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Abstract
Fourier-transform infrared, X-ray diffraction and
chemometrics were used to characterize the mineralogi-
cal composition and firing conditions of 59 Early Bro-
nze Age ceramic sherds from the Konya Plain
(Turkey). These include the Konya Basin Metallic
Ware (KBMW) and a control group of contemporary
local products. The analysis indicates significant differ-
ences in mineral inclusions and firing temperatures,
with KBMW generally being fired above 800�C and
characterized by standardized fabric recipes. Assessed
together with other published evidence, these results
indicate a high degree of specialization in the produc-
tion of KBMW ceramic assemblages in central Anato-
lia during the third millennium BCE.
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INTRODUCTION

Konya Basin Metallic Ware (KBMW)

The KBMW is a handmade ceramic production typical of the southern-central Anatolian pla-
teau (Turkey) (Fig. 1) during the mid- to late Early Bronze Age (EBA), c.2700–2200 BCE
(Friedman, 2000; Hacar, 2017) (cf. supplemental material 1 for a more detailed definition of the
ware group).
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The KBMW belong to the broader phenomenon of the Near Eastern ‘metallic wares’,
which were produced between the late fourth and late third millennia BCE (Friedman, 2000;
Prub, 2000). Detailed analysis of different metallic wares groups indicate that their ceramic
forms are in all cases clearly derived from local contemporary wares, and therefore regional
productions are easily distinguishable from one another in morpho-typological terms. The vari-
ous regional groups, however, have in common several technical traits that set them apart from
local wares, such as the exclusive use of mineral temper, dense and thin-walled fabrics, high fir-
ing temperatures (at or above 1000�C) and often also reducing firing atmosphere, elements that
taken together suggest the use of advanced kilns (Friedman, 2000; Greenberg & Porat, 1996;
Prub, 2000). The ability of metallic ware potters to control the firing process, the intentional
addition of flux to the paste and the surface vitrification represent significant improvements on
earlier ceramic pyrotechnology (Friedman, 2000; Greenberg & Porat, 1996; Mellink, 1993).

The KBMW seem to share many of these traits: their mineral-tempered hard fabrics and
highly decorated surfaces strikingly contrast with the generally low-fired, chaff-tempered,
surface-polished and undecorated local contemporary wares (Hacar & Bulu, 2021;
Mellaart, 1963; Tuna et al., 2022). Several technical features (including the use of moulds, very
regular wall thickness, repetitive manufacturing and decorative techniques, the presence of pot-
ter marks) set this group further apart from the panorama of other contemporary productions
and suggest a high degree of standardization (Hacar & Yener, 2020). This hypothesis is corrob-
orated by the KBMW’s restricted typological range and extremely homogeneous fabric compo-
sition found throughout its entire distribution area, which points to a limited number of
manufacturing centres (Tuna et al., 2022) (cf. also supplemental material 1).

F I GURE 1 Map showing the distribution of known sites with Konya Basin Metallic Ware (KBMW). The inset
shows the location of the study area within modern Turkey
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Published petrographic analysis on six KBMW samples from three sites in the Konya Plain
(in the western portion of the study area; see Fig. S1 in supplemental material 2) indicates a non-
porous to slightly porous fabric with a low-calcareous matrix and exclusive use of mineral tem-
per, mostly intentionally added serpentinite and quartz (Gait et al., 2018). Wavelength-dispersive
X-ray fluorescence (WD-XRF) analysis on the same dataset also shows an internally coherent
group very distinct from other contemporary wares because of very high concentrations of Mg,
Cr and Ni, along with elevated concentrations of Co and reduced Sr contents (Gait et al., 2018).
Instrumental neutron activation (INAA), X-ray diffraction (XRD) and energy-dispersive X-ray
(EDX) analyses of six KBMW sherds from Göltepe (37�48048.4700N/34�56011.1300E—the closest
village is Celaller, � 1 km; source: Google Earth) (in the eastern portion of the study area; see
Fig. S1 in supplemental material 2) also indicate similar patterns, with high concentrations of
Mg, Cr, Ni and Co that set them apart from other ceramics at the site and the presence of ser-
pentinite in their fabric (Friedman, 2000). Petrographic and XRD analyses of two KBMW
sherds from Tarsus-Gözlükule (36�54044.6200N/34�53044.3100E, � 10 m; source: Google Earth, to
the south-east of the main distribution area; see Fig. S1 in supplemental material 2) further reach
similar conclusions regarding their chemical composition (Ünlü, 2009).

