2 32.1 40.9 0.4 2.2 0.1 2.6 1.5 0.9 0.1 0.1 16.4 – 3
SD 0.1 0.1 0.5 0.3 0.1 0.3 0.0 0.1 0.1 0.1 0.0 0.0 0.1 –

IA10 Mean 0.8 2.2 28.5 44.6 0.6 0.2 0.5 4.2 2.9 0.6 0.1 0.2 14.8 – 3
SD 0.1 0.1 0.7 0.3 0.5 0.1 0.2 0.1 0.8 0.0 0.0 0.1 0.4 –

IA13 Mean 1.3 1.5 29.4 44.3 0.2 – – 5.6 0.9 0.7 0.1 0.2 15.7 – 3
SD 0.0 0.0 0.3 0.2 0.1 – – 0.0 0.1 0.0 0.0 0.1 0.3 –

Pri530 Mean 0.6 1.7 30.4 45.4 0.3 0.2 – 4.2 0.9 0.5 0.1 0.2 15.4 – 5
SD 0.2 0.0 0.7 1.1 0.0 0.1 – 0.6 0.4 0.1 – 0.1 0.4 –

Pri533 Mean 0.4 1.7 31.5 45.9 0.3 0.1 – 4.4 0.4 0.5 0.1 0.1 14.9 0.3 6
SD 0.1 0.1 0.4 0.8 0.1 0.0 – 0.2 0.1 0.1 0.0 0.0 0.8 –

Pri536 Mean 0.6 1.6 31.5 45.7 0.3 0.2 0.1 3.0 0.7 0.6 0.1 0.1 15.6 – 3
SD 0.1 0.1 0.3 0.6 0.1 0.2 – 0.3 0.3 0.0 0.0 0.0 1.3 –

Pri540 Mean 1.1 1.9 29.0 44.6 0.2 0.1 0.1 8.4 0.8 0.5 0.1 0.1 13.2 – 5
SD 0.5 0.1 0.5 0.9 0.1 0.1 – 0.6 0.4 0.0 – 0.0 0.6 –

Pri544 Mean 0.2 1.8 29.7 44.7 0.3 0.1 – 4.2 0.5 1.1 0.1 0.1 17.3 – 4
SD 0.1 0.1 0.4 0.6 0.1 0.1 – 0.8 0.3 0.0 0.0 0.0 0.2 –

Pri562 Mean 0.6 1.7 27.9 42.4 0.3 0.1 0.1 11.4 1.1 0.6 0.1 0.1 13.8 – 6
SD 0.3 0.1 1.1 1.6 0.1 0.0 0.0 1.8 0.7 0.2 – 0.0 0.4 –

Pri602 Mean 0.6 2.1 30.3 48.2 0.3 0.2 0.1 4.5 0.5 0.5 0.1 0.1 12.6 – 7
SD 0.2 0.1 0.6 1.0 0.0 0.1 – 0.4 0.2 0.1 0.0 0.0 0.6 –

Red gloss IA1 Mean 0.6 2.0 29.5 46.0 0.5 0.1 0.2 3.9 1.0 0.9 – – 15.4 – 3
SD 0.0 0.1 0.4 0.7 0.3 0.1 0.1 0.3 0.5 0.1 – – 0.6 –

IA6 Mean 0.8 1.9 30.2 45.7 0.2 – – 5.5 0.3 0.7 0.1 0.1 14.5 – 3
SD 0.1 0.0 0.1 0.1 0.0 – – 0.1 0.0 0.1 0.0 0.0 0.1 –

IA10 Mean 1.9 2.0 27.7 42.8 0.1 0.1 0.1 7.4 2.3 0.6 0.1 0.2 14.7 – 3
SD 0.0 0.1 0.2 0.2 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.2 –

IA13 Mean 0.8 1.7 29.2 45.0 0.3 0.1 0.3 3.5 2.0 0.7 0.1 0.2 16.1 – 3
SD 0.0 0.2 0.4 0.2 0.1 – 0.1 0.1 0.9 0.1 0.1 0.0 0.3 –

Pri558 Mean 1.4 1.6 29.4 43.2 0.2 0.2 – 9.5 1.3 0.7 0.1 0.1 12.6 – 6
SD 0.1 0.2 0.3 0.7 0.1 0.1 – 0.1 0.6 0.2 0.0 – 0.8 –

Pri571 Mean  1.2 1.8 27.5 44.4 0.3 0.2 0.2 5.9 1.8 0.8 0.1 0.1 15.8 – 6
SD 0.0 0.1 0.3 0.4 0.0 0.1 0.1 0.1 0.2 0.0 0.1 0.0 0.7 –
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homogeneous microstructure with some bloating pores2 on 
their surface, others show internal fractures and a higher 
number of bloating pores at their surface. Red gloss sample 
Pri571 displays a less compact gloss compared to the other 
samples, with a darker core. The gloss of sample Pri602 
appears most altered with a high heterogeneity, many cracks, 
and a much thinner gloss than the other samples. This gloss 
could be qualified as broken and flaky according to the ter-
minology used by Aloupi-Siotis (2020, p. 12).

