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MICROSTRUCTURAL AND MINERALOGICAL ANALYSIS OF URYSAY-2 CERAMICS BY X-RAY
MICROTOMOGRAPHY AND RAMAN SPECTROSCOPY

The article presents the results of applying X-ray computed tomography (CT) to study the
spatial arrangement, size distribution, and morphology of internal inclusions in several ceramic
fragments from the Urysay-2 complex in the Zhambyl district of the Almaty region (Republic of
Kazakhstan). Based on the tomographic data, segmentation of the internal inclusions was
performed, and the grain size of the ancient ceramic samples was calculated. The reconstructions
enabled a quantitative morphometric analysis of mineral inclusions, providing statistical
distributions of equivalent diameter, elongation, and sphericity. The results revealed significant
technological differences: sample C-1 contains the largest and most irregular inclusions (average
equivalent diameter = 0.35 mm, mean sphericity = 0.90), whereas C-2 and C-3 show smaller and
more uniform grains (average equivalent diameter 0.25-0.30 mm; sphericity up to 0.96),
reflecting finer tempering. Raman spectroscopy identified the mineral phases of the samples,
including quartz, albite, calcite, hematite, anatase/rutile, and magnetite. The anatase-to-rutile
transformation observed in C-2 indicates firing temperatures above ~800 °C under oxidizing
conditions. Beyond archaeology, this approach provides a reliable framework for the quantitative
characterization of porous ceramics and composite materials in materials science.

Key words: X-ray microtomography IMAX; Raman spectroscopy; Segmentation; Ancient
ceramic microstructure;
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PeHTreHAik MUKpOTOMOrpadua XaHe pamaH CNeKTPOCKONUACHI apKblabl ¥pbicai 2
KepamMMKaCblHbIH, MUKPOKYPbINbIMAbIK-MUHEPANOTUANGIK TaNaaybl

Makanaga AnmaTbl obabickl (KasakcTaH Pecnybankackl) ambbia ayaaHblHAafbl «¥pbicait-
2» KelWeHiHiH bipHelle KepamMWKaiblK dparmMeHTTepiHAeri iluKi KOCbIHAbINAPAbIH, KEeHICTIKTIK
OpHanacyblH, KeMeMiHiH TapafyblH KaHe MOPGONOTUACLIH 3epTTey YWiH  PeHTreHAaiK
KOoMMboTepPiK TomorpadusaHbl (KT) kongaHy HaTukenepi bepinreH. Tomorpadusaibik ManiMeTTep
Heri3iHAe iWKi KOCbIHAbINAPAbI CETMEHTTEY MKYPri3iNai, eXKenri KepamuKanblk YArinepaid, TymipLik
menwepi ecentenai. KanTa Kypynap 3KBMBANEHTTI AMAMETPAiH, y3apyablH *KoHe chepaHblH,
CTAaTUCTUKA/IbIK, TapaayiapbiH KamMTamacbli3 eTeTiH MWHepandbl KOCbIHAbINAPAbIH, CaHAbIK
MopdOMETPUANBIK  TanaayblHa  MYMKIHAIK ~ 6epai. HaTtwxkenep eneyni  TEXHONOMUANbIK,
avblpMallblbIKTapAbl aHblkTaabl: C-1 yArici eH, yAKeH XaHe eH, AypbiC emMeC KOCbIHAbIAapAbl
KamTuapl (opTalla aKBMBaneHTTi AnameTpi = 0,35 mm, opTalua chepansik = 0,90), an C-2 *KaHe C-
3 Kiwipek KaHe bipKenki AsHAepAi KepceTeni (opTalla 3KBMBaNeHTTIK anameTpi 0,35 mm-re
neni; 0,96), aKcblpak LWblHAayAbl KepceTei. PamaH cnekTpocKonuAck! YATiNepaiH, MUHepanap
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dasanapbiH, COHbIH, iWiHAE KBaApL, anbbuT, KanbUWT, reMaTuT, aHaTa3a/pyTu KoHe MarHeTUTTI
aHbIkTaabl. C-2-ae H6alikanfaH aHaTa3aHblH PyTUAre alHanybl TOTbIKTbIPFbIL XafaanbiHaa ~800 °C
KOFapbl  KyMAipy TemnepaTypacbiH  KepceTedi. ApxeonornsgaH 6Hacka, 6yn  Tacin
MaTepuanTaHydafbl KeyeKTi KepamMKa MeH KOMMO3MUMANbIK MaTepuanaapdblH, CaHAbIK,
CUNATTAaMaCbIHbIH, CEHIMAI HETI3IH KamMTamachI3 eTe.

