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Abstract: This study aims to comprehensively characterize
coal extracted from three active mines in northeastern
Kazakhstan: Lenin, Saradyr, and Bogatyr. These mines
exploit two Carboniferous coal-bearing formations, Dolyn
and Karagandy. Dolyn, extracted by the Lenin underground
mine at a depth of 700m, contrasts with Karagandy, extracted
at depths up to 260m in Saradyr and Bogatyr. Six selected
samples from the Lenin, Saradyr, and Bogatyr mines under-
went various analyses, including proximate and ultimate ana-
lyses, elemental analyses (acid digestions with HCl + HNO3 +

HF, ICP-MS), and determination of mineral matter contents
(XRD and SEM-EDS). This research aimed to understand the
mode of occurrence of minerals and elements, technological
and environmental implications of the coal seams extracted
from these mines. Results indicate low sulfur and high ash
content in the organic matter of all samples. Quartz and
kaolinite dominate, with minor euhedral pyrite present in
all samples. Framboidal pyrite, iron oxides, and rare earth
element (REE)-bearing minerals are exclusively found in
Saradyr and Bogatyr samples. Quartz and kaolinite likely

reached the peat swamp through detrital processes, while
pyrite formation occurred through both syngenetic and epi-
genetic processes in the coal samples. Ratios like Cen/Cen, Eun/
Eun, Yn/Hon, and Gdn/Gdn suggest REE deposition in anoxic
hydrothermal water environments, possibly indicating a tuf-
faceous origin for the coal samples. Examining the elements’
mode of occurrence suggests their preferential association
with mineral matter. Strong positive correlations among ele-
ments like Al, K, Na, Ti, Ba, Be, Ni, Cr, Co, Ga, Sc, V, As, Pb, Cu,
Zn, and Zr, along with Eu and Sc of the REEs, suggest associa-
tion with ash yield, consistent with kaolinite and accessory
minerals. Comparative analysis of inorganic geochemical
composition of coal worldwide reveals notable depletion of
major, trace elements, and REEs in samples from all three
mines, suggesting limited economic interest. Furthermore,
coal samples containing trace elements pose minimal envir-
onmental impact.

Keywords: Karagandy, Bogatyr, Saradyr, trace elements,
coals, enrichment factor

1 Introduction

Understanding coal mineralogy, and geochemistry is crucial
for coal utilization and environmental management, impacting
quality, processing methods, and resource exploration [1–3].
Coal is a complex mixture of both organic and inorganic com-
ponents [4–6], formed through the diagenesis of organic
matter, and characterized by a diverse range of minerals [7]
and chemical elements [8–10]. Despite the inorganic fraction
typically being a small part of coal, many challenges associated
with coal are related to this component [11–14]. Inorganicmate-
rials in coal come from three main sources: a dissolved salt
within the water-filled spaces (pores) in coals with a low rank,
inorganic elements bound to organic compounds (into coal
structures as a chelate), and mineral compounds [11,15–17].
Inorganic components provide geological insights into deposi-
tion and coal-bearing sequences [18], play a crucial role in
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controlling trace element pollution during coal activities
[19,20], and have economic significance in exploring for essen-
tial trace elements, including rare earth elements (REEs, Y and
Sc), precious metals (Au, Ag, PGE), radioactive metals (U, Th),
and base metals (Al, Mg, Cu, Zn, Pb, etc.), and it has grown
significantly in recent years [21–25].

Recently,metals have been discovered in coals fromCentral
and Northeastern Kazakhstan. Coals from the Shubarkol deposit
contain Y (254 ppm), Nd (806 ppm), La (46 ppm), and Gd (335
ppm) [26]. In contrast, earlier literature reports from the Kara-
gandy coal basin contain Y (up to 54 ppm), Sc (up to 43 ppm), U
(6.4 ppm), and Th (11.4 ppm) [27,28]. Additionally, coals from the
Ekibastuz basin contain Ti and Zr (up to 1%), Y (up to 30 ppm), U
(2.5 ppm), and Th (3.1 ppm) [27–29].

Coals in Kazakhstan mostly occur in the Carboniferous
coal basins, but northeastern Kazakhstan hosts the largest
Carboniferous coal basins, including Karagandy, Tenyz-
Korzhinkol, and Ekibastuz, totaling 4,155 km² and holding
the region’s highest coal reserves, amounting to 54.4 billion
tons [27,28,30–32]. These areas are the primary target in
this study for preliminary assessment of coal evaluation
based on mineralogy and inorganic geochemistry of coals
for further detailed investigation. The Carboniferous coals
within these three basins vary in the number of total coal
seams, ranging from 6 to 80. The thickness of these coal
seams ranges from 1.5 to 100m. The mineable coal seams
(see Figure 1a–c) of the Carboniferous basins are primarily
located in the Karagandy basin, which hosts approximately

Figure 1: Geological map of three Carboniferous coal basins with active mining areas: (a) Ekibastuz (Bogatyr coal mine); (b) Tenyz-Korzhynkol (Saradyr
coal mine); and (c) Karagandy (Lenin coal mine).
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10 underground coal mines, including the active Lenin
mine, in the southwest Ekibastuz basin, which produces
from the Bogatyr mine, in the east Tenyz-Korzhynkol
basin, producing from the Saradyr mine. Mineralogy and
geochemistry studies are still lacking for coals from the
Saradyr and Bogatyr coal mines, as well as from Lenin,
whereas similar studies have been conducted for one of
the underground mines in the Karagandy coal basin, as
reported in the literature [33]. Kopobayeva et al. [33] con-
ducted parallel research on the “k7” seam of the Karagandy
coal basin, finding trace elements (Ge, Ga, Se, Li, Th, U, and
REE + Y), with most trace elements positively correlated
with aluminosilicates components, suggesting an affinity
with kaolinite clay minerals.

The Carboniferous coals are primarily classified as
bituminous coal, known for their high ash content and
varying sulfur levels, often exhibiting coking properties
[27,28]. Within the Carboniferous coal basins, the coals differ
in petrographic quality, predominantly composed of vitrinite
(81%), liptinite (11%, mostly sporinite), and inertinite (8%).
Vitrinite reflectance measurements indicate that the thermal
maturity of the coals ranges from approximately 0.5 to 1.3%
across the basins, as reported in earlier studies [27,28].

The aim of this study is to provide a preliminary ana-
lysis of the inorganic components in coals from three coal
mines, addressing a key gap in knowledge regarding coal
composition and its broader implications. The research
focuses on areas with limited prior investigation and
examines the mineral and elemental compositions of these
coals, including their modes of occurrence, technological
implications, and potential environmental impacts. By pro-
viding these preliminary insights, the study seeks to enhance
understanding of Kazakh coals and contribute valuable
knowledge to their industrial applications and environ-
mental considerations.

2 Geological settings

The geological evolution of the coal deposits at Lenin, Saradyr,
and Bogatyr, associatedwith the Karagandy, Tenyz-Korzhinkol,
and Ekibastuz Carboniferous coal basins, respectively, has
been extensively documented by various authors [27,28], and
our understanding of their geological development within
active mining areas is based on this research.

