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Abstract. This study presents the results of a comprehensive investigation
of ceramic fragments from the Shagantogay archaeological site (Makanchi District,
Abay region, Republic of Kazakhstan) using modern combined analytical techniques:
Raman spectroscopy, X-ray microtomography, and scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDS). Raman spectroscopy revealed a
heterogeneous mineral composition of the ceramics, comprising quartz, anatase, feld-
spars, and carbonate phases. X-ray tomographic examination demonstrated significant
differences in the internal structure of the ceramic samples, ranging from dense and
homogeneous to highly porous with inclusions of organic origin. SEM-EDS data con-
firmed the variability of elemental composition, which correlates with the identified
mineral phases. Applying these techniques together allowed the ceramic material to
be studied at several levels — phase composition, internal structure, and elemental
distribution — with minimal impact on the artifacts. The data obtained describe the
composition of the clay matrix and the structural features of the Shagantogay archae-
ological site and may be useful for further comparative work on ceramic assemblages
in Eastern Kazakhstan.
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Humidity sensing properties of carbon nanowall films synthesized by CCP-PECVD

Introduction

The Shagantogay archaeological site is located 14 km northwest of the village of Karabulak in the Makanchi
District of the Abay Region of the Republic of Kazakhstan (at the foot of the Barlyk Mountains, in the Alakol Basin).
The site is a multilayered complex comprising various types of archaeological structures. A distinctive feature of
this site is its location within a sand dune massif characterized by high aeolian activity. Winds shift sand masses,
causing the site’s surface to deflate and accumulate. This leads to the periodic exposure of archaeological features
and cultural layers, followed by their subsequent re-covering with sand. As a result, the site’s modern microtopogra-
phy is significantly altered, making it difficult to determine the original positions of artifacts. Therefore, systematic
monitoring, regular photographic recording, and the use of high-precision spatial documentation methods are re-
quired. During the 2023 field season, the Tarbagatai Archaeological Expedition (led by R.S. Zhumatayev) conducted
reconnaissance work at this archaeological complex. During the survey, excavated material was collected, consisting
of fragments of ceramic artifacts dating back to various historical periods. A preliminary analysis of the ceramic
material recovered from the Shagantogay archaeological site suggests a high population density in this area. The
local population’s main economic activities included livestock breeding, agriculture, and fishing. Furthermore, the
typological and technological diversity of the ceramic assemblage indicates extensive trade, economic, and cultural
contacts between the site’s population and border regions. Structural features may provide much-needed data for
developing historical hypotheses about the methods and techniques of pottery production, clarifying ideas about
trade networks, and cultural interactions between different civilizations [1].

For structural studies, samples of ceramic material from the archaeological finds from Shagantogay were
selected and systematically examined using scanning electron microscopy (SEM), X-ray microtomography, and Raman
spectroscopy. SEM allows for high-resolution imaging of ceramic surfaces, revealing microstructural features, particle
morphology, and textural heterogeneities in the ceramic materials [2]. When combined with energy-dispersive X-ray
spectroscopy (EDS), SEM provides localized data on elemental composition, facilitating the identification of raw
materials, additives, and surface treatments. Furthermore, SEM analysis of grain boundaries and microstructural
features can provide important information on production methods and firing conditions [3].

X-ray microtomography allows visualization of internal cracks, layers, and other physical features inaccessible
using conventional techniques, making it particularly valuable for studying fragile objects that cannot be subjected
to destructive analysis [4-6]. This technique has become indispensable for assessing production methods and the
state of preservation of archaeological ceramics [7]. Raman spectroscopy offers unique possibilities for the chemical
characterization of ceramic materials. The method’s sensitivity to both crystalline and amorphous phases makes it
particularly useful for the study of ancient ceramic materials [8].

This paper presents a comprehensive quantitative correlation between phase composition, microstructural
porosity and elemental heterogeneity in Shagantogay ceramics using Raman spectroscopy, X-ray microtomography
and SEM-EDS.

Materials and methods

Sample Descriptions

For structural analysis, we selected six ceramic fragments from the Shagantogay complex. The ceramic
samples were designated S-1, S-2, S-3, S-4, S-5, and S-6 (Figure 1).
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Figure 1. The photos from two sides of the ceramic fragments. The scale bar is shown 2 cm.

Raman Spectroscopy

Raman spectroscopy was used for the preliminary characterization of the phase composition of the ceramic
samples. The measurements were carried out using a Confotec Duo confocal Raman spectrometer (SOL Instruments
GmbH, Augsburg, Germany) equipped with an optical microscope. Spectral excitation was provided by laser operating
at a wavelength of 532 nm. Raman spectra were acquired under confocal conditions using a x20 microscope objective.
Measurements were performed at several representative points on the surface of the investigated samples in the
spectral range of 50-2000 cm-1, with an acquisition time of 2-4 min per point. Phase identification was achieved
by comparing the obtained Raman features with reference spectra reported in the literature [9].