An aspect that has attracted no analytical attention so far is the existence of two subgroups
that have the same fabric composition but are characterized by different surface and fabric col-
ours, what we termed the ‘light surface KBMW’ (representing about 80% of the total assem-
blage) and the ‘dark surface KBMW’ (about 20%) (Tuna et al., 2022). Based on autoptic
observations, our archaeological team have previously suggested that these two groups might
be related to different firing temperatures (Tuna et al., 2022), since dark surface specimens often
display a vitrified surface (see Fig. S2 in supplemental material 2) (cf. also Ünlü, 2009).

Scope

The characteristics of an ancient ceramic vessel depend on various pyrotechnological aspects
(including firing temperature, duration of firing, firing atmosphere) as well as raw material
composition and post-depositional (taphonomic) factors. Different firing temperatures alter the
composition of the clay and any additional mineral inclusions used in pottery manufacture. For
example, magnetite is formed only in reducing firing conditions (Dhanapandian et al., 2012;
Ravisankar et al., 2010), while CaMg silicates are formed only above 800–900�C (Shoval &
Paz, 2015). Thus, determining the conditions of the firing process in ceramic production (includ-
ing temperature, duration and firing atmosphere) plays a fundamental role in understanding
the compositional transformations of clay minerals in ceramics.

In early studies, basic characteristics such as colour, porosity and density have been used to
determine the ceramics’ firing conditions. However, this approach is applicable only for
ceramics fired below 700�C because of several factors including manufacturing techniques and
clay types (Rice, 2015). Moreover, this method is not appropriate to determine variables such as
burial time or atmospheric conditions (Daszkiewicz et al., 2012; Rice, 2015). Today, petrogra-
phy and spectroscopy are proven to be an effective approach to the study of the mineral phases
in ancient ceramics (Akyuz et al., 2019; Kiruba & Ganesan, 2015; M�aruţoiu et al., 2018;
Rodríguez et al., 2015; Tanasi et al., 2019). Fourier-transform infrared spectroscopy (FTIR)
and XRD are well-established instrumental methods for such analyses, and well-characterized
clay types, firing temperatures and atmosphere (Bahçeli et al., 2016; De Benedetto et al., 2002;
Papakosta et al., 2020; Polymeris et al., 2014; Sanjurjo-S�anchez, Montero Fenoll�os, Barrientos
& Polymeris, 2018; Sanjurjo-S�anchez, Montero Fenoll�os & Polymeris, 2018; Velraj et al., 2015).
Especially for bulk characterization, FTIR spectroscopy is considered a useful technique
because it is inexpensive, non-destructive, easy to use, requires no sample preparation and
allows for microsampling, particularly when combined with an attenuated total reflectance
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(ATR) probe. It also differs from other spectroscopic techniques with its ability to detect
pseudo-amorphous and short-range-ordered thermal phases, such as meta-smectite and meta-
kaolinite (Shoval, 2016; Shoval et al., 2011). In this analytical context, XRD has been often
used for the verification of the spectral data obtained from FTIR (Akyuz et al., 2007, 2019;
Bahçeli et al., 2016; De Benedetto et al., 2002; Kiruba & Ganesan, 2015; Shoval et al., 2011).