The Ekibastuz coal basin is restricted to the asymme-
trical graben-syncline (8.5 × 24 km), and extends in the
northwestern direction. It is bounded in the northeast
and southeast by large faults with amplitudes of 1,000m and
150m, respectively. The Lower Carboniferous sequence shows

coal-bearing formations of Nadkaraganda, Karagandy, Ashlyar,
and Akkuduk, alternating with dark grey mudstone, siltstone,
and green find-grained sandstones. The maximum depth of
coal occurrences ranges between 530 and 680m below the
surface (Figure 1a).

The Teniz-Korzhynkol coal basin occurs as a large bra-
chysynclinal structure (20 × 20 km2) including four small
syncline structures of Qosmurun, Qyzylsor, Bozshasor, and
Saradyr, formed as coal deposits, currently mined by open-
pit only from the Saradyr coal deposit. A depth of coal
occurrences reaches up to 1,800 m below the surface.
Coal seams are found in the Lower Carboniferous forma-
tions of Karagandy, Ashlyar, and Akkuduk, occurring within
sedimentary rocks of grey to dark clay, marl, mudstone,
sandstone, and siltstone. The basin covers more magmatic
intrusions than other basins. Magmatic intrusions are pri-
marily composed of granite-porphyry and include dikes,
sills, and a deeply buried batholith in contact with highly
metamorphosed coals (Figure 1b).

The Karagandy coal basin has the largest area in
Kazakhstan, a deep synclinal W-E striking structure with
a width ranging from 30 km north to south, and a length of
120 km east to west. It hosts three synclinal troughs of
Tentek, Churubay-Nurun, and Dubov separated by the
Alabas and Maikuduk uplifts. The Carboniferous sequence
ranges around 4,500m in thickness. Coal is found in the
Lower-Middle Carboniferous and the Lower-Middle Jurassic
formations. Depths of the Carboniferous coal formation are
up to 1,800m while the Jurassic coal formation varies from
300 to 450m. The Lower-Middle Carboniferous coal forma-
tions consist of deep coal seams in the Akkuduk, Ashlyar, and
Karagandy formations, while the Nadkaragandy, Dolyn,
Tentek, and Shahan formations contain shallow coal seams.
Additionally, besides the Carboniferous period, coals in the
Karagandy basin also formed during the Jurassic period
(Figure 1c). The primary focus of coal extraction at Lenin
mine is the Dolyn coal formation, which is 430–560m thick
and contains 11 thin coal seams ranging from 0.6 to 6m in
thickness. Currently, seam number 6, known as D6, is being
mined.

There are two major cycles of Carboniferous coal accu-
mulation documented in northeastern Kazakhstan: the
Lower Carboniferous cycle, represented by the Akkuduk,
Ashlyar, and Karagandy formations, and the Middle-Upper
Carboniferous cycle, characterized by the Dolyn, Tentek,
and Shahan formations (Figure 2). The Karagandy coal
basin includes both of these Carboniferous cycles, while
the Tenyz-Korzhinkol and Ekibastuz basins exhibit only
the Lower Carboniferous cycle. The coal-bearing sedimen-
tary sequences of these three Carboniferous coal basins are
represented by three divisions. Their lowest horizons are
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characterized by marine carbonate-clay sediments, chan-
ging upward along the section by a thick complex of first
coastalmarine and then continental sandy-clayey coal-bearing
sediments. The marine carbonate rocks were formed during
the Devonian period, which serves as the basement rocks for
the Carboniferous coal formations of the three coal basins.
The most productive coal-bearing formations belong to the
Lower Carboniferous across all three basins, while those
from the Lower-Middle Carboniferous are found exclusively
in the Karagandy coal basin (Figure 2).

The three Carboniferous basins begin with the Akkuduk
formation, which is non-productive. Productive coal forma-
tions span from the Ashlyar to the Karagandy formations
across all basins. However, the Karagandy basin extends
further, encompassing productive coal formations from
Nadkaragandy, Dolyn, and continuing to Shahan.

The thickest seam, D6 from the Dolyn formation, is
currently mined at the Lenin mine. The other two coal
mines of Saradyr and Bogatyr are actively engaged in
coal production, focusing on the Karagandy coal forma-
tion, which shares similar names with the formations in
the Ekibastuz and Tenyz-Korzhynkol coal basins.

3 Materials and methods

3.1 Study area and sample collection

The study area encompasses three major Lower-Middle
Carboniferous coal mines of Lenin, Saradyr, and Bogatyr
in northeast Kazakhstan (Figure 3a–c). Sampling at these

Figure 2: Stratigraphy of three basins along with their associated active mining and sampling areas (Lenin in Karagandy basin; Saradyr in Tenyz-
Korzhynkol basin; and Bogatyr in Ekibastuz basin).
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mines was specifically chosen due to their status as the
country’s oldest coal deposits, featuring extensive sedimen-
tary deposition, high ash yield, substantial reserves, and
significant mining activity, which makes them crucial for
both industrial applications and environmental studies.

Sampling was conducted across three operational coal
mines Lenin, Saradyr, and Bogatyr. A total of six samples
were collected and studied from working and exposed coal
seams at the three locations. Using a grab sampling method,
samples were collected from the top portion of a single coal
seam at each mine and then combined through compo-
site sampling to conduct a comprehensive analysis, which
involved integrated mineralogical and inorganic geochem-
ical investigations.

The six coal samples were selected: two samples from
workable coal seam No 6 within the Dolyn coal formation
in the underground Lenin mine (located in Shahtinsk
town) at a depth of approximately 700m; and four samples
from the Saradyr (near Yerementau town) and Bogatyr

(near Ekibastuz city) open-pit coal mines, ranging in depth
from 140 to 260m. All samples were stored in plastic bags
to minimize potential contamination and oxidation. The
coal samples are labeled as D1 and D2 (as sampled from
Dolyn) from the Lenin mine, B1/0 and B1/1 (as sampled from
seam No 1 out of three total seams) from the Bogatyr mine;
and S1 and S2 from Saradyr mine.

3.2 Analytical methods

3.2.1 Sample preparation

The coal samples were prepared as polished blocks, pow-
dered coal samples, and coal ash (coal combustion resi-
duals). To obtain polished blocks, each sample underwent
preparation, facilitating subsequent analysis through scan-
ning electronmicroscopy. For the preparation of powdered

Figure 3: General overview map of three active coal mining areas: (a) Lenin underground mine (identified as Dolyn); (b) Saradyr coal mine; and (c)
Bogatyr coal mine. The star symbol denotes the locations where coal sampling took place (a satellite map, Google Earth Pro 7.3).
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coal samples, 2 g of each coal sample was accurately
weighed and crushed to particle sizes ranging from ∼50
to 200 μm using an agate mortar and pestle. These powder
samples were then prepared for bulk and elemental, prox-
imate, and ultimate analyses.

Additionally, 1 g of powdered coal was weighed in a
porcelain crucible to obtain coal ash and heated in an open
muffle furnace (Carbolite ELF 11). This process involved
two phases: first at 500°C for 30min and then at 815°C
for 60min, followed by cooling after removal from the
muffle furnace. These coal ash samples were then pre-
pared for trace element (acid digestion) analysis, proposed
by several authors [34,35]; while the preparation of low-
temperature coal ash (LTA) for mineralogical composition
analysis was conducted at 150°C for 60min in a muffle
furnace (Carbolite ELF 11), based on protocol described
by various authors [36,37]. The detailed descriptions of
all prepared samples used in analytical methods are pro-
vided in the subsequent sections.