X-Ray microtomography

X-ray microtomography, performed on an IMAX (PRODIS Compact) system [10], was employed to investigate
the internal structure of the ceramic fragments. This technique enables the acquisition of three-dimensional images
of an object without causing its destruction, allowing for the detection of internal defects (voids, inclusions, and
cracks), the examination of fastener geometry, and the identification of pathways for the ingress of corrosion and
contaminants into the archaeological objects under study. The X-ray microtomograph operates with a maximum
spatial resolution of up to 1 um. For the analysis of the ceramic artifacts, the X-ray tube parameters were set to 70
kV and 50 pA. The dimensions of the reconstructed voxels were 80 x 60 x 60 pm3. Visualization, processing, and
quantitative analysis of the resulting three-dimensional data were performed using VGStudio MAX 2.2 software
(Volume Graphics).

Scanning electron microscopy (SEM).

Fragments of ceramic samples were examined using a TESCAN VEGA 3 scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectroscopy (EDS) detector [11]. The SEM-EDS experiments were
conducted at the Laboratory of Radiation Biology, Joint Institute for Nuclear Research (JINR), Dubna, Russia. The
instrument enables elemental composition analysis by means of energy dispersive X-ray spectrometers capable
of detecting elements with atomic numbers of 5 and above, beginning with boron. The method allows elemental
analysis of the ceramic body, identifying such elements as aluminium (Al), silicon (Si), calcium (Ca), sodium (Na),
iron (Fe), magnesium (Mg), potassium (K), and others [12]. For SEM-EDS analysis, a small fragment was cut from
each ceramic sample to a diameter of 10 mm using a diamond saw. The technical parameters of the SEM-EDS system
are provided (Table 1).
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Table 1. Technical characteristics of the TESCAN VEGA 3 microscope during measurement

Name Spectrum
Processing time 5s
Accelerating voltage 15.00 kV
Working distance 15.0 mm
Take-off angle (degrees) 33.7°
Azimuth (degrees) 0.0°
Number of channels 2048
Energy range (keV) 20 keV
Energy per channel (eV) 10.0 eV
Detector ID 26
Detector type X-Act
Window type SATW
Sum peak correction Successfully completed
Primary detector serial number 75042
Dwell time 5us

Results and discussion

Raman spectroscopy

Raman spectroscopy enables characterisation of the mineral composition of inclusions on the surface of
ceramic material from the Shagantogay historical complex. Representative Raman spectra corresponding to differ-
ent mineral components identified in the ceramic samples under study (Figure 2). Comparative spectral analysis
allowed identification of the following mineral phases: quartz (Si0,), anatase (Ti0,), feldspars and minor components
including carbon, calcite, and hematite (Fe,0,) (Table 2). Quartz, detected in all samples examined, displays char-
acteristic peaks at 127, 205, 357 and 464 cm-1 [13]. Feldspars were identified by characteristic bands at 290, 478,
and 513 cm-1 in samples S-3, S-4, S-5, and S-6 [14]. The presence of anatase (TiO,) is confirmed by a well-defined
peak at 146 cm-1, with a notably stronger signal observed in samples S-1, S-2, S-3, and S-5.

Of particular interest is the detection of hematite (Fe,0,) in sample S-6, evidenced by characteristic bands
at 226, 295,412, 612, and 1322 cm-1 [15], indicating oxidising firing conditions for this ceramic fragment [16].
Carbon or soot phases identified in samples S-3, S-4, S-5 and S-6 are likely associated with the use of organic temper
materials - such as straw, plant stems, or grog — incorporated during ceramic manufacture [17,18]. These organic
additives are consumed during the firing of ceramic vessels.

The firing temperature of ceramic vessels can be estimated from the positions of the Raman D and G bands
of the carbon doublet at ~1340 and ~1570 cm-1, respectively, using the HD/HG intensity ratio [17]. Sample S-3
(HD/HG = 0.65) corresponds to a relatively low firing temperature (~700 °C), whereas samples S-5 and S-6 (HD/HG
~ 0.80-0.81) indicate intermediate firing temperatures (~800-850 °C). The highest ratio was recorded for sample
S-4 (HD/HG = 0.86), suggesting a firing temperature approaching 900 °C (Figure 3). It should be noted that the
detection of anatase in the majority of samples indicates a firing temperature below ~850 °C [19]. It can therefore
be inferred that the ceramic fragments under study were fired at moderate temperatures in the range of ~700-900
°C. However, the localised presence of anatase, hematite, or carbon phases may reflect minor variations in firing
conditions or ceramic manufacturing practices across individual vessels.
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Table 2. Distribution of mineral phases in ceramic samples based on Raman spectroscopy results.
The symbol “*” indicates reliable phase identification.

Sample Phase composition
Quartz Anatase Feldspar Carbon Calcite Hematite
S-1 * *
S-2 * *
S-3 * * * %
S_4 * * * *
S_S * * * *
S-6 * * * * *

Figure 2. Characteristic Raman spectra of mineral additives identified in the investigated ceramic frag-
ments. The positions of the Raman lines and the identified mineral components are presented.