TyWiH cesaep: peHTreHAaik mukpoTomorpadusa IMAX, pamaH CnekTPOCKOMMACHI, CErMeHTTeY,
eXenri KepammKanblk MUKPOKYPbISIbIM.
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MWKPOCTPYKTYPHbIN U MUHEPANOrMYECKUIA aHaNN3 KepamMMKKM Ypbicalt 2 MeTogamm
PEHTreHOBCKOW MMKPOTOMOrpadmm M pamaHOBCKOM CNEKTPOCKOMUK

B cTaTbe npeacTaBAeHbl pe3yabTaTbl MNPUMMEHEHMA PEHTTEHOBCKOM KOMMbIOTEPHOM
Tomorpadum (KT) ona M3ydeHMa NpoOCTPaHCTBEHHOIO PACMoIOKEHWSA, pacnpeaeneHns pasmepos
M MopPdONOrMM BHYTPEHHMX BK/IOYEHUIM B HECKO/IbKUX PpParmeHTax KepaMMKM M3 KOMMAeKCca
Ypbicali-2 B Mambbiickom paiioHe AnmaTuHcKoM obnactm (Pecnybnmka KasaxctaH). Ha
OCHOBAHUM TOMOrpadUUecKMX AaHHbIX NPOBEAEHA CErMeHTaUMs BHYTPEHHWUX BKAOYEHUN U
paccymTaH pasmep 3epeH 06pasLOB APEBHEN KepPaMUKU. PEKOHCTPYKLMM NO3BOAUAN NPOBECTU
KOJIMYECTBEHHbIN MOPPOMETPUYECKMIN aHAIM3 MUHEPAsIbHbIX BKAOYEHWI, NO3BONB MONYYUTb
CTAaTUCTMYECKME pacnpefeneHnsa 3KBMBANEHTHOTO AMAaMETPa, YAJMHeHMA U chepuyHOCTM.
Pe3ynbTaTbl BbIABMAW CYLLECTBEHHbIE TEXHOMOMMYECKMe pas3nmuma: obpasel, C-1 coaepkut
Hanbonee KpynHble N HEpPEerynapHble BKAOYEHNA (CpeaHNM SKBMBANEHTHbIN AMameTp = 0,35 mm,
cpeaHssa chepmyHoctsb = 0,90), Toraa Kak obpaseu, C-2 n C-3 AeMOHCTpUpYIoT boslee menkue u
OAHOPOAHbIE 3epHa (cpeaHnin aKBMBaNeHTHbIM anameTp 0,25-0,30 mm; cdepmnyHocTs 4o 0,96),
yTo OTpaxkaeT 0Oosee TOHKYHO 3aKa/Ky. PamaHOBCKasa  CMNEeKTPOCKOMMA  MO3BOJSIMAG
naeHTMOULMPOBATL MMHEPaNbHble da3bl 06pa3LOB, BKAOYAA KBAPL, anbbUT, KanbUMT, reMaTuT,
aHaTas/pyTua u marHeTuT. Habnogaemoe 8 C-2 npespalleHMe aHaTasa B PyTU/ yKasblBaeT Ha
TemnepaTypy obxura Bbite ~800 °C B OKMUCAUTENbHbIX YCA0BUAX. [TOMMMO apXxeosiormyecKmx
nccnenoBaHWM, 3TOT noaxod obecneynmBaeT HAAEXHYH OCHOBY ANA  KOJAMYECTBEHHOM
XapaKTEPUCTUKN MOPUCTON KEPAMMKM N KOMMNO3UTHbIX MaTeEPMaOB B MaTepuaoBeleHUM.