The thickness of the black gloss layers ranges from 7.5 
to 33.3µm (mean 14.3µm), while the red gloss layers range 
from 9.4 to 23.6µm (mean 15.1µm).

Discussion

Petrographic fabrics and production centres

The Manfria black gloss assemblage was represented by 
three fabrics. Fabric Ma-A was marked by the presence 
of microfossils, fins comparison in the local black gloss 
production of Gela (Barone et al. 2012, 2017; Ingoglia 
et al. 2018; Santostefano et al. 2018; Spagnolo et al. 2018). 
Fabric Ma-B can also be associated with the characteristic 
calcareous deposits of south-central Sicily (Barbera et al. 
2018; Montana et al. 2011) and, therefore, can be consid-
ered a local/regional production. Fabric Ma-D, however, 
cannot be associated with any known Sicilian production 
(Montana et  al. 2011), most probably representing an 
imported production from outside Sicily. Regarding the 
pXRF bulk analysis, the chemical proximity of fabrics 
Ma-A and Ma-B and their good separation with fabric 
Ma-D can be explained by the fact that both Ma-A and 
Ma-B represent Sicilian fabrics, and are, therefore, chemi-
cally closer compared to fabric Ma-D, which could repre-
sent non-Sicilian imports.

As already stated, the black gloss ware from Iasos was 
divided into three distinctive fabrics, of which fabric Ia-1 
can be attributed to the Attic production centres (Amicone 
2015). Although the origin of the two other fabrics remains 
uncertain, it can be assumed that these fabrics represent 
Atticising productions from the vicinity of Iasos or, more 
broadly, from Asia Minor.

The black gloss assemblage of Priene was divided into 
six distinctive petrographic fabrics. Fabric Pri-A com-
prises vessels considered local or regional from Heinze’s 

work (in press), due to the presence of macroscopically 
visible snail shell fragments. These were also observed 
in the present petrographic study. Furthermore, the pres-
ence of mica shist fragments, already associated with the 
local cooking ware productions in Priene (Amicone et al. 
2014, 2023), has been observed in this fabric, confirming its 
local/regional origin. In thin section, fabric Pri-B showed 
a close similarity to fabric Ia-1, suggesting its Attic origin. 
This is further supported by the fact that the vessels from 
fabric Pri-B were typologically and stylistically (i.e., via 
the stamps used for the decoration) attributed to Attic pro-
ductions (Heinze 2014). No conclusions could be drawn 
regarding the provenance of fabric Pri-C and Pri-D. How-
ever, it is clear that these vessels were Atticising, as both 
fabrics are highly calcareous, a feature that is not observed 
in traditional Attic black gloss pottery (Aloupi-Siotis 2008). 
It can therefore reasonably be assumed that these fabrics 
represent Atticising productions from Asia Minor. The four 
vessels constituting fabric Pri-E were previously suggested 
through typology to be Knidian imports based on macro-
scopic observations, which showed similarity with a ‘black-
slipped Knidian fabric’ found in Halicarnassus (Vaag et al. 
2002). Finally, fabric Pri-F, composed of only one sample 
(Pri536), presented similarity with the Attic fabric Pri-B. 
Nevertheless, the chemical characterisation of the ceramic 
bodies confirmed that fabric Pri-B and Pri-F cannot rep-
resent a similar production. Furthermore, the shape of the 
bolsal Pri536 was identified as non-Attic, again confirming 
the distinction.

Overall, the studied vessels are characterised by a high 
degree of clay refinement through the use of cleaned clays to 
shape the ceramic bodies. This treatment of the raw material 
for the ceramic body appears consistent with previous obser-
vations on Attic and Atticising pottery (Aloupi-Siotis 2020, 
Mirti et al. 1996). Nonetheless, the variability in the use of 
clay types between the different productions shows that the 
potters did not search for a specific type of clay source to 
manufacture their ceramic bodies but, rather, used the clay 
deposits readily available to them.