Figure 3. An example of the analysis of the positions of the carbon HD/HG doublet in a Raman spectrum.
Estimation of the annealing temperatures of the investigated ceramic material—recovered from archaeo-
logical excavations at Shagantogay—based on the ratio of the HD/HG Raman peaks.
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X-ray microtomography

The X-ray microtomography experiment was performed under the following conditions: an X-ray tube voltage
of 70-80 kV, a current of 50 pA, an image pixel size of 35-45 um, and a voxel size after reconstruction of 35 x 35
um?. A 150 um-thick copper filter was used to suppress the low-energy component of the spectrum. Tomographic
data were acquired in the step-by-step sample rotation mode, with up to 900 projections recorded at an angular
step of 0.4°, averaging 5 frames per projection, and an exposure time of 100-400 ps.

The spatial distribution of internal pores and mineral inclusions in six archaeological ceramic samples from
the Shagantogay complex was investigated using X-ray tomography. Three-dimensional (3D) models of the studied
fragments, reconstructed from the tomography data (Figure 4).

The reconstructed tomographic data of the studied ceramics was used to segment the internal components
(Figure 4) [20]. The tomographic reconstruction of sample S-1 reveals a medium proportion of internal inclusions
(~11.25%, Table 3) and a moderately porous internal structure without large elongated voids, which indicates
relatively stable firing conditions. Sample S-2 demonstrates the highest proportion of internal inclusions among all
the studied ceramics samples, approximately 17.96%, which indicates an extremely heterogeneous internal struc-
ture (Table 3). The reconstructed data of sample S-3 revealed spiral voids and a large volume of internal pores, and
the calculated relative volume of inclusions reaches values of up to ~15.86%. The complex shape of the internal
voids in sample S-3 indicates the possible use of organic additives (leaners), such as chopped straw or grass, which
completely burn out during the firing of ceramic products. Organic and mineral impurities compensated for the
natural shrinkage of clay during drying and firing, which reduced the likelihood of deformation and cracking of the
products [21]. Tomographic reconstruction revealed a moderate volume fraction of internal inclusions (~9.50%),
dispersed pores and several internal cracks in the ceramic matrix. Compared to samples S-2 and S-3, the structure
of this sample appears relatively denser and less heterogeneous, indicating a comparatively higher firing intensity.
Sample S-5 demonstrates a relatively compact internal structure with a moderate volume fraction of internal inclu-
sions (~7.56%) and only slight development of large pores in tomographic sections (Figure 4, b).

The ceramic matrix appears relatively homogeneous, although it still contains small dispersed voids and
minor structural heterogeneities. On the other hand, ceramic sample S-6 is distinguished by a more homogeneous
structure and the lowest volume of inclusions - 6.52%.

The observed technological variability is consistent with previously described characteristics of the steppe
ceramic traditions of Eastern Kazakhstan [18,22], where moderate firing temperatures, heterogeneous mineral
inclusions and organic additives were widely used in small-scale ceramic production systems.

Table 3. Calculated data on the volume of components of the studied ceramic fragments from com-
puted tomography analysis.

Sample Total Volume, voxels Impurities Volume, Proportion of Impurities, %
voxels

S-1 205039 305 23070 464 11.25%

S-2 250416 949 44982776 17.96%

S-3 186 385988 29568613 15.86%

S-4 172203072 16 356 915 9.50%

S-5 304 843 484 23063917 7.56%

S-6 210874051 13740851 6.52%
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Figure 4. 3D models (a) created after tomographic reconstruction and several longitudinal slices (c) of
studied ceramic fragments. Rainbow coloring shows the degree of X-ray absorption from low (blue) to
high (red). The highlighted internal inclusions inside ceramic fragment volumes (b).

Scanning electron microscopy (SEM)

Scanning electron microscopy combined with energy-dispersive spectroscopy was used to study the mor-
phology, microstructure, and chemical composition of ceramic samples S-1, S-2, S-3, S-4, S-5, and S-6. The analysis
was performed at multiple surface points (from 16 to 55 measurements depending on the sample), which made it
possible to evaluate both the average values of the elemental composition and its spatial variability. The average
values of the percentage content of elements for all measured points (table 4). In all studied samples, the main
elements are oxygen (0), silicon (Si), and aluminum (Al), indicating the dominance of the aluminosilicate matrix
characteristic of clay materials. The content of these elements varies within relatively narrow limits, indicating the
overall stability of the basic composition and the homogeneity of the clay base.

Element mass fraction distribution diagrams for all studied samples (Figure 5). This type of visualization
allows for the simultaneous evaluation of median values, interquartile ranges, ranges of variation, and outliers re-
flecting extreme values. In almost all samples, the elements O, Si, and Al are characterized by narrow interquartile
ranges, stable median values, and minimal outliers. This confirms that they form the main matrix of the material.
In contrast, the elements Ca, Fe, and Ti exhibit a wide range of values, extensive variations, and numerous outliers.
This pattern indicates the presence of localized mineral inclusions that differ in composition from the main matrix.
Extreme values for individual elements are associated with the electron beam hitting individual mineral grains,
process additives, or impurities.
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Table 4. Average values of elemental composition (wt%) of ceramic samples according to SEM-EDS data