3.2.2 Proximate and ultimate analysis

The proximate analysis was performed to determine ash
yields and volatile matter content. Ash yields and volatile
matter were measured using a Simultaneous Thermal
Analyzer (STA 6000), in accordance with protocols described
by several authors [38–40]. Both parameters were deter-
mined by heating the sample at 900°C for 7min in a covered
crucible under a nitrogen atmosphere.

An organic elemental analyzer (OEA, Elementar UNICUBE)
for ultimate analysis determined the levels of selected organic
elements of C, H, S, and N, following ASTM D5373-16.

3.2.3 Mineralogical, major and trace element (acid
digestion) analyses

The six polished blocks were coated with carbon, and these
samples were investigated under a scanning electron micro-
scope in conjunction with energy-dispersive X-ray spectro-
scopy (SEM-EDS, Jeol JSM-IT200 LA) to observe minor mineral
characteristics and to determine elemental distribution in the
coal samples. The operating parameterswere set to 20 kV accel-
eration voltage and high vacuum mode.

In addition, minerals in the coal were determined
using LTA of coal on a Rigaku SmartLab X-ray diffract-
ometer (XRD) machine with a Ni-filtered Cu Kα X-ray source
(energy 8.04 keV and X-ray wavelength 1.5406 Å) and XRD
pattern was recorded with a step size of 0.01°, over a 2θ
interval of 2.6°–70° [41]. Further details demonstrating the

use of this technique for coal-related materials are given by
several authors [11,36,42,43]. The XRD evaluation of the LTA
was conducted at room temperature. The X-ray diffracto-
grams were subjected to quantitative mineralogical analysis
using Crystal Impact software (Match), following methods
from the literature [44].

Coal ash samples, each weighing 0.5 g, underwent the
6 ml HCl, 2 ml of HNO3, and 2ml of HF-lean hot block diges-
tion process, proposed by various authors [45,46]. The
heating of samples was up to 180°C for 1 h in a hot block
digestion system (HotBlock 200), and made syringe filtra-
tion with a 0.2-μm filter. Dilution factor - 100 ppb. The
filtrated liquids were then analyzed using ICP-MS (Thermo
Fisher Scientific iCAP RQ) equipment to determine the
quantities of major and trace elements. The digestion of
International Reference Materials and blanks involved pre-
paration and analysis following the same procedure. During
coal ash preparation and digestion, volatile elements like
mercury (Hg), arsenic (As), and selenium (Se) can be lost
due to high temperatures, and some trace elements may
be lost during acid digestion or filtration [47–49], all of
which have been considered in our analysis.

All analytical analyses and lab works were conducted at
the Core Facilities and laboratories of the School of Mining and
Geosciences, Nazarbayev University in Astana, Kazakhstan.

4 Results

4.1 Results of proximate and ultimate
analysis

Results from the proximate and ultimate of all coal samples
are presented in Table 1. The coal samples D1 and D2
demonstrate relatively low ash yields (up to 15%), the
highest C content (81.5 and 83.9%), and volatile matter

Table 1: Ranges of the values obtained from proximate and ultimate
analyses of the coal samples from three coal mines (Unit for all para-
meters: %)

Samples D1 D2 S1 S2 B1/0 B1/1

Ash yields (d) 15.0 12.0 40.0 36.5 55.1 36.2
Volatile matter (daf) 22.5 23.0 24.6 22.1 16.1 24.7
C (d) 81.5 83.9 56.3 40.0 31.6 58.1
H (d) 4.77 4.91 3.39 3.03 2.03 3.74
S (d) 0.2 0.2 0.5 0.3 0.5 0.4
N (d) 1.8 2.1 0.75 0.64 0.74 1.81

Note: d – dry basis; daf – dry, ash-free basis.
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(up to 23%). In contrast, the coal samples from Saradyr and
Bogatyr present comparatively low carbon content (31.6
and 58.1%) and high ash yields (36.5–55.1%). Volatile matter
contents (up to 24.7%) are similar to those from D6 sam-
ples. Furthermore, all samples demonstrate low sulfur con-
tents (0.2–0.5%); and relatively high nitrogen (up to 2.1%)
and hydrogen contents (up to 4.9%) in the D1 and D2 samples.
Conversely, Saradyr and Bogatyr samples show comparatively

lower nitrogen content (0.6–1.8%) and higher hydrogen content
(2–3.7%).

4.2 Mineralogical characteristics

Based on the results of XRD analysis, and SEM-EDS, the
samples primarily consist of kaolinite, quartz, and pyrite.
Additionally, SEM-EDS data also revealed the presence of
accessory minerals such as apatite, barite, chalcopyrite,
galena, monazite, rutile, ilmenite, and zircon. The miner-
alogical contents of the samples from the Bogatyr and
Saradyr mines are relatively similar to each other and
are comparable to those from the Lenin (Dolyn) mine
(Table 2 and Figure 4).

The dominant silicate mineral phases varied among
the studied samples, with quartz and kaolinite being parti-
cularly prominent. Quartz and kaolinite were identified as
the most dominant minerals in all samples. Kaolinite is
present as pore- and cell-fillings within the coal, whereas
quartz is observed as angular grains and occasionally as
particles exhibiting good abrasion, appearing as rounded
or subangular quartz grains, as shown in Figures 5–7. Addi-
tionally, pyrite was the only minor mineral detected in a
few samples by XRD. Accessory minerals, including chalco-
pyrite, barite, rutile, ilmenite, iron oxide, REE minerals,
and zircon, were detected in all samples except for those
from the Lenin mine, as identified during SEM-EDX studies.

Table 2: Mineral contents in six coal samples from the three coal mines,
measured by Low-temperature ashing X-ray diffraction (LTA-XRD)
and SEM

Minerals Samples

D1 D2 S1 S1 B1/0 B1/1

Quartz +++ +++ +++ +++ +++ +++
Kaolinite ++ ++ ++ ++ ++ ++
Pyrite ± ± + + + +
Apatite a
Fluorapatite a
Monazite a
Barite a
Iron oxide a
Rutile a
Ilmenite a
Zircon a
Chalcopyrite a a

Note: +++ - dominant phase >20 wt%, ++ – abundant phase 20–5 wt%,
+ – minor phase <5 wt%, and ± – detected in a few samples by XRD, a:
accessory mineral detected by SEM-EDS.

Figure 4: X-ray diffraction (XRD) patterns of six coal samples from three active mines. Abbreviations: Q-quartz; K-kaolinite; P-pyrite.
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Figure 5: Selected SEM microphotographs (backscattered images) of crystalline phases in the studied coal samples: (a) D1 sample, individual kaolinite
crystal; and (b) D2 sample, detailed view of a framboidal pyrite.

Figure 6: Selected SEMmicrophotographs (backscattered images) of crystalline phases in coal samples S1 (a–d) and S2 (e–f): (a) and (b) crystal growth
of quartz and pyrite surrounding sporinite fragment; (c) chalcopyrite crystals associated with kaolinite matrix; (d) monazite minerals associated with
kaolinite matrix; (e) euhedral pyrite crystals associated with coal pores; and (f) zircon crystal associated with kaolinite matrix.
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The accessory minerals, consistently found in association
with kaolinite crystal grains, were identified through SEM-
EDS analysis as cleat/pore-infilling minerals within the coal.

The samples of D1 and D2 are enriched in quartz and
kaolinite, with minor amounts of pyrite. Accessory minerals
were not observed in these samples (Figure 6a and b).