KnioueBsble cnoBa: peHTreHoBCKaa MMKpoTomorpadus IMAX, pamaHoBCKasa CNeKTpocKonums,
CerMmeHTauma, APEeBHAA KepaMmnYeCcKad MUMKPOCTPYKTYpa.

Introduction

In recent years, the application of non-
destructive physical methods has become a leading
approach in the study of archaeological artefacts
[1,2]. Their ability to preserve unique cultural
heritage objects while simultaneously providing
quantitative  information on  structure and
composition makes them particularly valuable
compared to conventional destructive analyses [3].
Among these techniques, X-ray and neutron methods
have proven highly effective for investigating the
internal structure of archaeological materials,
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including weapons [4,5], horse equipment [6], coins
[7,8], jewellery [9,10], and ceramics [11-13].
Ceramics, one of the most common categories of
archaeological finds, represent a complex multiphase
system in which mineral composition, porosity, and
inclusion morphology provide direct insights into raw
material ~ preparation, firing regimes, and
technological traditions of ancient potters [14,15].
Phase composition and microstructural features serve
not only as markers of local production practices but
also as indicators of cultural exchange and
technological innovation [16]. Previous studies [17],
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for instance, demonstrated how neutron tomography
can classify ceramic fragments from the Byzantine
fortress in Dobrudja into distinct technological
groups.

X-ray  microtomography (micro-CT) has
recently emerged as a powerful non-invasive method
for visualizing internal heterogeneities with
micrometre-scale resolution (10—50 um). It provides
access to morphometric parameters such as
equivalent diameter, elongation, and sphericity,
enabling statistical descriptions of inclusion and pore
populations [18-20]. Complementarily, Raman
spectroscopy has proven to be a highly sensitive
technique for identifying mineral phases and
thermally induced transformations, including the
anatase—rutile transition above ~ 800 °C [21] and
redox-dependent hematite—magnetite phases [22]. In
addition, Raman analysis of carbonaceous phases has
been used to estimate firing temperatures of
archaeological ceramics from Eastern Kazakhstan
[23].

Methodology

Description of the Studied Ceramic
Materials. The Urysay-2 settlement is located in the
upper reaches of the Kyzylkaynar Stream valley
(Banditsay, according to local shepherds), 800 meters
southwest of the Abdogala farm and stream and 1.8
kilometers south of Mount Karashagyl in the
Zhambyl district of the Almaty region (Figure 1). The
settlement is located in a gentle gorge between two
hills, where surface sherds, possible leveled stepped
terraces, and disordered rows of boulders suggest the
existence of a settlement with burial objects. Judging
by the available sherd types, the settlement was
inhabited from the Late Bronze Age (characteristic
low-temperature coal-black color with numerous
inclusions in the internal composition and red-orange
granulated exterior, some with textile imprints), the
Early Iron Age, the Medieval Period, and the
Ethnographic Period [24]. Four fragments of ceramic
pottery were selected for further study (Figure 2).

Raman Spectroscopy. The primary analysis of
the phase composition of the ceramic samples was
performed using Raman spectroscopy. The
experiments were prepared using the LabRam HR
spectrometer (Horiba Gr, France) with a Leica M165
microscope equipped with a Ag laser with an
excitation wavelength of 633 nm, a x20 objective, an
1800 grating, and a confocal hole of 100 um. Raman
spectra were recorded at different local points on the
surface of the studied fragments. All spectra were
measured in the range of 50-1800 c¢cm, and the
exposition for each point was 4-5 min. The tentative

Despite their wide application in European and
Asian archaeometry, systematic studies of ceramic
complexes from Kazakhstan remain scarce. As part of
ongoing research into cultural heritage and the
comparative analysis of technological traditions
across different regions, the present work applies X-
ray microtomography and Raman spectroscopy to
ceramic fragments excavated at the Urysay-2
settlement in the Zhambyl district of the Almaty
region. The site, first discovered in 2020 by R. Sala
and J.-M. Deom, covers an area of 2.5 hectares (100
x 25 m), is naturally sheltered from prevailing winds,
and oriented toward southern solar exposure, making
it an ideal location for a winter camp [24]. The aim of
this study is to apply X-ray microtomography and
Raman spectroscopy for the non-destructive
characterization of ceramic fragments from Urysay-
2, focusing on the quantitative analysis of inclusion
morphology and mineralogical composition in order
to reconstruct raw material preparation and firing
technologies.