Black gloss raw material

In general, this work pointed out that in both Attic and Atti-
cising black gloss productions, similar raw materials for the 
preparation of the clay paint were used. Indeed, the chemical 
characterisation of the black gloss vessels from Manfria, 
Iasos, and Priene indicated mostly low calcite concentra-
tions, along with relatively high amounts of iron-oxide and 
the presence of  K2O (associated with the illitic fraction of 
the clay) in the range of 3 to 6%. These three key points 
demonstrate that non-calcareous, iron- and illite-rich clays 
were chosen by both the Attic potters and the producers of 
Atticising vases for the manufacture of clay paint. As shown 

2 At maximum temperature during the firing, decomposition of 
organic matter, sulphides, or carbonate causes the production of 
gases. These gases are trapped in the glassy matrix formed during 
vitrification and produce spherical bubbles (Aloupi-Siotis 2020; Tite 
1969).
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in the distribution plots grouping the data of this study with 
published material (Fig. 7), the Atticising black gloss vessels 
from Iasos, Manfria, and Priene have very similar chemical 
compositions to the Attic references. Therefore, it can be 
assumed that the potters who manufactured these Atticis-
ing vessels were able to identify suitable clays to produce 
successful black gloss ware. Furthermore, the refinement of 
the clay can be seen in the scatterplot of FeO/(Al2O3+SiO2) 
vs  Al2O3/SiO2 (Fig. 7a). In this plot, Attic and Atticising 
black gloss all display high alumina and iron relative con-
tents characteristic of highly refined clays. These observa-
tions also demonstrate a similar processing technique of raw 
material to produce their clay paints.

Nonetheless, variability can be observed in the chemical 
composition of the gloss layers. Black gloss IA6 showed a 
high  Al2O3/SiO2 ratio, which reflects the degree of refine-
ment of the clay paint. A high ratio in the case of this sam-
ple suggests the use of a more refined clay fraction for the 
manufacture of the clay paint compared to the other gloss 
of the assemblage. A high  K2O content was observed in 
sample Pri562 (11.4%), which could point out the addition 
of a potassium-rich material, such as potash, by the potter 
to facilitate the clay suspension process (Hofmann 1962; 
Noble 1960; Winter 1978). Similarly, the use of soda-rich 
plant ash or bone ash as deflocculating agents during the 
preparation of the clay paint could explain the small vari-
ation observed in the contents of  Na2O and  P2O5 respec-
tively (Aloupi-Siotis 2020; Hofmann 1962; Winter 1978). 
Additionally, the high CaO content in sample IA10 (2.9%) 
could indicate the use of a calcareous-rich clay, instead of 
a non-calcareous one, which is further supported by the 
tendency of this sample’s gloss to flake, likely related to 
its high CaO content (Chaviara and Aloupi-Siotis 2016). 
However, it cannot be excluded that the chemical variability 
observed in these few specimens could simply be due to 
post-depositional processes, which changed the final chem-
istry of their gloss.

Black gloss M42 and Pri533 were the only two samples 
of the analysed sample to exhibit the presence of zinc in 
their gloss layer. As argued by a previous study (Walton 
et al. 2014), the presence of zinc could mark the use of 
a Zn-rich acidic liquid to treat an originally calcareous 
clay to enhance the dispersion of the clay particles in the 
water suspension. Yet, another study (Chaviara and Aloupi-
Siotis 2016) showed that a substantial zinc content as a 
trace element simply characterises some ferruginous clay 
deposits in areas of mining of silver-rich lead ores, such 
as the Laurion mine in Attica. A recent publication argued 
that the Zn content in black gloss decorations, in particu-
lar the Zn/Ti ratio, could be used to discriminate specific 

Fig. 4  a–c Scatterplots based on the chemical characterisation of the 
black gloss samples from Iasos, Manfria, and Priene by SEM-EDS

▸
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Attic black-figure painters (Muşkara and Kalaycı 2021). 
Although these different studies give compelling hypoth-
eses for the cause of high Zn content in black gloss, it is 
not possible to confirm, in the case of M42 and Pri533, if 

Zn is a potential marker for a clay processing technique or 
a provenance indicator.

Overall, although chemical variability was observed 
among the studied gloss specimens, the comparison with the 

Fig. 5  Selection of diffractograms of the analysed gloss specimens. a Black gloss from Manfria. b Black gloss from Iasos. c Black gloss from 
Priene. d Red gloss from Iasos and Priene
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previously published data indicates that these differences are 
in the range of what is observed in other Attic and Atticising 
black gloss (see references in Fig. 7).