Previously published archaeometric studies on KBMW have been conducted on a very lim-
ited dataset and have been focused on understanding the mineralogical composition of ceramic
samples through XRD, XRF, EDX and petrographic analysis. The first main objective of this
study is to provide a comprehensive archaeometric assessment of the KBMW, complementing
published results with FTIR analysis of 49 KBMW sherds collected at eight different EBA sites
in the Konya Plain (see Fig. S1 in supplemental material 2). We achieve this goal by using
FTIR spectroscopy in tandem with chemometrics, employing variables related to mineralogical
structure and manufacturing techniques to develop a principal component analysis (PCA)
model. The second main objective is to determine the firing conditions of the ceramic samples
by evaluating the changes in the mineral phase data obtained from a combination of the
second-derivative FTIR spectra and XRD. In order to achieve these goals, the 49 KBMW sam-
ples were compared with 10 sherds from contemporary local wares retrieved from sites in the
same area.

MATERIAL AND METHODS

Sherd sampling

The analytical dataset consists of 49 sherds of KBMW from eight different sites across the study
area (cf. Fig. S1 in supplemental material 2 for their location), as well as 10 sherds of local
wares that are also attributable to the same chronological period, c.2750–2200 BCE (see supple-
mental material 3). All samples were collected within the framework of the Konya Regional
Archaeological Survey Project (KRASP; www.krasp.net), an archaeological survey focused on
the modern administrative districts of Çumra and Karatay in the Konya Plain, Turkey (Massa
et al., 2019, 2020, 2021).

The selection process followed three main criteria: (1) to sample as many different locations
as possible across the KRASP study area; (2) to investigate also a representative dataset of the
dark surface group, so far not analysed in other studies; and (3) to study a limited group of con-
temporary non-KBMW sherds representative of the local ceramic repertoire for comparative
purposes. For this analysis, three main ceramic groupings were therefore identified within the
dataset: light surface KBMW, dark surface KBMW and non-KBMW. The samples were
cleaned mechanically and impurities were removed with ultra-pure water. Approximately 2 g of
sample were selected and ground using a hand-held agate mortar. All selected samples were
subjected to FTIR analysis, and a subset of eight sherds was further selected for XRD analysis
(see supplemental material 6) as representative specimens of the major ceramic groups identified
through the FTIR-related chemometric modelling. A representative sample of shapes and sur-
faces of the analysed sherds are given in Fig. S3 in supplemental material 2.

FTIR analysis

The functional groups giving information about the mineral phases of the samples were
analysed with a Bruker Tensor II FTIR spectrometer (Bruker Optic GmbH, Ettlingen,
Germany) equipped with a single-bounce diamond ATR, a crystal deuterated triglycine sulfate
detector. The spectral data were obtained covering the 4000–400 cm�1 range with a scan
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number of 128 and resolution number of 4 cm�1. The 50 mg sample was uniformly spread on
the ATR surface, and a new background was recorded between each scan.

XRD analysis

The XRD analysis was employed to determine the major crystalline phases of samples selected
as a result of the chemometric analysis. The analysis was carried out using a Bruker D8
Advance XRD powder diffractometer (Bruker Optic). The patterns were recorded with CuKα
radiation (wavelength λ = 1.5406 Å, 40 mA, 45 kV) at 0.020 steps at the rate of 0.5/s over range
5 < 2θ < 110. The results provide estimates on quantitative percentages based on external stan-
dard methods.

Chemometric modelling

Chemometric processing and modelling were performed using the Omnic software (Thermo
Fisher Scientific, USA) and the Unscrambler software (CAMO, ASA, Norway). In total,
59 sherd samples were scanned with FTIR to characterize mineralogical differences in the sam-
ples, and the spectral information obtained from FTIR was used to create six different PCA
models. In the PCA models, second-derivative FTIR spectra were used in the range 1500–
400 cm�1. The smoothing process of the Savitzky–Golay method (Savitzky & Golay, 1964) was
tested with an array of different numbers of smoothing points (3, 9, 17, 25, 33 and 41) to reveal
the effects on the statistical performance of the models and to determine whether they have
effects in reducing the errors. The statistical performances of the models developed were evalu-
ated by the number of samples outside of the explained variance (95%) and the eigen value. To
identify the best PCA model, while the number of samples outside of the explained variance
was considered as small as, the eigen value was considered as big as possible. The results of the
best PCA model were also subjected to hierarchical cluster analysis (HCA, Euclidian distance)
to reflect the different sherd groups with a linear distribution. The main sample groups were
determined according to the best PCA model. In order to better identify the mineral phases and
to obtain semi-quantitative results from the FTIR data, the peak deconvolution process was
applied to the about 1200–750 cm�1 range of the raw average spectrum of each ceramic group
by using Origin software (OriginLab, MA, USA). This ensured that the overlapped peaks are
visible. During the peak deconvolution process, the fit was converged until reaching the Chi2

tolerance of 1.10�9. For the XRD analysis, samples representing each main group were
selected, and a separate PCA model was created for the quantitative data to be further com-
pared with the FTIR data.