identification of the Raman spectra was performed by
comparing the obtained spectra with the reference
data [25].
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Figure 1 — Topographic map of the settlement
Urysay-2 at a scale of 1:100.000 K-43-08

X-ray Microtomography. Tomographic studies
were carried out using microtomography to obtain 3D
models of the internal structure without destroying
the samples. The method is based on the registration
of a series of 2D projections during sequential
rotation of the sample and subsequent reconstruction
of volumetric data using filtered back projection
(FBP) in cone geometry. This approach ensures
visualization of pores, inclusions and cracks, as well
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as quantitative morphometric analysis (volume
fraction, size distribution, S/V, etc.) [18].
Measurements were carried out on a specialized
IMAX microtomograph (PRODIS Compact), with a
Spellman XRBO11 microfocus X-ray source [26].
The tomograph operates both in 2D real-time
fluoroscopy mode and in 3D tomography mode with
a spatial resolution of up to 1 um. The following
parameters were used to study the artifacts: X-ray
tube voltage of 70-80 kV, current of 50 pA, image
pixel size of 3545 um, and voxel size after
reconstruction of 35x35 pm2. A 150 um thick copper
filter was used to reduce the low-energy component
of the spectrum. Tomographic data were obtained in
the step-by-step sample rotation mode: up to 900

P A0

projections with an angular step of 0.4°, averaging 5
frames, and an exposure of 100—400 ps. Images were
corrected for background noise and normalized by
radiation intensity using the ProDIS software
package. Image acquisition and adjustment
(normalization, adjustment, filtering, and
measurements, etc.), and the choice of energies and
source current are performed using the Imagel
software package [27], written in Python.
Reconstruction and visualization of 3D data were
performed using VGStudio MAX 2.2, Imagel, and its
BoneJ module. This method allowed us to obtain
detailed 3D models of the studied objects and identify
the distribution of inclusions, pores, and cracks.

o %
a ¢
‘ : ;
lIIIIIIIII|lIIIIIIII|

Figure 2 — The photos of the ceramic fragments and its sample labels. The scale bar is shown 2 cm.

Results and discussion

Raman spectroscopy. Using  Raman
spectroscopy, the mineral composition of ceramic
samples from the Urysay-2 site (Almaty region,
Kazakhstan). Identified phases include quartz,
feldspar (albite), anatase, rutile, carbonaceous matter
(D/G bands), calcite, and iron oxides (hematite and
magnetite) (Table 1-2). Quartz was detected in all
samples with characteristic bands near 127-206—
355464 cm™ [28]. Feldspar was recorded through
bands at ~285 and 478-512 cm™, consistent with
albite (NaAlSi308) [29]. Anatase is confirmed by its
strong line at ~152 cm™ and accompanying modes at
~396 and 642 cm. In sample C-2, rutile was also
identified, indicating partial phase transformation of
TiO: at elevated temperatures in the range of 800—
1000 °C [30]. Carbonaceous bands D (~1330-1346
cm™?) and G (~1560-1575 cm™) were present in all
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samples, suggesting organic temper or incomplete
combustion during firing [23]. Calcite (vl ~1087—
1088 cm™) was found in C-1 and C-3, while hematite
(Fe203) and magnetite (Fe304) were variably
present [31]. In sample C-1, the coexistence of calcite
and hematite suggests either moderate firing
temperatures (<750-800 °C) in an oxidizing
atmosphere or secondary recrystallization of calcite
within pores after firing. The presence of rutile in C-2
reflects the anatase — rutile transition, which occurs
at temperatures above ~800 °C [30, 32]. Together
with hematite, this indicates the highest-temperature
oxidizing conditions among all samples. In contrast,
samples C-1 and C-3 with calcite and anatase reflect
moderate firing temperatures, whereas C-4 likely
experienced higher temperatures under reducing
conditions. Redox atmosphere: hematite in C-1-C-3
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points to predominantly oxidizing conditions, while
magnetite in C-4 indicates a reducing atmosphere
[33]. The dominance of magnetite together with

carbon bands suggests reducing or fluctuating redox
conditions with incomplete combustion of organic
matter.