Figure 7: Selected SEM microphotographs (backscattered images) of crystalline phases in coal samples B1/0 (a–e) and B1/1 (f–g): (a) framboidal pyrite
and individual fluorapatite and apatite crystals associated with kaolinite matrix; (b) framboidal pyrite, quartz, and kaolinite; (c) chalcopyrite crystals
associated with kaolinite matrix; (d) barite associated with kaolinite matrix; (e) quartz and chalcopyrite crystals associated with kaolinite matrix; (f)
individual crystals of ilmenite and rutile, as well as quartz occurring within coal fractures; and (g) individual kaolinite crystals associated coal matrix.

Mineralogical and elemental analysis of Kazakh coals from three mines  9



Quartz occurs as grains of variable roundness (around
5–10 μm), kaolinite is mainly distributed along the bedding
planes and in the cleats of the coals, while pyrite occurs as
isolated euhedral pyrite particles with sizes ranging from 0.5
to 2 μm (Figure 5).

The samples from S1 and S2 primarily consist of quartz
grains with a size of around 25 μm, along with kaolinite
distributed along the bedding planes and in the cleats of
the coals. Additionally, minor amounts of euhedral pyrite,
with sizes of up to 10 μm, are observed in the samples.
Within the kaolinite grains, accessory minerals such as chal-
copyrite (10 μm), zircon (5 μm), and monazite (3–4 μm) were
identified within the coals (Figure 6a–f).

The samples from B1/0 and B1/1 are mainly composed of
quartz grains ranging in size from 5 to 10 μm. Additionally,

kaolinite is distributed along the bedding planes and in the
cleats of the coals within these samples. Minor amounts of
pyrite are also present, occurring in two forms: euhedral
(7 μm) and framboidal (10 μm). Accessory minerals, including
chalcopyrite (up to 10 μm), barite (3–5 μm), fluorapatite (4 μm),
and apatite (2 μm), were observed within the kaolinite grains.
Additionally, rutile (3 μm) and ilmenite (2 μm) were identified
as fracture-infilling minerals within the coals (Figure 7a–f).

4.3 Contents of major and trace elements

The geochemical composition of the major elements in the
samples generally exhibits similarities, with Al and Fe

Figure 8: The concentrations of major (a) and trace elements (b) in six coal ash samples from the three coal mines; and comparison of the mean
concentration values versus the WHC (c) and Clarke values for the Earth’s crust (CC) (d).
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being the most abundant elements, each exceeding 1%.
This is followed by lower concentrations of Ca, K, Mg, Na,
P, and Ti (<1%). Notably, the most abundant elements show
significantly higher concentrations in the majority of sam-
ples from the Saradyr and Bogatyr mines (Figure 8a). This
observation is attributed to the presence of kaolinite,
pyrite, and iron oxides, which were identified during
LTA-XRD and SEM-EDS studies.

In terms of trace elements, their contents are generally
similar among the samples from each area, except for
those from the Lenin mine. Samples from the Saradyr
and Bogatyr mines exhibit comparatively higher trace ele-
ment concentrations, with more than 250 ppb of Cu, Zr, V,
Zn, Mn, Sc, LREE, and REE, while other elements have
values lower than 250 ppb (Figure 8b). The mean values
of the trace elements show concentrations higher than 0.1
ppm for Zr, Cu, Sc, and V, while the remaining elements
have concentrations lower than 0.1 ppm. Furthermore, all
elements in the coal ash samples exhibit significantly lower
concentrations compared to trace element concentrations
in world hard coal combustion (WHC) [9] (Figure 8c). While
the average values of the major elements Al, K, Ti, P, and Ba

in the coal ash samples from Saradyr and Bogatyr, except
for those from Dolyn, are higher than the average Clarke
values for the Earth’s crust (CC), the remaining major ele-
ments, such as Ca, Fe, Mg, and Na, are lower than the CC
[9,50,51] (see Table 3; Figure 8d).

In comparison to the average Clarke values for the
Earth’s crust (CC), the concentrations of trace elements in
the samples are all lower than those values [9,50,51] (Table 3;
Figure 8d).

4.4 Contents of REE in coal ashes

The results of REEs analysis were presented for samples
from Saradyr and Bogatyr mines, as samples from Dolyn
either showed no detectable REE or had content below the
limit of quantification of the ICP-MS (Table 4). This was further
confirmed by SEM-EDS analysis. ICP-MS was employed to
assess the quantity and distribution of REE in the four coal
ash samples, as presented in Table 4 and Figure 9. Coal,
derived from the upper layers of the Earth’s crust and sharing

Table 3: Major and trace element concentrations in coal ash samples after acidic leaching, compared to the average geochemical composition of
WHC and CC

Elemental content of samples (trace elements in ppb) Mean value (trace elements in ppm)

Element D1 D2 S1 S2 B1/0 B1/1 Dolyn Saradyr Bogatyr WHC CC

Al (%) 6.5 5.1 16.8 21.7 21.3 4.6 5.8 19.2 12.9 n.a. 8.23
Ca (%) 1.3 0.3 0.5 0.6 1.0 0.9 0.8 0.5 0.9 n.a. 4.15
P (%) 0.12 0.12 0.05 0.14 0.09 0.22 0.12 0.095 0.31 0.15 0.10
Fe (%) 1.4 1.1 0.8 9.1 3.3 0.2 1.25 4.9 1.7 n.a. 5.63
K (%) 0.2 0.2 2.3 3.9 2.5 0.2 0.2 3.1 1.3 n.a. 2.09
Mg (%) 0.4 0.1 0.2 0.5 0.1 0.3 0.25 0.3 0.2 n.a. 2.33
Na (%) 0.2 0.1 1.4 2.6 1.3 0.8 0.15 2 1.05 n.a. 2.36
Ti (%) 0.1 0.8 1.5 3.3 1.9 0.2 0.45 2.4 1.05 0.53 0.57
Ba (%) 0.025 0.116 0.042 0.017 0.38 0.02 0.070 0.030 0.20 0.98 0.04
Ag n.a. n.a. 0.5 1.74 1.33 n.a. n.a. 0.001 0.001 0.63 0.12
As 20.2 13.9 16.5 37.62 117.5 14.4 0.017 0.03 0.066 46 7.6
Be 1.6 1.0 7.2 8.40 9.7 1.0 0.003 0.007 0.005 12 1.9
Co 3.8 2.0 16.1 18.8 60.8 8.1 0.003 0.017 0.034 37 25
Cr n.a. 12.4 38.2 69.9 47.2 35.1 n.a. 0.054 0.041 120 100
Cu 44.7 48.3 196.6 217.5 262.2 82.0 0.046 0.20 0.172 110 55
Ga 9.5 6.8 54.8 113.6 78.5 10.6 0.008 0.084 0.044 36 15
Li 54.4 49.9 135.9 272.1 81.8 24.2 0.052 0.204 0.053 82 33
Mn 51.7 29.2 39.5 282.8 113.8 64.6 0.040 0.612 0.089 430 830
Ni n.a. n.a. 8.8 14.2 53.4 5.5 n.a. 0.011 0.029 100 37
Pb 7.6 6.1 137.8 75.1 73.4 3.8 0.007 0.106 0.038 55 12.5
Zr 78.2 33.2 545.3 696.0 565.8 79.9 0.056 0.620 0.322 230 165
V 200.0 83.1 343.0 442.7 415.1 48.1 0.141 0.392 0.231 170 135
Zn 16.4 n.a. 499.3 35.8 331.3 28.2 0.008 0.267 0.179 170 70
Th n.a. n.a. 16.0 9.1 n.a. n.a. n.a. 0.012 n.a. 23 9.6