Element S-1(n=28) S-2 (n=48) S-3(n=16)

Average, wt.% +SD Average, wt.% +SD Average, wt.% +SD
0 58.97 4.92 55.02 6.50 56.23 6.18
Na 1.37 1.42 1.42 1.17 1.25 1.47
Mg 2.05 1.44 1.85 1.65 1.39 1.25
Al 6.89 1.99 8.93 3.47 8.35 391
Si 18.20 4.76 20.36 6.93 18.68 7.41
0.92 0.83 0.42 0.31 0.35 0.11

S 0.45 0.30 0.32 0.12 — —
K 191 1.24 2.26 1.25 2.29 1.14
Ca 5.64 5.49 3.86 7.86 2.87 4.63
Ti 0.30 0.09 1.70 6.74 3.22 7.50
Mn 0.43 0.10 1.04 0.03 1.14 0.73
Fe 3.53 1.92 5.61 7.36 7.11 9.41

Element S-4 (n=23) S-5 (n=54) S-6 (n=27)

Average, wt.% +SD Average, wt.% +SD Average, wt.% +SD
0 58.77 5.77 55.60 391 60.42 3.77
Na 0.64 0.26 242 2.44 1.31 1.86
Mg 1.67 0.59 1.10 0.49 1.33 0.44
Al 9.48 10.43 9.09 3.36 7.86 2.49
Si 16.32 7.09 23.29 6.26 20.31 3.99
3.16 571 0.26 0.08 2.10 2.45

S 0.38 0.13 0.45 0.17 — —
K 1.68 0.66 211 1.12 1.67 0.85
Ca 7.61 8.94 4.38 6.68 2.78 2.78
Ti 1.19 3.08 0.53 0.85 0.58 1.08
Mn 0.37 0.00 — — 0.44 0.00
Fe 3.85 5.06 2.89 1.78 3.17 2.40

Note: “—” means the element was not detected in this sample; SD means standard deviation.

In sample S-1, the base is an aluminosilicate matrix (O ~45-65%, Si ~10-23%, Al ~5-10%) with a stable
presence of Na, K, and Mg reflecting the admixture of feldspar material. A characteristic feature of the sample is the
variability of the Ca content: in most points 3-8%, but in some points it increases to ~15-22% in combination with
S ~0.5-1.2%, which indicates the presence of calcium sulfate phases (gypsum CaSO,*2H,0 or anhydrite CaSO0,),
associated with post-depositional alteration or with the use of lime lean agent. Iron (Fe) is present at a moderate
level (1-8%) without significant outliers. Sample S-2 is characterized by the most homogeneous aluminosilicate
composition among the studied samples: median values of Si (~21%) and Al (~9%) are stable, and the interquartile
range for the major elements is minimal.
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Figure 5. Scatter of elemental mass fractions (wt.%) in the investigated ceramic samples, based on SEM-
EDS data, presented as a boxplot. Outliers are indicated by open white circles. The inset panels illustrate
the distribution of elements with low concentrations (0-10 wt.%).

Anomalous elemental concentrations were recorded at isolated points in sample S-2. One spectrum showed
a high Fe content (~40%) accompanied by low Si and Al concentrations, which is consistent with the presence of an
Fe-rich oxide phase, possibly corresponding to magnetite (Fe,0,) or hematite (Fe,0,). Another spectrum showed a
high Ti content (~37%), with an elemental composition close to that expected for a TiO,-rich phase, possibly rutile.
The Fe- and Ti-rich inclusions are interpreted as accessory mineral components. The identification of hematite
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and anatase by Raman spectroscopy provides independent mineralogical evidence for the occurrence of Fe- and
Ti-bearing phases in the studied ceramics. The high Ca content (~37.46%) combined with elevated O (~50%) and
the absence of P and negligible S identifies this spectrum as a calcite (CaCO,) inclusion, most likely derived from
limestone temper or a calcareous clay raw material.

Sample S-3 contains individual microinclusions enriched in Fe and Ti (Figure 5). The most interesting
measurement is Spectrum 81 (Figure 6), with a high concentration of both elements in equal proportions: Ti ~
26%, Fe ~ 25%, while Si ~ 3% and Al ~ 1% are low. This elemental composition is consistent with an Fe-Ti-rich
oxide phase and is possibly compatible with ilmenite (FeTiO,). However, because SEM-EDS alone does not provide
definitive crystallographic phase identification, this assignment should be considered tentative. The next meas-
urement point (Figure 6), with a lower Ti content of ~11.4% and a high Fe content of ~31.3%, is consistent with
an Fe-rich oxide phase, possibly hematite (Fe,0,) with a minor Ti contribution (no Si). The presence of hematite is
independently supported by the Raman spectroscopy results for the studied ceramic assemblage. At one point in
ceramic sample S-4, the elemental composition is characterized by the dominance of aluminum (55.08%) with a high
oxygen content (43.21%) and minor amounts of silicon (1.40%) and calcium (0.30%). This elemental composition
is consistent with an Al-rich oxide phase, with a composition approaching Al,0,. The same sample also exhibits
localized calcium content maxima (up to ~35%), which correlate with the presence of carbonate or calcium silicate
phases. Furthermore, at individual points in samples S-4 and S-5, areas enriched in calcium and phosphorus (up
to ~15%) were identified, indicating the presence of microphases interpreted as calcium phosphate compounds
similar in composition to apatite.