Nonetheless, the evidence that potters across the Mediter-
ranean used very similar raw materials raises questions regard-
ing the availability of such clay sources in the various regions 
producing Atticising black gloss. Many clay sources suitable 
for black gloss production were found in Attica (Chaviara 
and Aloupi-Siotis 2016), and it was suggested that similar 
red clayey deposits can be found in Mediterranean regions, 
which result from the deposition of dust storms originating 
from the Sahara (Avila et al. 1997; Muhs et al. 2010; Rodri-
guez-Navarro et al. 2018; Yaalon 1997). However, as these 
local clay deposits are not yet identified nor proven suitable 
for the production of black gloss, it remains unclear how the 
local potters procured the raw material. Geological surveys to 
search for such clay deposits and experimental reproductions 
to ensure their suitability to produce black gloss would help 
to clarify whether the potters making Atticising vessels had 
access to local deposits or whether they had to procure the raw 
material from elsewhere, as it was suggested for Laconian-
style black-figure production in Samos (Pipili 2018, p. 140).

Pyrotechnology

All black gloss paint layers characterised in this work are 
compatible with the typical phase composition of Attic black 
gloss, which corresponds to a mixture of iron(II) oxides 

(hercynite and magnetite) and iron(III) oxides (hematite and 
maghemite). The presence of iron(II) oxides in all samples 
indicates that these black gloss specimens were fired under 
the typical three-stage oxidising-reducing-oxidising firing. 
However, the variability in the relative shape and size of the 
different iron-oxide peaks reveals small differences in crys-
tallinity and composition between samples. This variability 
is directly connected to variations in the potters’ control over 
the firing process, which is consistent with experimental fir-
ings of black gloss vessels (Balachandran 2019). The wood 
firing method induces localised variations of atmosphere in 
the firing chamber, which can affect the transformation of 
the iron oxides. This results in the observed mineralogical 
variability and the misfiring of some gloss layers.

Furthermore, some gloss diffractograms showed sharp 
hercynite peaks, suggesting well-crystallised hercynite and, 
therefore, a high oxygen fugacity during the reducing phase 
(Maggetti et al. 1981; Turnock and Eugster 1962). In com-
parison, low and broad hercynite peaks observed in other dif-
fractograms, indicating poorly crystallised hercynite, can be 
attributed to a low oxygen fugacity during the reducing phase. 
This suggests variability in the intensity of reduction resulting 
from different gas compositions due to different fuel materials 
in combination with the degree of sealing of the kiln.

The observation of the gloss layer micrographs under 
BSE demonstrated that most specimens exhibit a vitrified 
gloss with bloating pores. This implies that the vessels were 
likely fired at max temperatures ranging from 850 to 950°C 

Fig. 6  a-f BSE micrographs of black and red gloss layers, magnification ×500
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(Aloupi-Siotis 2020), which is consistent with the firing 
temperatures described in the literature (see the ‘Previous 
studies of Attic gloss technology’ section). Nevertheless, the 
broken and flaky gloss layer of sample Pri602 could have 
been fired under 850°C (Aloupi-Siotis 2020), although the 
deterioration of this sample’s gloss could also be due to 
post-depositional deterioration (Jones 2021, p. 94), or to a 
combination of the two factors above.

Overall, it can be safely assumed that both the Attic pot-
ters and the manufacturers of Atticising vessels followed a 
similar firing procedure concerning maximum temperature 
and kiln atmosphere. As a result, the Atticising black gloss 
was similarly vitrified and comparable to the quality of the 
Attic one. The variability observed demonstrates the dif-
ficulty for ancient potters to control the firing scheme and 
repeat it from one firing to the other. Therefore, the produc-
tion of Atticising black gloss, despite its large scale, cannot 
be classified as production of a manufactory level, as is for 
instance the later Terra Sigillata.

Connection between gloss mineralogy and surface 
appearance

To test previous suggestions correlating the external appear-
ance of the black gloss with its mineralogical composition 

(Aloupi-Siotis 2008; Giorgetti et al. 2004; Gliozzo et al. 
2004), a set of specimens corresponding to the most coher-
ent fabric Ma-D were evaluated. The sherds from this 
fabric were selected because of their homogeneity from a 
ceramic body composition point of view, and it contains 
the highest number of samples with all surface appearances 
represented.