RESULTS

Discrimination of the ceramic samples using chemometric modelling

FTIR spectra of the 59 sherds in the range of 4000–400 cm�1 are given in Figure 2 (f). The
spectra show that the samples are contained by OH bendings of H2O (3500–3200 and
1641 cm�1) (Dhanapandian et al., 2012; Kiruba & Ganesan, 2015; M�aruţoiu et al., 2018; Velraj
et al., 2015), OH bendings of meta-smectite (1634 cm�1) (Shoval & Paz, 2015), and bendings
out-of-plane mode of calcite (1431, 1417 cm�1) (Akyuz et al., 2019; Kiruba & Ganesan, 2015;
M�aruţoiu et al., 2018; Papakosta et al., 2020; Ravisankar et al., 2010; Sanjurjo-S�anchez
Montero Fenoll�os, Barrientos & Polymeris, 2018; Shoval, 2003; Shoval et al., 2011; Shoval &
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Paz, 2015). Also, asymmetric stretching, bending and intensive rocking of Si-O (Si) bonds of the
different mineral phases are seen in the range of 1300–400 cm�1 (Lucovsky et al., 1987;
Sanjurjo-S�anchez, Montero Fenoll�os & Polymeris, 2018; Yu et al., 2003). Strong absorbances
of CaMg silicates, such as diopside and forsterite, stand out at 1066, 927, 915 and 500 cm�1

(De Benedetto et al., 2002; Rruff, 2021c) and 1010, 874 and 500 cm�1 (Rruff, 2021d;
Tarte, 1963), respectively. The mineral phases anorthite (915 cm�1) (Rruff, 2021a), calcite
(874 and 714 cm�1) (Barilaro et al., 2008; De Benedetto et al., 2002; M�aruţoiu et al., 2018;
Papakosta et al., 2020; Rruff, 2021b; Sanjurjo-S�anchez, Montero Fenoll�os, Barrientos &
Polymeris, 2018; Shoval, 2003), and quartz (796, 777 and 693 cm�1) (Akyuz et al., 2007, 2008,
2019; Barilaro et al., 2008; De Benedetto et al., 2002; Dhanapandian et al., 2012; Kiruba &
Ganesan, 2015; Papakosta et al., 2020; Sanjurjo-S�anchez, Montero Fenoll�os, Barrientos &
Polymeris, 2018; Shoval, 2003; Shoval & Paz, 2015; Velraj et al., 2015) were also observed.

A second-derivative analysis was employed on FTIR data in order to identify underlying
peaks and assign the mineralogical composition of the samples. This process is a highly efficient
method for the identification of peaks that are otherwise not clearly detectable on the raw FTIR
spectra, as it enhances the resolution (Ami et al., 2013), and is widely applied in the mineralogi-
cal investigations of ceramic samples (Akyuz et al., 2019; De Benedetto et al., 2002; Shoval
et al., 2011; Shoval & Paz, 2015; Tarhan et al., 2021).

Because ATR-FTIR spectra can have a low signal/noise ratio, the second-derivative process
has the potential to increase spectral noise, and therefore smoothing is one of the most common
approaches to managing unwanted noise contributions (Nunes, 2014). If a simple smoothing
procedure were carried out for one spectrum at a time along the wavenumber axis, we would
expect a loss in data. Thus, in order to minimize both data loss and smoothing, special noise
reduction methods use the multivariate nature of the spectral dataset. Savitzky–Golay smooth-
ing filters employing smoothing points are frequently used for this purpose and they are often
used to render visible the relative widths and heights of spectral lines in noisy spectrometric data
(Press & Teukolsky, 1990). For this study, different numbers of smoothing points (3, 9, 17, 25,
33 and 41) were applied to FTIR results in the range of 1500–400 cm�1 and six different PCA
models were developed (see supplemental material 4).