Figure 6. SEM images for sample S-3. (CnekTp-Spectrum).

S-5 is also characterized by a pronounced multicomponent structure and a high degree of chemical het-
erogeneity. A distinctive feature of this sample is the presence of the rare earth elements La (~0.7-4.8%) and Ce
(~1.8-9.0%), the distribution of which is discrete and associated with individual mineral inclusions. Minor elements
with low relative concentrations: Na, K, Mg, P, Cr, Ni, and others. Of particular interest is sample S-6, which recorded
values of Cr = 14.6% and Ni = 7.8%, which may indicate the presence of rare minerals (e.g., spinels), or that these
minerals are part of the contaminants (Figure 5). Sample S-6 exhibits the highest degree of chemical heterogeneity of
all the samples studied. The matrix is also composed of an aluminosilicate (0 ~50-65%, Si ~15-30%, Al ~5-14%),
but the element distribution is characterized by extreme values. In particular, the Fe content varies from ~1% to
~60%, and Ti from a fraction of a percent to ~70%, indicating the presence of individual iron-bearing phases and
titanium-bearing minerals (Figure 5, S-6).

It should also be taken into account that local analytical effects (the influence of surface topography and the
electron beam interaction volume) are possible during SEM-EDS analysis, which can introduce certain uncertainties
in determining the concentrations of individual elements.
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As an example, the authors conducted EDS mapping of sample S-1 (Figure 7). The dominant elements O, Si,
and Al exhibit a relatively uniform distribution over the entire surface of the fragment, while Ca and Fe are concen-
trated in localized areas, indicating the heterogeneous nature of the inclusions.

Figure 7. Microphotographs of ceramic sample S-1. The multilayer map displays the distribution
of these elements, where color intensity corresponds to the mass fraction of the element in various
regions of the sample (Cnexktp-Spectrum).

A detailed analysis of eight selected points (Spectra 32-39, Table5) allows us to clarify the nature of this
heterogeneity. Six of the eight points (Spectra 32-34, 37-39) reflect the typical composition of an aluminosilicate
matrix: O ~55-59%, Si ~15-20%, Al ~7-8%, K ~2-3%, Fe ~4-7%, which corresponds to the clayey base of the
sample.

Table 5. Results of elemental analysis of sample S-1 from different selected points of the microscopic
image (Figure 7).

Element | 32 33 34 35
Wt.,% 0,% Wt., % 0,% Wt % 0,% Wt % 0,%
0 57.9 0.2 59.1 0.2 58.5 0.2 65.3 0.2
Na 0.3 0.1 0.7 0.1 0.8 0.1
Mg 6.6 0.1 1.9 0.1 1.7 0.1 0.8 0.0
Al 5.6 0.1 7.9 0.1 7.3 0.1 2.3 0.1
Si 16.3 0.1 19.1 0.1 19.5 0.1 6.1 0.1
P 0.3 0.0 0.9 0.0 0.2 0.0
0.2 0.0 0.3 0.0 0.2 0.0 0.9 0.0
K 1.4 0.1 2.2 0.1 2.3 0.1 0.7 0.0
Ca 4.1 0.1 3.4 0.1 4.3 0.1 22.3 0.2
Ti 0.3 0.1 0.3 0.1 0.3 0.1
Mn
Fe 7.2 0.2 49 0.2 4.2 0.1 1.5 0.1
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Element | 36 37 38 39

Wt.,% 0,% Wt., % 0,% Wt.,% 0,% Wt.,% 0,%
0 66.0 0.2 57.5 0.2 55.4 0.2 57.3 0.2
Na 0.3 0.1 0.9 0.1 1.1 0.1 08 0.1
Mg 0.9 0.1 2.1 0.1 2.1 0.1 1.6 0.1
Al 3.1 0.1 8.3 0.1 8.3 0.1 7.0 0.1
Si 7.9 0.1 19.2 0.1 19.5 0.1 15.4 0.1
P 0.2 0.0 0.4 0.0 1.3 0.1 3.2 0.1

1.1 0.0 0.3 0.0 0.3 0.0 0.3 0.0
K 0.8 0.1 2.7 0.1 34 0.1 2.0 0.1
Ca 17.8 0.1 3.1 0.1 3.7 0.1 7.8 0.1
Ti 0.4 0.1 0.3 0.1 0.4 0.1
Mn 0.3 0.1
Fe 1.9 0.1 4.8 0.2 4.5 0.2 4.2 0.2

High concentrations of calcium, especially at some points (Spectra 35, 36), as well as its weak correlation
with other elements (r < 0.3) according to the Pearson correlation coefficient (Table 6), may indicate the presence of
limestone mineral admixtures (gypsum or anhydrite). It is noteworthy that Ti is not detected in spectra 35 and 36,
whereas it is consistently present at levels of ~0.3-0.4 wt% in the other locations, further confirming the distinct
mineralogical nature of these regions. Phosphorus (P) is recorded at low concentrations (0.2-1.3%) at several lo-
cations, reaching a maximum in spectrum 39 (3.2%), which is consistent with the presence of dispersed phosphate
micro inclusions also found in other samples of the complex.