Note: n.a. – data not available; WHC – Worldwide hard coal combustion [9]; CC – Clarke values of the Earth’s crust [9,50,51].
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genetic similarities with the upper continental crust (UCC),
often normalizes REE found in coal or coal-related materials
to the average abundance of REEs in the UCC, aiding in the
comparison and understanding of their distribution and beha-
vior in coal samples within a broader geological context [52].
The total REEs (TREEs: light REE (La–Eu) and heavy REE
(Gd–Lu + Y)) observed in Saradyr were higher at 0.52 ppm
compared to Bogatyr at 0.38 ppm, yet they did not exceed the
average TREEs of world coal ash (435.5 ppm), US coal ash
(459.6 ppm), Chinese coal ash (473.0 ppm) or Clarke value of
the Earth’s crust (164.3 ppm), as reported by several authors
[9,53], see Table 5. This indicates that the REEs values in the
examined coal ash samples are relatively low.

The highest individual REEs values observed in bothmine
samples include comparatively much higher Sc (0.33–0.37
ppm), followed by Ce (13–50 ppb), Nd (5–23 ppb), Y (9–18
ppb), and La (6–21 ppb), while the concentrations of the
remaining REEs are all less than 6 ppb.

In this study, an important criterion proposed by
Seredin [54] was employed to evaluate both mine coal
ash samples as potential sources of REEs. This criterion,
known as the outlook coefficient (Coutlook), assesses the
quality of coal ash in coal deposits based on the ratio of

the sum of CREEs (critical elements Nd, Eu, Tb, Dy, Er, Y) to
the sum of UCREEs (uncritical elements Ce, Ho, Tm, Yb, Lu)
relative to TREEs (the sum or total content of all 17 REEs),
as shown in equation (1) [23].

Table 4: ICP-MS analysis results showing the concentration of REE (TREEs, Coutlook together with important REE ratios, UCC values [53], in coal ash
samples after the acidic leaching procedure

REE Isotope (m/z) LLOQ (ppb) Samples and elemental concentration (ppb) UCC (ppm)

S1 S2 Σelement (ppb) B1/0 B1/1 Σelement (ppb)

La 139 0.07 18.56 2.61 21.17 3.76 2.49 6.25 30
Ce 140 0.03 44.61 5.4 50.01 6.58 6.47 13.05 64
Pr 141 0.03 4.36 0.88 5.24 0.73 0.8 1.53 7.1
Nd 146 0 19.13 4.03 23.16 1.59 4.08 5.67 26
Sm 147 0.11 5.13 1.09 6.22 0.28 1.24 1.52 4.5
Eu 153 0 1.08 0.21 1.29 0.12 0.77 0.89 0.88
Sc 45 2.37 180.64 198.49 379.1 87.96 251.89 339.85 13.6
Gd 157 0.2 4.5 1.09 5.59 0.47 1.09 1.56 3.8
Tb 159 0.03 0.71 0.12 0.83 0.08 0.21 0.29 0.64
Dy 163 0 4.9 1.19 6.09 0.74 1.53 2.27 3.5
Y 89 0.04 15.34 2.83 18.17 4.66 4.41 9.07 22
Ho 165 0 0.85 0.21 1.06 0.2 0.31 0.51 0.8
Er 166 0.11 2.63 0.8 3.43 0.55 0.93 1.48 2.3
Tm 169 0.03 0.57 0.09 0.66 0.14 0.16 0.3 0.33
Yb 172 0 4.01 0.93 4.94 0.71 0.71 1.42 2.2
Lu 175 0.03 0.4 0.25 0.65 0.07 0.13 0.2 0.32
Σeach sample (ppb) 307.4 220.2 527.6 108.6 277.2 385.8
ΣTREEs (ppm) 0.52 0.38
ΣHREEs (ppm) 0.04 0.02
ΣLREEs (ppm) 0.48 0.36
ΣCREEs (ppm) 0.052 0.019
ΣUREEs (ppm) 0.038 0.010
Coutlook 1.3 1.9

Note: LLOQ – lower limit of quantification; UCC – upper continental crust.

Figure 9: The concentrations of REEs in four coal ash samples from the
two coal mines.
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The Coutlook values of both mine samples (1.3–1.9) sig-
nificantly exceed the Coutlook value of 0.64 for world coals,
as determined by Dai and Finkelman [23], indicating a high
potential industrial value for REEs [23] due to elevated
concentrations of CREEs, notably Y and Nd. Nevertheless,
the exceedingly lower concentrations of TREEs in these
coal samples compared to the world average TREEs indi-
cate a low economic value in the studied samples.

5 Discussion

5.1 Mode of occurrence of minerals, and
major and trace elements in coal

5.1.1 Modes of occurrence of minerals in coals

The in situ weathering of coal may involve natural oxida-
tion at low temperatures, resulting in changes to both
organic and inorganic components [58–61]. Considering
the effects outlined in the literature [61], it appears that

the studied samples may have been relatively minimally
affected by weathering processes (Table 6). The coal sam-
ples, except those from the Dolyn, exhibit high mineralo-
gical distribution, as confirmed by LTA-XRD and SEM-EDS
analyses. Quartz, a major mineral found in all coal sam-
ples, appears as variable rounded grains and is absent as
fracture fillings. It could be indicative of a detrital origin
and may also result from syngenetic alteration of alumino-
silicate minerals [11].

Kaolinite is predominantly distributed along the bed-
dings and in the pores of the coals in all samples. According
to Ribeiro et al. [62] kaolinite, likely derived from the
weathering of detrital materials, is found in the pores
and cell cavities of coals, suggesting a possible authigenic
origin [12]. The low sulfur content (up to 0.5%) observed in
all coal samples may suggest a non-marine origin, poten-
tially indicating deposition in lacustrine and swamp envir-
onments [12]. As previous authors investigated these coal
formations also confirmed this concept [27,28].

Pyritemay vary as the predominant sulfidemineral in all
coals [11,63,64], with its concentration varying significantly
among different coal samples. Euhedral pyrite appears to
be more abundant than framboidal pyrite, with both types
being exclusively found in samples from Bogatyr (Figure 10a),
which may be associated with slightly higher total sulfur
contents 0.84 and 0.93%. The deposition of pyrite, in the
absence of marine influence and the low sulfur presence in
the coals likely reflects conditions during the peat accumula-
tion stage, including a high-water table, high pH, and low Eh
environment [12]. Euhedral pyrite often appears to fill the

Table 5: Comparison of the abundances of REEs in coal ash from around
the world, including the US and China (Sc value not available)
(Unit: ppm)

REE US
coal
asha

Chinese
coal ashb

World
coal ashc

Clarke value
of the crustd

La 73.5 84.4 73.1 32
Ce 161.6 176.8 156.8 52
Pr 17.2 19.1 17.0 6.8
Nd 74.3 75.3 71.2 24
Sm 14.3 13.7 13.2 5.5
Eu 3.0 2.5 2.6 0.94
Gd 14.8 14.1 13.5 4.0
Tb 2.3 2.0 2.0 0.69
Dy 12.3 11.3 11.0 3.6
Y 68.2 57.4 58.5 29
Ho 2.2 2.2 2.1 0.92
Er 7.7 6.5 6.9 1.7
Tm 1.0 0.9 0.9 0.78
Yb 6.5 5.9 5.8 2.0
Lu 0.9 0.9 0.8 0.44
TREEs
(ppm)

459.6 473.0 435.5 164.3

Note: aUS coal ash from [52,55]; bChinese coal ash from [6,16,52,56,57];
cWorld coal ash, and dClarke value of the crust from [9].