F I GURE 2 Analytical spectra of the ceramic samples: (a–d) statistically average second-derivative Fourier-
transform infrared spectrometer (FTIR) spectra with 17 smoothing points of all sherd groups in the range of 1500–
400 cm�1; (e) overlaid spectra for all groups; (f) FTIR spectra of 59 ceramic samples in the range of 4000–400 cm�1;
(g) vibration bands of overlapped mineral phases in the raw spectra; and (h) X-ray diffraction (XRD)-powder
diffraction patterns of selected sherds. An, anorthite; C, calcite; Di, diopside; F, forsterite; Ge, gehlenite; H,
hematite; M, magnetite; MS, meta-smectite; and Q, quartz. Details of all spectra given together can be accessed in
supplementary material 4
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The statistical performance of the PCA models was first evaluated through the number of
samples outside the explained variance (95%) and the models’ eigen value (see supplemental
material 4). The PCA model with three smoothing points has the lowest number of samples out-
side of the explained variance and also the lowest eigen value. These explained variances define
outliers that decrease the statistical success of the developed PCA models. Since this study’s
goal was to determine the large-scale tendencies of 59 sherd samples, the outlier number with
an efficient eigen value was aimed to be minimum or zero if possible. It was observed that the
eigen values of the PCA models developed with the smoothing point values above 17 slightly
increased, but the number of outliers also increased due to high data loss. For this reason, the
PCA model with 17 smoothing points (PCA model 3) was chosen as the most successful PCA
model for this study. Statistical plots of the PCA models are given in supplemental material 4.

The influence plot obtained from the best PCA model is given in Figure 3 (a). This plot
allows to understand whether all data fall within the model space using 5% as the significance
level for the critical distance. The y-axis shows the F-residuals, which represent the amount of
information remaining after estimating the data. Hotelling’s T2 (x-axis in Fig. 3a) indicates the
distance from the centre of the best PCA model. For a robust model, all the analysed samples

F I GURE 3 Statistical plots of the best principal component analysis (PCA) model obtained from Fourier-
transform infrared spectrometer (FTIR) analysis: (a) influence; (b) score; (c) loadings; (d) dendrogram; (e) score plot
categorized by hierarchical cluster analysis (HCA); and (f) score plot categorized by fabric class. An, anorthite; Di,
diopside; F, forsterite; Ge, gehlenite; H, hematite; MS, meta-smectite; and Q, quartz
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should be within the area indicated by the horizontal and vertical red lines in Figure 3 (a). As
the number of samples located outside the specified area increases, the proposed PCA model
moves away from the centre and the classification performance of the model decreases.
Figure 3 (a) shows that most of the samples are located within the area and the classification
capability of the developed model is sufficient.

Figure 3 (b) shows the score plot, which is a graphical representation of the distribution and
configuration of the samples in the best PCA model. The score plot indicates that PC1 explains
35% of the variance, while PC2 explains 16%; therefore, 51% of the variance is described by the
first two PCs. All sherd samples were mostly contributing to PC1 (35%) and were classified
based on the differences represented by PC1.

Figure 3 (c) shows the loadings plot obtained from the best PCA model. This plot highlights
the most effective mineral phases that played a role in the formation of the best PCA model.
The loadings plot in Figure 3 (c) reveals that the mineral phases of quartz, diopside, meta-smec-
tite, forsterite, anorthite, gehlenite and hematite are the most important mineralogical structures
that contribute at least 0.1% in the positive or negative direction for the formation of PC1 and
PC2.