Table 6. A correlation matrix is presented showing the relationship between the chemical elements
of ceramic samples. Pearson correlation coefficient (r) values range from -1 to 1, with positive values indi-
cating a direct relationship and negative values indicating an inverse relationship.

Element ¢} Na Mg Al Si K Ca Ti Fe

0] 1.00 0.66 -0.89 -0.56 -0.64 | -0.98 0.72 0.80 -0.19
Na 0.66 1.00 -0.92 0.03 0.06 -0.72 0.04 0.96 0.48
Mg -0.89 -0.92 1.00 0.20 0.24 0.92 -0.34 -0.96 -0.25
Al -0.56 0.03 0.20 1.00 0.84 0.53 -0.94 -0.23 0.83
Si -0.64 0.06 0.24 0.84 1.00 0.52 -0.95 -0.15 0.86
Ti 0.80 0.96 -0.96 -0.23 -0.15 - - 1.00 -

The strongest positive correlation was demonstrated by Ti and Na (r = 0.96), which may indicate a similar
geochemical origin. Meanwhile, Si and Ca showed a strong negative correlation (r = -0.95), indicating possible dif-
ferences in phase composition.

Statistical analysis of elemental composition data

The obtained SEM-EDS data and their comprehensive analysis in combination with multivariate Principal
Component Analysis (PCA and k-means clustering) statistics allow for a detailed statistical analysis of the results
[23]. Before applying PCA, the data are often centered (mean subtracted) and normalized so that the features have
the same scale (mean 0, variance 1). Normalization:

(1)

where average value for each feature, o - standard deviation.
Principal component analysis (PCA) of SEM-EDS point spectra (n = 196) obtained from six ceramic fragments
(Figure 8) showed that the first (PC1, 24.5%) and second (PC2, 19.6%) principal components jointly explained
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44.1% of the total variance in the chemical composition. The remaining 55.9% of the variance is distributed among
higher-order principal components and reflects additional compositional variability that is not represented in
the two-dimensional PC1-PC2 projection. Therefore, the PC1-PC2 biplot is used primarily to visualize the major
compositional trends and the principal compositional groups, rather than to represent the complete variance of
the dataset. The interpretation of the compositional groups was additionally supported by k-means clustering (k
= 3). K-means clustering (k = 3; value optimized using the elbow method and silhouette coefficient) allowed us to
distinguish three distinct geochemical groups. Cluster 2, which covers the majority of the spectra, represents an
aluminosilicate clay matrix (Si-Al-K), characteristic of all samples and indicative of a single clay source. Cluster
1 reflects inclusions enriched in Ca and P, corresponding to carbonate and phosphate phases; Cluster 3, in turn,
corresponds to oxide minerals of Fe and Ti (ilmenite, iron oxides), present as accessory inclusions. The distribution
pattern of individual samples on the PCA biplot in particular, the overlap of samples S-1, S-2, and S-5 within Cluster
2 - indicates technological similarities in the selection of the source material; sample S-4, however, demonstrates a
more pronounced affinity with Cluster 1, which is consistent with the elevated Ca content recorded in the average
chemical composition data for this sample.

All ceramic samples (Table 7) share a similar aluminosilicate clay matrix (Cluster 2, 78-90% of the spectra),
which suggests the use of compositionally similar raw materials. However, the present SEM-EDS, Raman spectros-
copy, and micro-CT data are insufficient to conclusively establish a common clay source. The main clay matrix is
characterized by a stable positive correlation between Si and Al, confirming the preservation of the aluminosilicate
structure. Differences between the samples reflect varying proportions of secondary mineral inclusions: sample
S-4 has a higher content of carbonate and phosphate inclusions (Cluster 1: 17.4%), while samples S-3 and S-6 are
characterized by a higher proportion of Fe-Ti oxide grains (Cluster 3: 12.5% and 11.1%, respectively). No Fe-Ti
phases were detected in samples S-1 and S-4. The Fe-Ti-enriched cluster identified by PCA corresponds well to the
hematite and anatase phases detected by Raman spectroscopy, particularly in samples S-3 and S-6, indicating oxi-
dative annealing conditions and the presence of accessory iron and titanium minerals. Similarly, the Ca-P-enriched
cluster correlates with calcite-containing regions observed in Raman spectra and calcium-rich inclusions detected
by SEM-EDS, particularly in sample S-4.