Table 6: Depositional characteristics of minerals from all coal samples
were conducted using XRD and SEM-EDS. Solid lines denote confirmed
minerals, while dashed lines represent possible identifications
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pores and cavities in organic matter, while syngenetic pyrite
is rarely found as individual framboids associated with coals.
These modes of crystallization may suggest that pyrites are
predominantly formed through epigenetic processes, with
some contribution from syngenetic processes. This occur-
rence could imply sulfide mineralization during or shortly
after peat accumulation [12]. Accessory minerals are closely
associated with kaolinite grains in all studied samples. Indi-
vidual grains of accessory minerals (Figure 10b–d; Table 6)
were challenging to locate in the samples, potentially due to
their small size, sporadic distribution, and minute dimen-
sions. Among these minerals were sulfide minerals such as
chalcopyrite, with a size of 2 μm and an epigenetic origin.
Sulfate minerals such as barite were very rare, only found
in the sample of B1/0. Additionally, rare earth element (REE)
minerals, like monazite, were observed, with a size around
2 μm in samples of Saradyr and apatite minerals in the sam-
ples of Bogatyr.

The mineral occurrence in the samples from all three
mines may be predominantly characterized by syngenetic

minerals, followed by epigenetic minerals, which could con-
tribute to higher ash yields and volatile matter contents.

The observed detrital minerals and lack of marine
organic matter in the studied samples are consistent with
the continental depositional environment inferred for these
coal formations, likely representing fluvial or lacustrine
deposits [65].

5.1.2 Mode of occurrence of major and trace elements in
coals

Understanding the distribution of major and trace ele-
ments in coal involves recognizing their occurrence within
both organic and inorganic phases [7,66]. The elemental
composition of coal is influenced by the conditions pre-
vailing during its formation and may undergo alterations
throughout the coalification process [67]. This knowledge is
crucial for assessing the potential environmental impact
when coal is mined, stored, or utilized [8,11,22]. It may

Figure 10: Selected SEM images and EDS spectra of samples. (a) General view of sample B1/0 showing the occurrence of pyrite crystals (EDS spectrum
1); (b) Sample B1/1, the individual crystal of iron oxides (EDS spectrum 2). Sample S1: (c) Detailed view of minor-sized chalcopyrite crystal (EDS
spectrum 3), and (d) Detailed view of tiny-sized monazite (Ce) crystal associated with kaolinite matrix (EDS spectrum 4).
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also play a significant role in evaluating strategies to
reduce specific element contents in coal products through
selective mining and preparation processes [11,15,68].

The investigation into the elemental occurrence within
the studied samples involved the usage of Pearson’s corre-
lation coefficients. These coefficients, ranging from −1 to 1,
signify the extent of the linear relationship between two
metric variables, organic carbon content (OC) and ash
yields. Thus, the correlation of the element concentrations
with ash yield derived from Pearson’s correlation may
offer insights into the organic and inorganic affinities of
the elements [69–72]. The classification proposed by Kus
et al. [61] divides elements based on their correlation with
ash yields into three groups: (i) elements with a strong
positive correlation (rash > 0.5) are associated with inor-
ganic content, (ii) elements with a significant negative cor-
relation (rash < −0.5) are linked with organic content, and
(iii) elements with correlation coefficients (−0.5 < rash < 0.5)
exhibit intermediate affinity (both organic and inorganic).

The results suggest (Table 7; Figure 11) a possible divi-
sion of elements into two groups based on their correlation
coefficients. The first group, including elements such as Al,
K, Na, Ti, Ba, Be, Ni Cr, Co, Ga, Sc, V, As, Pb, Cu, Zn, and Zr
shows a significant positive correlation (rash > 0.5) with ash
yield, suggesting a preference for association with mineral
matter. The second group, consisting of Fe, Mn, Mg, P, Li,
Th, and Ca, exhibits correlation coefficients below statisti-
cally significant values (−0.5 < rash < 0.5), which may sug-
gest an intermediate organic–inorganic affinity [61].

The strong correlation observed between Al and ash
yield, coupled with elevated ratios like Al/K, Al/Ti, Al/Fe, Al/
Na, Al/Zr, and Al/Cu, suggests the presence of kaolinite and
its possible association with accessory minerals (rutile,
ilmenite, chalcopyrite, pyrite, zircon, etc.), as confirmed
by SEM-EDS analysis.

No clear positive correlations were observed between
Ca and Mg with ash yields, which may be consistent with
findings from other authors [61]. Additionally, elements
such as Fe, Th, P, Li, and Mn also lacked significant cor-
relations. The absence of significant positive or negative
correlations between Ca and Mg indicates the absence of
carbonate minerals. Additionally, Fe is primarily associated
with iron oxides and framboidal pyrite (of sulfate-reducing
bacteria origin) within organicmatter, demonstrating organic
affinity, and with euhedral pyrite, found with kaolinite
indicates an inorganic affinity. Other elements (P, Th, Li,
Mn) do not show positive correlations with each other and
are found between inorganic and organic fractions, sug-
gesting that they are not primarily derived from minerals.
These observations are supported by analyses from ICP-
MS, LTA-XRD, and SEM-EDS. Table 7 presents p-values
used to estimate the probability of replicating statistically
significant results from an initial study, including for cor-
relation coefficients. Each correlation coefficient in the
matrix is paired with a significance level (***p < 0.001,
**p < 0.01, *p < 0.05, p ≥ 0.05, not significant). These sig-
nificance levels help assess the strength of the correlations
and the confidence in rejecting the null hypothesis, aiding
in the evaluation of the reliability of results for future
studies.

5.1.3 Mode of occurrence of REE in coals

The occurrence of REE within the studied coal samples was
analyzed using Pearson’s correlation coefficients. These
coefficients, ranging from −1 to 1, indicate the strength of
the linear relationship between two metric variables: OC
and ash yields. Based on the correlation results, three dis-
tinct groups of elements show: Eu and Sc show a positive

Table 7: Pearson correlation coefficient matrix (r) between geochemical parameters for six coal samples