A dendrogram plot was created using second-derivative spectra with 17 smoothing points to
determine a one-dimensional cluster formation of the samples classified with the best PCA
model, employing differences in the mineralogical structure. Figure 3 (d) presents the dendro-
gram plot developed for the samples using HCA with the Euclidian method. Based on their
mineralogical structure, the ceramic sherds were separated into four main groups (A–D) by the
best PCA model at a Euclidian distance of 1.0 units. The score plot of the best PCA model was
drawn according to the HCA distribution and is given in Figure 3 (e).

Figure 3 (f) shows the score plot compared with the three main fabric classes selected for
analysis (non-KBMW, light surface KBMW and dark surface KBMW; cf. supplemental mate-
rial 6). Non-KBMW samples are clearly distinct from KBMW pieces and cluster within groups
C and D to the left of the plot. While partly overlapping, there is a strong tendency for light sur-
face KBMW and dark surface KBMW to separate into groups A and B, respectively.

Assessing firing conditions through FTIR results

The statistically average second-derivative FTIR spectra with 17 smoothing points of all sherd
groups in the range of 1500–400 cm�1 are given in Figure 2 (a–d) for sherd groups A–D, respec-
tively. Their overlaid spectra are shown in Figure 2 (e). The mineral phases of calcite, meta-
smectite, quartz, anorthite, gehlenite, diopside, forsterite, magnetite and hematite were diag-
nosed. In particular, anorthite, gehlenite, diopside, magnetite, hematite and meta-smectite were
used to determine the firing conditions of the analysed ceramics. The forsterite mineral detected
in the infrared spectra was not used in the interpretation of the firing temperatures of the stud-
ied samples, since its likely source may have been the serpentinite inclusions that published pet-
rographic analysis shows to have been intentionally added in the KBMW as a flux (Gait
et al., 2018).

The FTIR bands of the mineral structures detected in the samples are given in supplemental
material 4 together with related references. Firing temperatures up to 800�C cause
dihydroxylation of calcite (Maggetti et al., 2011; Shoval et al., 1993) to form CaO (Fabbri
et al., 2014; Shoval et al., 1993). Calcite mineral, commonly detected in ancient ceramics, is
often a result of re-carbonization of degraded calcite especially if coexisting with highly fired
minerals such as diopside and gehlenite. For this reason, the presence of calcite mineral was not
employed to assess the firing conditions of the dataset.

The anorthite phase is stable up to about 1050�C. CaMg silicate contributions were also
monitored with the 906, 843, 720, 643 and 580 cm�1 peaks corresponding to gehlenite
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(De Benedetto et al., 2002; Shoval & Paz, 2015), 1066, 960, 927, 915, 671, 630, 500 and
467 cm�1 attributable to diopside (De Benedetto et al., 2002; Rruff, 2021c), and 1010, 981, 953,
892, 874, 834, 598, 500 and 469 cm�1 pertaining to forsterite (Choudhary et al., 2017;
Rruff, 2021d; Tarte, 1963). Only firing temperatures above 800�C allow the formation of these
high-temperature minerals. This result indicates that calcite minerals with CaMg silicates were
formed in the re-carbonization process or post-burial decomposition (Ravisankar et al., 2010).

In addition, the presence of magnetite and hematite sheds light on the nature of the firing
atmosphere: magnetite indicates reducing atmosphere and results in grey-black ceramic sur-
faces, while hematite points to an oxidizing atmosphere and creates a red-hued surface.

The plots of average raw spectra of the ceramic groups in the range of 1200–750 cm�1 where
peak deconvolution process can be applied are given in Figure 2 (g). Vibration bands of over-
lapping diopside, forsterite, gehlenite, calcite, meta-smectite and anorthite mineral phases in the
raw spectrum of the relevant range can be observed thanks to the peak deconvolution process.
This process allows the easy determination of the semi-quantitative ratios of ceramic groups
containing these minerals, using FTIR data.

The semi-quantitative results of the FTIR analysis (summarized in Table 1) make clear that
samples from groups C and D have been fired at about 600–800�C due to the absence of CaMg
silicates and the relative abundance of meta-smectite. In particular, ceramics belonging to group
D contain a high amount of calcite and anorthite. Conversely, the relatively high proportions
of diopside mineral in groups A and B indicate firing temperatures reaching up to and above
800�C. The relative abundance of Fe oxides also shows that groups A, B and D have mostly
been produced in an oxidizing firing atmosphere, while group C has mostly been produced in a
relatively reducing environment. Due to the presence of calcite and meta-smectite, it can also be
concluded that the analysed samples have been produced from a calcareous clay with smectitic
character.