By comparing the diffractograms of the shiny, matt, and 
metallic gloss specimens of fabric Ma-D, it appears that 
the intensity and shape of the peaks correlate with the sur-
face appearance of the gloss coatings (Fig. 8a). Shiny and 
metallic gloss specimens have similar intensities of both the 
hercynite and magnetite/maghemite main peaks, with the 
occurrence of hematite. Although showing similar diffrac-
tion patterns, shiny and metallic gloss specimens seem to be 
differentiated by the broadness of their peaks and, therefore, 
by a difference in the crystallinity of their iron oxide and spi-
nel minerals. The matt gloss specimens, on the other hand, 
present high intensity of hercynite compared to the other 
iron oxides and spinels.

The same observations can be made with the Attic black 
gloss references from Iasos and Priene (Fig. 8b). The shiny 
and metallic gloss samples IA6 and IA11 present similar 
diffraction patterns as gloss samples M26 and M11 respec-
tively. Furthermore, gloss Pri533, a matt gloss with a green-
ish hue, displays a high hercynite peak with almost no other 

Fig. 7  a–b Distribution of the relative composition in major and minor oxides in the black gloss specimens from this study and published data. 
Attic black gloss data from Kingery 1991; Maniatis et al. 1993; Mirti et al. 1996; Tite et al. 1982; Walton et al. 2009; Atticising black gloss data 
from Locri, Calabria (Mirti et al. 1996)
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identifiable iron oxide, which resembles what could be seen 
in matt gloss M17.

The variations seen in the size and shape of the peaks 
from samples of different surface appearances could reflect 

a correlation between mineralogy and surface finish. This 
appears to be consistent with previous observations sug-
gesting that firing conditions influence the final appearance 
of black gloss (Giorgetti et al. 2004; Gliozzo et al. 2004). 

Fig. 8  Diffractograms of the different surface appearance types observed and pictures of the respective samples. a Diffractograms of gloss speci-
mens from fabric Ma-D. b Diffractogram of Attic gloss specimens. M26 and IA6: Shiny; M11 and IA11: Metallic; M17: Matt; Pri533: Matt with 
greenish hue
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However, a more systematic investigation of a bigger sample 
size would be needed to confirm these observations. Further-
more, it cannot be affirmed with certainty that those varia-
tions in surface appearance were intentionally produced or 
simply the result of the difficulty in firing condition control.

Technological relationship between black and red 
gloss

The chemical characterisation of the red gloss samples 
showed rather low compositional differences between the 
red and the black layers, which is consistent with prior 
observations (Maish et al. 2006; Tite et al. 1982; Walton 
et al. 2009). Indeed, the clay paints for the manufacture of 
both gloss types have, in general, been prepared from non-
calcareous, iron- and illite-rich clay, with a similar level of 
clay refinement.

Few variabilities could be observed in the calcite, soda, 
and potassium content of the red gloss specimens (Fig. 9). 
For instance, Pri558 is characterised by higher levels of pot-
ash in its gloss, compared to the other black and red gloss 
individuals. Pri571 on the other hand displays high calcite 
content in its paint layer, which could have affected the 
microstructure of the final gloss, resulting in the less com-
pact structure observed in the BSE micrographs.

The four bichrome vessels from Iasos are especially 
interesting to discuss, as they have both black and red 
gloss decorations. The chemical composition of IA1 seems 
quite consistent between its two gloss colours. Similarly, 
the two gloss layers of IA13 display comparable chemi-
cal compositions, except for calcite (Fig. 9b). As already 
mentioned, this measurement should be regarded with cau-
tion, as the standard deviation of the CaO measurements 
for the red gloss of IA13 was rather high. The chemical 
composition of the black and red layers of sample IA6 
mostly varies in terms of alumina to silica ratio (Fig. 9b), 
which could indicate different processing, and the use of 
a finer clay fraction for the manufacture of the black gloss 
layer. This difference in alumina and silica content, which 
are the main components of the clay paint, can affect the 
levels of the other measured elements by dilution, and 
therefore result in this apparent difference of composition 
between the IA6 black and red gloss layers. Finally, IA10 
mainly shows variations of composition between its two 
colours in the phosphorus and soda levels (Fig. 9c). As 
discussed, the high  P2O5 content of IA10-black is probably 
due to measurement errors, as its standard deviation was 
rather high. The high concentration of sodium in the red 
layer might either reflect the addition of Na-rich materials 

Fig. 9  a–c Scatterplots based on the chemical characterisation of the 
samples from Iasos, Manfria, and Priene by SEM-EDS and labelled 
according to the visual appearance of their gloss

▸
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during the manufacture of the clay paint or the result of 
post-depositional chemical modifications. The latter inter-
pretation seems more likely, especially considering that 
red gloss layers are, in general, more porous than black 
layers because of their lower vitrification.