Sc  La  Ce  Pr  Nd  Sm  Eu  Gd  Tb  Dy  Y  Ho  Er  Tm  Yb  Lu  Ash OC
Sc  1.000
La  -0.062 1.000
Ce  0.001 0.998 1.000
Pr  0.031 0.995 0.998 1.000
Nd  0.146 0.976*** 0.987 0.993 1.000
Sm  0.200 0.964*** 0.978*** 0.986 0.998 1.000
Eu  0.526 0.746 0.784* 0.781* 0.826* 0.851** 1.000
Gd  0.159 0.973*** 0.984 0.991 0.9999 0.999 0.829* 1.000
Tb  0.177 0.969*** 0.983 0.984 0.992 0.993 0.880** 0.992 1.000
Dy  0.178 0.971*** 0.984 0.988 0.997 0.998 0.863** 0.997 0.998 1.000
Y  -0.036 0.993 0.994 0.985 0.968*** 0.958*** 0.794* 0.964*** 0.976*** 0.971*** 1.000
Ho  0.141 0.977*** 0.988 0.987 0.991 0.991 0.869** 0.990 0.999 0.997 0.983 1.000
Er  0.173 0.972*** 0.985 0.989 0.999 0.999 0.854** 0.999 0.997 0.9998 0.969*** 0.996 1.000
Tm  0.028 0.988 0.993 0.985 0.975*** 0.969*** 0.832* 0.972*** 0.987 0.981 0.998 0.992 0.979*** 1.000
Yb  0.021 0.993 0.996 0.999 0.992 0.984 0.761* 0.990 0.978*** 0.984 0.979*** 0.981 0.986 0.978*** 1.000
Lu  0.277 0.833* 0.848* 0.878** 0.908** 0.911** 0.659 0.913** 0.859** 0.885** 0.783* 0.848* 0.894** 0.795* 0.890** 1.000
Ash 0.750 -0.187 -0.134 -0.145 -0.069 -0.021 0.504 -0.063 0.033 -0.002 -0.092 0.013 -0.019 -0.036 -0.176 -0.200 1.000
OC -0.856*** 0.569 0.515 0.489 0.384 0.334 -0.048 0.372 0.356 0.356 0.543 0.389 0.360 0.487 0.496 0.203 -0.716 1.000

1 0.0 -1-0.50.5

Pearsons's correlation

p-vaules:

***p < 0.001;  **p < 0.01; *p < 0.05;  p ? 0.05     
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correlation (0.5–0.75) with ash content (1), while elements
La, Ce, and Y exhibit positive correlation (up to 0.56) with
organic matter (2). The remaining elements (Pr, Nd, Sm, Gd,
Tb, Dy, Ho, Er, Tm, Yb, and Lu) are classified into the
intermediate affinity group (3), see Table 8 and Figure 12
for details. Table 8 presents p-values estimating the like-
lihood of replicating statistically significant findings from
the REE distribution study, particularly for correlation
coefficients. Each correlation coefficient in the matrix is
accompanied by a significance level (***p < 0.001, **p <

0.01, *p < 0.05, p ≥ 0.05, not significant), indicating both
the strength of the correlation and the confidence in
rejecting the null hypothesis.

Dai and Finkelman [23] have proposed that the ratios
Lan/Lun, Lan/Smn, and Gdn/Lun highlight anomalies in REE
enrichment and offer insights into REE accumulation during

coal formation. Analyzing the Lan/Lun, Lan/Smn, and Gdn/Lun
ratios for each sample suggests that the Saradyr and Bogatyr
coals may exhibit ratios Lan/Lun < 1, Lan/Smn < 1, and Gdn/
Lun < 1, shown in Table 8. This suggests that these coals are
characterized by an H-type distribution [23]. The different H-
type distribution observed in REEs-bearing coal ashes of
different genetic types, suggesting a wide distribution of
natural waters enriched in REEs within coal basins. This
frequent occurrence of H-type distribution in coals may
potentially be attributed to the circulation of these REE-
enriched waters [23], see Table 9.

The Cen/Cen ratio of the four coal samples shows
weakly negative to no significant anomalies. The approx-
imate ratio of 1 obtained for the Cen/Cen ratios of the four
samples suggests REEs deposition due to an anoxic hydro-
thermal water environment [56,73]. This indicates a pos-
sible tuffaceous origin for these coal samples.

Furthermore, both mine samples exhibit positive Eu
anomalies, with Eun/Eun > 1, likely due to high apatite con-
tents in the coal [56]. The Eun/Eun ratio is 0.9 and 3.13 for
the Saradyr and Bogatyr samples, respectively, which may
suggest positive Eu anomalies. SEM-EDS analysis also indi-
cated the possible presence of apatite/fluorapatite in the
samples.

The Gdn/Gdn ratio ranges between 0.99 and 1.62 for the
four samples, indicating a weak positive anomaly. This
suggests that hydrothermal injections may have contrib-
uted to Gd input into the coal strata [56].

Additionally, the utilization of the Yn/Hon ratio reveals
the decoupling of geochemical twins Y and Ho, with the
four samples showing a ratio between 0.49 and 0.84. This
suggests a weak negative yttrium anomaly compared to the
UCC, suggesting Yttrium accumulation may occur due to
aqueous or highly evolved magmatic systems, particularly
those with a high complexing capacity with basaltic and
felsic-intermediate terrigenous materials [56].

Figure 11: Correlation coefficient between major, trace elements, and
ash yield/OC.

Table 8: Pearson correlation coefficient matrix (r) between parameters for the four coal samples from the two coal mines (blue-positive and red-
negative correlation)

Sc  La  Ce  Pr  Nd  Sm  Eu  Gd  Tb  Dy  Y  Ho  Er  Tm  Yb  Lu  Ash OC
Sc  1.000
La  -0.062 1.000
Ce  0.001 0.998 1.000
Pr  0.031 0.995 0.998 1.000
Nd  0.146 0.976*** 0.987 0.993 1.000
Sm  0.200 0.964*** 0.978*** 0.986 0.998 1.000
Eu  0.526 0.746 0.784* 0.781* 0.826* 0.851** 1.000
Gd  0.159 0.973*** 0.984 0.991 0.9999 0.999 0.829* 1.000
Tb  0.177 0.969*** 0.983 0.984 0.992 0.993 0.880** 0.992 1.000
Dy  0.178 0.971*** 0.984 0.988 0.997 0.998 0.863** 0.997 0.998 1.000
Y  -0.036 0.993 0.994 0.985 0.968*** 0.958*** 0.794* 0.964*** 0.976*** 0.971*** 1.000
Ho  0.141 0.977*** 0.988 0.987 0.991 0.991 0.869** 0.990 0.999 0.997 0.983 1.000
Er  0.173 0.972*** 0.985 0.989 0.999 0.999 0.854** 0.999 0.997 0.9998 0.969*** 0.996 1.000
Tm  0.028 0.988 0.993 0.985 0.975*** 0.969*** 0.832* 0.972*** 0.987 0.981 0.998 0.992 0.979*** 1.000
Yb  0.021 0.993 0.996 0.999 0.992 0.984 0.761* 0.990 0.978*** 0.984 0.979*** 0.981 0.986 0.978*** 1.000
Lu  0.277 0.833* 0.848* 0.878** 0.908** 0.911** 0.659 0.913** 0.859** 0.885** 0.783* 0.848* 0.894** 0.795* 0.890** 1.000
Ash 0.750 -0.187 -0.134 -0.145 -0.069 -0.021 0.504 -0.063 0.033 -0.002 -0.092 0.013 -0.019 -0.036 -0.176 -0.200 1.000
OC -0.856*** 0.569 0.515 0.489 0.384 0.334 -0.048 0.372 0.356 0.356 0.543 0.389 0.360 0.487 0.496 0.203 -0.716 1.000

1 0.0 -1-0.50.5

Pearsons's correlation

p-vaules:

***p < 0.001;  **p < 0.01; *p < 0.05;  p ≥ 0.05     
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Ultimately, the REEs accumulation within these coal
deposits may be attributed to basaltic and felsic-inter-
mediate terrigenous materials.