212 1\93(1 56)/ 2026 AH. Tymuaes arsingarst Eypasus yarreik yuusepenrerinis XABAPIIIBICEHL
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



Humidity sensing properties of carbon nanowall films synthesized by CCP-PECVD

Figure 8. Principal Component Analysis (PCA) biplot of SEM-EDS point spectra (n = 196) from six archae-
ological ceramic fragments (S-1-S-6). Each marker represents a single EDS spectrum; marker shape
denotes the sample. Dashed ellipses represent 95% confidence regions of three compositional groups
identified by k-means clustering (k = 3): Cluster 1 - Ca, P-enriched spectra (carbonate and phosphate in-
clusions); Cluster 2 - Si, Al, K-dominant aluminosilicate matrix; Cluster 3 - Fe, Ti-enriched spectra (oxide
mineral inclusions). Cluster 1 - Ca, P-enriched spectra (carbonate and phosphate inclusions); Cluster 2 -
Si, Al, K-dominant aluminosilicate matrix; Cluster 3 - Fe, Ti-enriched spectra (oxide mineral inclusions).

Table 7. Distribution of SEM-EDS spectra across three k-means compositional clusters for each ce-
ramic sample (S-1, S-2, S-3, S-4, S-5, S-6), expressed as percentage of total spectra per sample.

Sample n total Cluster 1 (Ca, P) Cluster 2 (Si, Al, K) Cluster 3 (Fe, Ti)
S-1 28 14.3% (4) 85.7% (24) -
S-2 48 6.2% (3) 89.6% (43) 4.2% (2)
S-3 16 6.2% (1) 81.2% (13) 12.5% (2)
S-4 23 17.4% (4) 82.6% (19) -
S-5 54 13% (7) 79.6% (43) 7.4% (4)
S-6 27 11.1% (3) 77.8% (21) 11.1% (3)
Conclusion

This paper presents a comprehensive study of Shagantogay ceramics using Raman spectroscopy, X-ray mi-
crotomography, SEM-EDS elemental mapping, and multivariate statistical analysis to reconstruct ceramic production
technology in Eastern Kazakhstan. The analytical methods show good agreement. Raman spectroscopy identified
quartz, feldspar, anatase, hematite, calcite, and carbonaceous phases, while SEM-EDS confirmed Si-Al, Ti, Fe, and Ca
enrichment. Tomography revealed differences in porosity and internal structural heterogeneity. The preservation
of calcite in sample S-4 indicates firing below the CaCO, decomposition threshold, whereas hematite in sample S-6
suggests oxidizing conditions and higher firing intensity. Raman carbon band intensity ratios (HD/HG) indicate fir-
ing temperatures of approximately 700-900°C. Samples with higher carbonate or organic inclusion contents show
greater pore connectivity and heterogeneity, while denser aluminosilicate matrices correspond to the dominant
Si-Al-K PCA cluster. PCA and k-means clustering confirm that mineralogical differences are reflected in ceramic
composition. Overall, the results indicate that technological factors, including temper addition, homogenization, and
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temperature control, play an important role in determining the structural variability of the ceramics. The observed
similarity of the aluminosilicate matrices may suggest the use of compositionally similar raw materials; however,
the available data do not allow a definitive assessment of differences or similarities in clay provenance.
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AnpaaTtna. bys seprrey lllaFaHTOFal apxeosorusblK ecKkepTKinriHeH (MakaHLIbI ayaHbl, AGail 06JIbICHI,
KasaxkcraH Pecny6inkachl) TabbUIFaH KepaMUKa ChIHBIKTapbIH 3aMaHayy 6y36alThIH Tanjay ajicTepiH — PamaH
CMeKTPOCKOMUSACHIH, pEHTTeH/iK MUKPOTOMOTrpagUsHbI XKoHe 3HepTHUs-AUCIepCUS/IbIK PEeHTIeH/IiK CIEKTPOCKONHUACHI
6ap CKaHUPJIeYLIi 3JIeKTPOH/bIK MUKpocKonusiHbI (SEM-EDS) Kos1iZjaHa OTBIpHI, KellleH i 3epTTey HoTHXKeJIepiH
yCbIHaAbl. PaMaH ClIeKTPOCKONUACH KepaMHUKaHbIH MUHepaJl[iblK KYPaMbIHbIH IreTeporeH/li eKeHiH KepceTTi, OFaH
KBapll, aHaTas, faJja lnaTTapbl XoHe kapboHaT ¢asasnapsl Kipefi. PeHTreH/jik TOMOrpadusaIbIK 3epTTey KepaMHUKa
yJrinepiHiH ilmKi KypblIbIMbIH/A aUTapJIbIKTal albIpMaLIblIBIKTAP/bIH 6ap eKeHiH KepceTTi — ThIFbI3 api 6ipTeKTi
KYpbLJIBIMHAH 6acTal, OpraHUKaJblK TeKTeC KOCbIH/AbLIapbl 6ap XKoFapbl KeyeKTi KypbluIbIMFa Jelid. SEM-EDS
JlepeKTepi aHbIKTa/IFaH MUHepan/blK $pasanapMeH caliKec KeJleTiH 371eMeHTTIK KypaMHbIH BapMaTUBTIJITIH pacTa/pbl.
Byn apicTep/i KeleHAl Typ/ie KOJIJaHY KepaMHUKaJIbIK MaTepHaJIbl GipHelle JeHreije — pasablK KypaMbl, illkKi
KYDBLJIBICH] )K9HE 3/1eMeHTTep/iH Tapaaybl 60HbIHIIA — apTedaKTijepre 6apblHILA a3 9Cep eTe OThIPbII 3epTTeyre
MYMKiHAiK 6epfi. AnbiHFaH JiepekTep LllaraHToFall apXeoI0TUSI/IBIK eCKePKEePTKIlliHiH KepaMUKaChIHbIH, Ca3/bl
HeTi3iHiH KypaMbl MeH KYpPbUIbIM/BIK epeKLIeNiKTepiH cunaTTaiibl xaHe LIbiFbic KazakcTaHHBIH KEpaMUKaJbIK,
KellleHJiepiMeH o/laH api casibICThIpMaJIbl }KYMbIC XKYPTi3ye naiajabpl 60J1ybl MyMKiH.