In general, the variations observed in the chemical con-
tent of the red gloss layers are still in the range of what 
was observed in the black layers (Figs. 5 and 7). Therefore, 
it can be assumed that these variabilities are only due to 
single artisanal variations rather than differences in the 
clay processing between black and red. On the contrary, 
this suggests that Attic potters and the manufacturers of 
Atticising vessels were using the same clay paint to pro-
duce either black or red gloss decorations.

The mineralogical composition of the Iasos red gloss 
ware indicated the presence of few hercynite and magnet-
ite, whereas no such oxides were detected in the Priene red 
gloss ware (Fig. 5d). The difference between those vessels 
is that the Iasos samples are bichrome, bearing both black 
and red gloss decorations, while the Priene ones have only 
red gloss. As already suggested above, the mineralogical 
composition of the Priene red gloss indicates that these 
vessels were fired only in oxidising conditions, intending 
to produce only a red gloss. Contrarily, the red gloss lay-
ers on the bichrome vessels of Iasos were most probably 
fired in a single firing aimed at producing both black and 
red colours. One way to achieve that would be to stack the 
vessels in the kiln to have the intended red side be mostly 
protected from the reducing fumes, resulting in a red gloss, 
while the rest of the vessel would turn black (Aloupi-Siotis 
2008; Amicone 2015). Another possibility would be the 
use of a coarser fraction of the same clay paint for the red 
gloss while the finest is used for the black gloss. Indeed, 
the coarser clay paint would not vitrify as the finer one 
would and, therefore, remained porous enough to turn back 
to red during the last oxidising phase of the firing, while 
the finer clay paint would remain black (Tite et al. 1982). 
It cannot be excluded that the bichrome vessels underwent 
multiple firings to produce the black gloss areas in a first 
firing, and the red gloss areas in a second, only oxidis-
ing firing (Aloupi-Siotis 2008; Richter 1951). Regard-
less of the employed technique, the presence of bichrome 
vessels shows the ingenuity of ancient potters and their 
control over and understanding of the firing process and 
conditions.

Conclusions

Through an integrated archaeometric approach, this study 
demonstrates a direct technological similarity between 
the Attic and Atticising productions and shows that black 
gloss technology in the fourth century BCE is a rather 

homogeneous production technique. The few technological 
variabilities do not suggest strong differences in techno-
logical processes between production centres but, instead, 
point out that black gloss production was a traditional craft, 
which was not highly standardised and controlled, resulting 
in small technological variations between workshops. Given 
the complexity of the production technique, black gloss ves-
sels cannot be produced without prior technological know-
how, strongly suggesting that the Atticising black gloss pro-
ductions were not a simple imitation of the Attic black gloss 
technique. Instead, it shows that, by the fourth century BCE, 
potters making Atticising vases had the same technological 
knowledge as potters from Attica, suggesting a direct trans-
mission of know-how through apprenticeship. This form of 
direct technological transmission implies the migration of 
experienced potters and vase painters from Attica towards 
the Greek colonies and other Mediterranean regions, pos-
sibly with the intention of starting a local business, thus 
teaching local potters in the process. Another possibility is 
that foreign apprentices based in Attica, or other regions 
where the technique was already applied, learned to produce 
black gloss and returned to their native land, where they 
utilised local materials and adapted to local stylistic influ-
ences, which eventually led to the development of an Atti-
cising style. Such movements of Attic and Atticising vessel 
producers is, for instance, attested in the case of Atticising 
red-figure painters, who travelled within Magna Graecia in 
the Classical and Hellenistic periods (Denoyelle et al. 2018). 
Additionally, movements of Aegean potters towards Italy are 
already suggested to have taken place as early as the Late 
Bronze Age and resulted in a technological transmission and 
the local production of Mycenaean-styled black, brown, and 
red painted potteries in Italy (Jones et al. 2021). Similarly, 
the emigration of Attic potters is supported by a fourth cen-
tury BCE decree recovered in Ephesus (ca. 25 km north of 
Priene), which states that the Ephesian politeia (citizenship) 
was offered to two Athenian potters, the brothers Kittios and 
Bakchios, on the condition that they produce ‘black pot-
teries’ and the ‘hydria of the goddess’ (Gauthier 1985, pp. 
150–151; Kratzmüller and Trinkl 2005).
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