5.2 Technological implications

The enrichment factor of trace elements in the studied sam-
ples was calculated using the reference values established
for WHC by Ketris and Yudovich [9]. The enrichment factor
quantifies whether elements are enriched or depleted and is
determined by comparing the trace element concentration
in the studied coal ash samples to the corresponding value
established for the WHC reference. All major and trace ele-
ments in the studied samples show an enrichment factor of
less than 0.204 (Ba) compared toWHC (Figure 13). According
to the classification of concentration coefficient (CC) by Dai
et al. [56], the enrichment factor of all elements in the stu-
died samples is considered as depleted, as indicated by CC

values <0.5. Only two elements, Ba (CCmean = 0.204) in the
samples of Bogatyr and Sc (CCmean = 0.007) in the samples of
Saradyr and Bogatyr, exhibit comparatively higher concen-
trations compared to other elements. However, overall, the
data indicate significantly depleted concentrations of trace
elements in the studied samples, suggesting limited techno-
logical and economic interests in trace elements in the cur-
rent samples.

5.3 Environmental implications

As Bugaru and Rujoiu [74] noted, the environmental impact
elements associated with coals include As (0.12–0.3 ppm), Sb
(45 ppm), Hg (1,500 ppm), Pb (500 ppm), Cu (1–1.5%) Cd
(0.1%), Bi (0.8%), Ag (1%), Zn (0.3–0.5%), Cr (0.5%), Mn
(0.5%), and Ba (0.4%), shown in parentheses the concentra-
tions considered harmful to the environment. These che-
mical elements originate from both associated minerals
and transformation processes during combustion [74]. It is
well-established that environmental impact elements in coal
tend to be associated with mineral matter, particularly
in high-ash coal containing significant amounts of heavy-
metal-bearing minerals like pyrite, barite, and rutile/ilme-
nite. During coal combustion, ashes become enriched with
trace elements, often reaching concentrations 3–10 times
higher than those in the original coal. Remarkably, these
elements are not released during combustion, as evidenced
by the consistent concentration ratios found in both ash and
original coal [75]. The comparison in Figure 14 illustrates the
concentrations of trace elements in samples from three
mines against standard harmful thresholds, based on proto-
cols described in the literature [74]. The findings suggest that
the trace element-bearing coal samples position minimal
environmental impact, as key toxic elements such as, Pb,
Cu, Zn, and Cr exhibit concentrations below 0.26 ppm.
Even Ag, which is typically significant at harmful levels,
does not show sufficient values in the samples, contrasting

Figure 12: Correlation coefficient between elements and ash yield/Total
organic carbon.

Table 9: Enrichment patterns and anomalies for individual REEs of the four coal samples sourced from Saradyr and Bogatyr, UCC ratio (calculated
using values of [53])

Sample/REE ratio Lan/Lun Lan/Smn Gdn/Lun *Cen/Cen *Eun/Eun *Gdn/Gdn Yn/Hon

S1 0.49 0.54 0.94 0.88 1.07 1.04 0.65
S2 0.11 0.35 0.36 0.92 0.9 1.24 0.49
B1/0 0.57 0.21 0.56 0.83 2.05 1.62 0.84
B1/1 0.20 0.30 0.70 1.17 3.13 0.99 0.51

Note: “n” denotes the REE/UCC normalized values; *Cen/Cen = 0.67Lan + 0.33Ndn; *Eun/Eun = Eun/(0.67Smn + 0.33Tbn); and *Gdn/Gdn = Gdn/(0.33Smn +
0.67Tbn) [56].
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with levels of up to 10,000 ppm in harmful scenarios. Addi-
tionally, elements like Mn (0.6 ppm) and Ba (300 ppm)
exceed the concentrations found in the samples but remain
at levels ten times lower than those deemed harmful.

In comparing the results of coal samples for technolo-
gical and environmental impacts, our findings align with
those of Kopobayeva et al. [33], who highlighted specifically
in the Karagandy coal basin, with a focus on the “k7” seam,
coal’s potential for metal extraction, regarding their study
emphasizes the significance of processing critical coal ele-
ments to reduce disposal costs and mitigate environmental
impacts.

6 Conclusion

Examinations of six coal samples from Lenin, Saradyr, and
Bogatyr mines have predominantly focused on mineralo-
gical and inorganic elemental compositions, their mode of
occurrence, and industrial and environmental implica-
tions. This research article addresses this gap through
comprehensive mineralogical and inorganic geochemical
analyses. Six coal samples from three coal mines underwent
proximate, and ultimate analysis for organic elements, ash
yield and volatile matter, mineralogical analysis with low-
temperature ash-X-ray diffraction (LTA-XRD), SEM-EDS, and
inorganic geochemical analysis (major, trace, and REEs)
with acid digestions (HCl + HNO3 + HF) of coal ash and
ICP-MS measurements.

The mineralogical composition of the samples primarily
comprises quartz, kaolinite, andminor pyrite, with accessory
minerals closely associated with kaolinite. Mineral content,
major detrital minerals like quartz and kaolinite dominate,
while minor euhedral pyrite are present in all mine samples,
with framboidal pyrite, iron oxides, and REE-bearing
minerals (monazite, apatite, and fluorapatite) exclusively
found in Saradyr and Bogatyr samples. Quartz was likely
transported to the peat swamp through detrital processes,
while kaolinite primarily originated from the weathering
of aluminum silicate minerals during peat accumulation.
Pyrite formation in the coal samples likely occurred
through both syngenetic and epigenetic processes. The sam-
ples from the Lenin, Sarady, and Bogatyr mines primarily
contain syngenetic minerals followed by epigenetic minerals,
contributing to elevated ash yields and volatile matter con-
tents. Analysis of ratios like Cen/Cen, Eun/Eun, and Gdn/Gdn
suggests REEs deposition in anoxic hydrothermal water envir-
onments, possibly indicating a tuffaceous origin for the coal
samples. Additionally, the Yn/Hon ratio implies REE association
with aqueous or highly evolved magmatic systems containing
basaltic and felsic-intermediate terrigenous materials.

Inorganic geochemical results, the observed strong
positive correlation among elements like Al, K, Na, Ti, Ba,
Be, Ni, Cr, Co, Ga, Sc, V, As, Pb, Cu, Zn, and Zr, along with
only Eu and Sc of the REEs, suggests their association with
ash yield, consistent with the composition of kaolinite and
accessory minerals. Additionally, La, Ce, and Y among the
REEs exhibit a positive correlation with organic matter,
while remaining elements Fe, Mn, Mg, P, Li, Th, Ca, and
most REEs (Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu)
are related to intermediate affinity.

A comparative analysis of the inorganic geochemical
composition of hard coal combustion worldwide reveals a
notable depletion of major and trace elements in samples
from all three mines. This suggests that there is limited

Figure 13: The enrichment factor of elements in the samples from three
mines (only two mines for REE, Sc, and Y) compared to WHC.

Figure 14: Comparative environmental impact assessment of trace ele-
ments in three coal mines against standard harmful thresholds (referred
as impact value) (Impact value for comparison as per [74]).
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economic interest in these elements within the current
samples. The findings further indicate that the coal samples
containing trace elements pose minimal environmental
impact. The coefficient outlook of REE values ranging
from 1.3 to 1.9 indicates industrial potential for REE
recovery. However, the significantly depleted REE content
suggests that these coal samples may not hold substantial
economic value in terms of REEs extraction.
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