Ty#iH ce3aep: Exxenri kepaMuka; KepaMUKaHbIH, MUKPOKYPBIJIBIMbI; peHTIeH/liKk MUKpOTOMOorpadus;
CKaHUpJIeyIi 3J1eKTPOH/BIK MUKpockonus (SEM); pamaH ciekTpockonusichl; lllaraHToFai apxeoJIorusi/IbIK, eCKepTKili
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$a30BbIid COCTAaB U MUKPOCTPYKTYPHasi HEOAHOPOAHOCTh JpeBHel KepaMHKH U3 BOCTOYHOTO
KaszaxcraHa: paMaHOBCKasi CHEKTPOCKOMNUS, PEHTTeHOBCKasi MUKpOoToMorpadus M CKaHUpyoLas
3JIEKTPOHHAs MUKPOCKOMUS

AHHoOTanms. /laHHOe Hcc/efloBaHMe NIPeACTaBJ/IseT pe3yIbTaThl KOMILJIEKCHOI'0 U3yyeHHusl pparMeHTOB
KEpaMUKHU C apxeoJioruieckoro namsTHuka lllarantorait (MakaHIIMHCKUHN palioH, obyacTb Abait, Pecniy6/rka
KazaxcTaH) ¢ ucro/ib30BaHUEM COBPEMEHHbIX HEpa3pylIaoIMX aHAJUTHYEeCKUX METO/I0B: paMaHOBCKOH
CIIEKTPOCKONHUHY, PEeHTIeHOBCKOH MUKpPOTOMOIrpadUuH M CKaHUPYOUlel 3J1eKTPOHHOW MUKPOCKONHUHU C
3HEeproAucIepCcCUoOHHON peHTreHOBCKOoU cnekTpockonueit (CIM-3/]C). PaMaHOBCKasi CHEKTPOCKOMHS BbIsIBUJIA
reTeporeHHbIM MUHePaTbHbIA COCTAB KePAaMHUKH, BKJIIOYAIHUM KBapL], aHATas3, 10JIeBbIe LINAaThl U KAp6OHATHBIE
¢asbl. PenTreHoToMorpaduyeckoe uccaeoBaHue NpoJeMOHCTPUPOBAJIO 3HAUUTEIbHbIE Pa3/IMYUs BO BHYTPEeHHEH
CTPYKType 00pa3Lj0B KepaMUKHU — OT IJIOTHOM U OJJHOPO/AHOH /10 BbICOKOIIOPHCTOM C BKJIIOUEHUSIMU OpPraHU4eCKOro
npoucxoxeHus. lanabie COM-3/IC noATBep UM BApUATUBHOCTb 3JIEMEHTHOI'0 COCTaBa, KOTOPasi KOPPeJIHUPYET C
BbISIBJIEHHbIMU MUHepalbHbIMU Qpa3aMu. [IppuMeHeHNe 3ITUX MeTO/I0B B KOMILIEKCe 103BOJIMJI0 U3YYUTh KepaMUyeCcKUH
MaTepHraJl Ha HeCKOJIbKUX YPOBHAX — Qa30Bblii COCTaB, BHyTPeHHEee CTPOeHMe U paclpesie/ieHHe 3JIeMeHTOB —
IpY MUHUMaJIbHOM BO3/ieHcTBUHY Ha apTedakThl. [lo1ydeHHbIe JaHHbIE ONMCBIBAIOT COCTAB [MIMHUCTON OCHOBBI U
CTPYKTYpHbIE 0COOEHHOCTH KepaMUKH apxeo/IorH4eckoro naMAaTHUKa lllaranTorast ¥ MOTr'yT ObITb [10JI€3HbI A5
JlaJibHel1Iell CPaBHUTE/NbHON paboThl C KepaMHUYeCKUMU KoMIlJlekcaMu BocTouHoro KasaxcraHa.

KiiodeBble ci10Ba: /lpeBHsIs KepaMUKa; MUKPOCTPYKTYpa KepaMHUKH; peHTTeHOBCKasi MUKpoToMorpadus;
CKaHUpYyoLas 3J1eKTpoHHas MUKpockonus (COM); paMaHOBCKas CIEKTPOCKOINHUSA; apXeoJ0THyeCcKU NaMATHHUK
lllarantorai
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Humidity sensing properties of carbon nanowall films synthesized by CCP-PECVD
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