Table 1 — Representative samples with mineralogical composition and the list of Raman band position
characteristic of the various compounds (w—weak, m—medium, s—strong).

Sample Mineral phases Main vibrational bands (cm™)
C-1 Quartz (Si0,) 123(m), 202(m), 355(w), 463(s)
Calcite (CaCOs3) 1088(s)
Albite Na(AlSi303) 160(m), 285(m), 408(w), 478(s), 506(s)
Carbon 1334(s), 1560(s)
Hematite (Fe,0O3) 184(s), 250(s), 406(m), 462(m), 688(m)
C-2 Quartz (Si0O») 128(m), 204(m), 465(s)
Anatase (TiO») 152(s), 205(w), 396(w), 510(w), 642(m)
Carbon 1334(s), 1573(s)
Albite Na(AlSizO3) 156(m), 285(m), 401(w), 462(m), 511(m)
Hematite (Fe,O3) 216(s), 277(s), 463(w), 1307(w)
Rutile (TiO,) 143(w), 232(m), 415(s), 606(s)
C-3 Quartz (Si0Oy) 124(m), 195(m), 352(w), 462(s)
Anatase (TiO) 152(s), 203(w), 394(w), 508(w), 632(m)
Calcite (CaCOs3) 1087(s)
Carbon 1344(s), 1565(s)
Albite Na(AlSiz0s3) 158(m), 286(m), 407(w), 477(s), 512(s)
Hematite (Fe203) 212(s), 277(s)
C-4 Quartz (Si0») 127(m), 206(m), 351(w), 464(s)
Anatase (TiO») 151(s), 205(w), 403(w), 510(w), 633(m)
Carbon 1346(s), 1575(s)
Magnetite (FesOs) 206(m), 299(m), 473(s), 670(s)

Table 2 — Distribution of mineral phases in ceramic samples based on Raman spectroscopy results. The

"+" sign indicates positive phase identification

Observed phases
Sample Quartz Anatase Albite Carbon Calcite ~ Hematite  Magnetite
+
+
+

X-Ray Microtomography. Three-dimensional
3D models of ceramic fragments (C-1-C-4) from the
Urysay-2 complex were obtained using X-ray
computed tomography (Figure 3). The distribution of
internal heterogeneities, inclusion sizes (Table 3,
Supplementary materials), pores, and cracks in the
samples were taken from these models. Virtual

sections (Figure 3 (b,d)) reflected the internal
component distributions and density differences. The
X-ray interaction intensity, varying from blue (low)
to red (high), indicated compositional differences.
The reconstructed 3D models of the samples (Figure
3) revealed significant differences in their internal
structure. Sample C-4 exhibits a high inclusion
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content of ~1.15% of the total volume (Table 3). In
contrast, sample C-3 has a more uniform structure and
the lowest inclusion rate (~0.12%), indicating a dense

a)

C-1

C-2

C-4

composition and uniform firing. The radiographic
image also reveals numerous pores and cracks that
formed during the firing of the ceramic ware.

Figure 3 — 3D models (a) created after tomographic reconstruction and selected longitudinal sections (c) of a
ceramic fragment. Rainbow coloring shows the degree of X-ray absorption from low (blue) to high (red).
Internal features and inclusions are highlighted in green-red (b).

Table 3 — Calculated data on the volume of components of the studied ceramic fragments from computed

tomography analysis.