XRD results

Semi-quantitative analysis was carried out along with the diffraction pattern analysis for calcite,
quartz, diopside, gehlenite, forsterite, anorthite, hematite and magnetite. The references of the
determined mineral phases in the sherd samples and the relative abundance of these minerals by
XRD are given in supplemental material 4 and Table 2, respectively.

XRD patterns of samples from groups C and D were dominated by the quartz signal
(Figure 2, h), confirming the FTIR results. In particular, sample S121.032 (group D) contains
more calcite mineral than all other samples. The highest ratios of calcite, quartz and magnetite
are found in samples S021.122 (group C) and S121.032 (group D). In addition, forsterite is
absent in samples from groups C and D. Sherds belonging to groups A (S021.316, CAS010,
5414) and B (99-35, 5470, 5314) stand out with their high forsterite, diopside and gehlenite
ratios, and the highest forsterite ratios are found in group A (Table 2).

TABLE 1 Semi-quantitative distribution of the mineralogical phases in the analysed sherds according to Fourier-
transform infrared spectrometer (FTIR) analysis

Sherd group C Q Di Ge F An M H MS

A * * *** * **** – Tr **** –

B * * **** * ** – Tr ** –

C *** *** – – – – ** * **

D **** **** – – – ** Tr ** *

C, calcite; Q, quartz; An, anorthite; Ge, gehlenite; Di, diopside; F, forsterite, M, magnetite; H, hematite; and MS, meta-smectite. The
number of asterisks indicates the abundance of the mineralogical abundance. tr, Trace amount.
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The FTIR and XRD analyses conducted in this study indicate an abundance of Mg oxides
in all KBMW samples, including prominently diopside and forsterite, and this confirms earlier
research on the same class of materials from the broader region (Friedman, 2000; Gait
et al., 2018; Ünlü, 2009). The results also strongly suggest that this ceramic production was pro-
duced at temperatures of 800�C and possibly above. This is not only significantly higher than
other contemporary ceramic products in this study (between about 600 and 800�C), but also
higher than firing temperatures of other contemporary pottery assemblages in western Anatolia
(not exceeding 800�C; Semiz et al., 2018). Preliminary analysis on polished sections of samples
from the KBMW light and dark surface subgroups indicate clear differences in the firing condi-
tions (see Fig. S2 in supplemental material 2). While displaying the same inclusions in similar
proportions, dark surface specimens often show vitrified surfaces, a process that is never visible
in light surface examples. Even if we are currently not able to narrowly bracket a temperature
range for the two KBMW subgroups, we can with some confidence suggest that the dark sur-
face products would have been exposed to overall higher firing conditions. Dark surface sherds
are present at numerous sites across the Konya Basin and represent 20% of all sherds (Tuna
et al., 2022), suggesting that these were intentional products rather than manufacturing (over-
fired) discards.

Our results further show that KBMW were produced in oxidizing firing atmospheres, while
other analysed local wares were fired in reducing environments.

DISCUSSION

Numerous characteristics set the KBMW apart from other local wares, including differences in
clay preparation, production techniques and pyrotechnology (Friedman, 2000; Gait
et al., 2018; Hacar, 2017; Hacar & Bulu, 2021). From a morpho-typological perspective, only
45% of KBMW types are paralleled in local contemporary wares, and the KBMW form reper-
toire is overall rather limited when compared with other ceramic groups (Tuna et al., 2022).
Previously published chemical composition analyses on EBA ceramics across the study area fur-
ther throw in high relief the homogeneity of chemical signatures within the KBMW group
and—in contrast—the uniqueness of these signatures against the panorama of southern-central
Anatolian ceramics (Friedman, 2000; Gait et al., 2018; Ünlü, 2009). These disparate strands of
evidence point to the KBMW being manufactured with recipes and techniques than were shared
among all KBMW potters but at the same time were very different from other contemporary
ceramic productions.