Sample Total Volume, voxel

Impurities Volume,

Proportion  of

voxel Impurities, %
C-1 311598784 1703699 0.55(1)
C-2 249769808 540539 0.25
C-3 617243008 743420 0.12
C4 94542632 1088434 1.15

After segmenting the inclusions from the volume of
the studied ceramic fragments, the sizes of these
internal inclusions were studied and the equivalent
diameter, elongation, and sphericity were quantified
(Figure. 4-5, Supplementary Materials). The
equivalent diameter parameter was used to estimate

pore sizes [34].
3
D= ’6 XV - (1)

D — EgDiameter; V — volume 3D; & — pi number;
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The average inclusion size varies from 0.25 to
0.35 mm, with median values between 0.21 and 0.30
mm. C-1 contains the largest inclusions on average
(mean =~ 0.35 mm, median =~ 0.30 mm), while C-2 and
C-3 are characterized by smaller and more uniform
grains (mean = 0.25-0.30 mm, median ~ 0.21-0.25
mm). C-4 exhibits the widest size distribution,
ranging from 0.13 mm up to 2.67 mm, consistent with
less purified raw material. The statistical distribution
of inclusion sizes appeared complex and multimodal.
To analyse it, we employed non-parametric kernel
density estimation of the probability density function,
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with the optimal bandwidth determined by
Silverman’s criterion [35]. In this approach, we can
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Figure 4 — (a) Violin plot of the distribution of data and the probability density of equivalent inclusion
diameter. Calculated values of average and median inclusion sizes are presented at top. (b) Probability
density function of equivalent diameter distribution is shown on the right.

The violin plots of equivalent diameter (Figure
4a) demonstrate distinct distribution patterns.
Samples C-3 and C-4 display bimodal distributions,
with populations of both fine and coarse inclusions.
C-1 shows an asymmetric distribution with a long tail
towards larger sizes, while C-2 is characterized by a
narrow, nearly unimodal distribution, reflecting
careful clay preparation. Kernel density estimation
further highlights these differences, with well-defined
maxima in C-3 and C-4. The next parameter that
further differentiates the samples is the elongation of
the internal inclusions (E = 1 — b/a, where a and
b are the main axes of the ellipse/ellipsoid) [36].
Elongation values cluster around 0.6—0.7 for most
samples, indicating predominantly sub-isometric
shapes, though larger inclusions tend to be more
elongated. Probability density functions of elongation
(Figure 5a) exhibit two maxima: one near ~0.5
(flattened particles, aspect ratio ~1:2) and another
near ~1.0 (isometric forms). This suggests a mixture
of rounded temper grains and elongated fragments.
Correlation analysis confirms a positive relationship
between inclusion size and elongation (r = 0.47;
Figure 5b), meaning that larger inclusions are
generally more anisometric. Also, with tomography,
we determined the sphericity of inclusions

T3 x (6 x V)?/3
— < :

Y — sphericity; T — pi number; V — Volume 3D; S —
Area 3D; which made it possible to obtain additional
information  about the  studied  samples
(Supplementary materials).

Sphericity values support these observations. C-
2 and C-3 have the most rounded inclusions (mean ¥
~ 0.96-0.97), consistent with refined temper and
stable firing conditions. C-1 shows slightly lower
sphericity (mean ¥ = 0.90), reflecting the presence of
irregular particles. C-4 exhibits the lowest values
(mean ¥ = 0.94), together with a wide range (0.23—
1.0), indicating the use of coarser, angular fragments.

Overall, X-ray tomography reveals a
technological contrast: C-2 and C-3 represent
carefully prepared ceramics with uniform

microstructures, while C-1 and especially C-4 reflect
the use of heterogeneous raw materials and coarser
tempering practices. These differences are consistent
with the coexistence of parallel production traditions
within the Urysay-2 settlement.
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Figure 5 — (a) Probability density function of the elongation (b) distribution
of inclusions in ceramic fragments.

Conclusions

This study demonstrates the effectiveness of
combining X-ray microtomography and Raman
spectroscopy for the non-destructive characterization
of ancient ceramics from Kazakhstan. Raman
spectroscopy identified quartz, feldspar, calcite,
hematite, anatase/rutile, and magnetite as
mineralogical markers of firing temperature and
redox conditions. X-ray microtomography provided
quantitative morphometric parameters of inclusions,
revealing  significant technological variability
between the samples. This work demonstrates the

potential of non-destructive physical methods for the
quantitative characterization of ancient ceramics and
highlights their broader applicability to the study of
porous and composite materials.
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