TABLE 2 Semi-quantitative mineralogical composition of the analysed samples according to X-ray diffraction
(XRD) analysis

Sherd group Sample number C Q Di Ge F An H M

A S021.316 * * *** ** ** – ** Tr

A CAS010 * * *** ** ** – ** Tr

A 5414 * * **** * ** – ** Tr

B 99-35 * ** *** ** * – ** Tr

B 5470 * ** *** * * – ** Tr

B 5314 * ** *** ** * – ** Tr

C S021.122 *** **** – – – – Tr *

D S121.032 **** **** – – – ** ** *

C, calcite; Di, diopside; F, forsterite, An, anorthite; Ge, gehlenite; H, hematite; M, magnetite; and Q, quartz. The number of asterisks
indicates the abundance of the mineralogical abundance. tr: Trace amount.
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This study also indicates that KBMW vessels were fired at higher temperatures than other
contemporary wares in the region, a pattern that suggests the use of advanced ceramic kilns.
This hypothesis is corroborated by the overall rarity of mottled surfaces and/or visible cores in
KBMW products, indicative of good control of the firing conditions. Another evidence pointing
in this direction is the consistent presence of potter marks on handles. This pattern starkly con-
trasts with the absence of similar signs in other pottery groups and is suggestive of multiple pot-
ters using the same kiln (Hacar & Yener, 2020).

Lastly, in our fieldwork project (KRASP) we encountered much higher ratios of KBMW at
major centres (e.g., Karhane Höyük, Samıh Höyük, Sarlak Höyük and Seyithan Höyük), a pat-
tern also observed by others in the same area (Baird, 1998) and in the Karaman Plain further
south (Kamış, 2019). This suggests either a preferential access to KBMW by certain communi-
ties and/or the localization of its manufacture restricted to a small number of centres.

Taken together, these elements support the hypothesis of the existence of both specialized
workshops focusing on KBMW products, and of professional potters who shared a similar tech-
nological knowledge, already by the early third millennium BCE. The absence of excavated
manufacturing contexts does not allow to delve further into the degree of socio-economic com-
plexity of KBMW workshops. However, they occur in a pivotal phase for central Anatolian his-
tory, when a marked increase in socio-political complexity of the local communities becomes
visible across numerous proxies including monumental buildings, elite-sponsored feasting, elite
graves and elite-specific burial customs (Bachhuber, 2011, 2015; Düring, 2011; Massa, 2014).
At the same time, craft specialization becomes common in a number of economic activities such
as metallurgy (Lehner & Yener, 2014; Yener, 2000), textile industry, luxury goods manufacture
(Bachhuber, 2015; Fidan et al., 2015), and trade (Massa & Palmisano, 2018). From the mid-
third millennium BCE, the production of large (up to 2.5 m high) pithoi (e.g., at Kumyer;
Büyüközer et al., 2019) and the diffusion of the potter’s wheel (Kamış, 2018; Türkteki, 2014)
both provide evidence for increased specialization in pottery production as well. In this light,
the integration of the results of this study with previously published archaeometric and
morpho-typological analyses indicates that KBMW can be considered the first documented spe-
cialized ceramic production in central Anatolia.

CONCLUSIONS

In this study, FTIR and XRD analyses were to assess the firing conditions of KBMW samples
from different EBA (2700–2200 BCE) sites in central Anatolia. The analytical results show that
FTIR analysis is effective in characterizing and classifying different ceramic groups, analysing
large numbers of samples with low cost and fast analytical time, as well as in detecting pseudo-
amorphous and short-range-ordered thermal phases that cannot be detected by XRD analysis.
The methods developed here can be easily applied to other case studies.
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Kamış, Y. (2018). Acemhöyük Buluntuları Işı�gında Erken Tunç Ça�gı’nda Orta Anadolu’nun Güneyinde Çark Yapımı
Serami�gin Ortaya Çıkışı. Adalya, 21, 63–84.
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