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Abstract

Purpose. This research aims to explore the peculiarities of chemical soil pollution and analyse the patterns of chemical el-
ement migration in the waste heap impact zone of the Bogdanka Mine in the Lublin Coal Basin compared to the control area.
To achieve the purpose set, soil samples were taken from various ecotopes at depths of 0-5, 5-10, and 10-15 cm, the ecological
state of the territories was assessed, and a statistical analysis of the chemical element content was performed.

Methods. The research was based on methods of statistical data processing, correlation and cluster analysis, multidimen-
sional ecotope ordination using Principal Component Analysis (PCA) and canonical discriminant analysis. Sampling was con-
ducted in accordance with the ISO 10381-8:2006 standard. Analytical determinations of elemental composition were per-
formed using X-ray fluorescence spectrometry on an ElvaX Light SDD device.

Findings. Significant spatial heterogeneity in the distribution of macro- and microelements in soils of the waste heap im-
pact zone has been identified. Increased concentrations of Mg, Al, S, K, Ti, V, Fe, Ni, Cu, Zn, Sr, Y, and Pb were recorded at
the foot of the waste heap. The maximum values of individual elements are typical for specific ecotopes, in particular Mn and
Zr for coastal and forest areas. The highest exceedance of maximum permissible concentrations was found for Cu, Ni, and Zn
(up to 22.3, 20.1, and 30 times, respectively).

Originality. The scientific novelty of the research consists in determining the spatial gradients of chemical soil pollution in
the impact zone of coalmine waste heap based on multidimensional ordination of ecotopes. 2D graphic visualization of geo-
chemical indicators, the axes of which are chemical element concentrations or integral gradients of the environment, provides a
clear representation of the migration processes of elements in soils of various ecotopes.

Practical implications. The practical significance of the results obtained lies in the possibility of using the identified pat-
terns of chemical element distribution to assess the level of soil pollution in the impact zone of the waste rock dump. The data
obtained can be used to predict local changes in soil cover quality and to substantiate measures to reduce the negative impact
of heavy metals on the soil environment of adjacent territories.

Keywords: waste rock dump; mine waste heap, chemical pollution; complex environmental gradient, environmental safety,
human health

1. Introduction technogenic risks at mining infrastructure facilities, impro-

The mining industry plays a key role in ensuring raw ma-
terial security, the development of industry and the energy
sector in most countries around the world. It is an integral
component of economic development, but it is accompanied
by the formation of complex production infrastructure and
significant technogenic environmental impacts. Modern
research in the field of mining covers not only direct mining
technologies, but also issues of safety of mining transport
systems, energy efficiency of production, use of digital and
information technologies for monitoring and managing pro-
cesses, as well as aspects of innovative development of the
industry [1]-[4]. In particular, attention is paid to controlling
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ving energy-efficient technologies, and applying modern
visualization methods, remote sensing, and automated obser-
vation systems to analyse the state of production and natural
components of mining areas [5]-[8].

In turn, waste rock dumps of coal mines are an indispen-
sable component of the mining industry. Almost all countries
in the world face problems of placement, processing and
utilization of waste rock mass [9], [10]. There is often an
increase in background radiation level in the impact zone of
coalmine waste dumps [11]. Developed countries have long
since reformed or eliminated their waste rock dumps [12]-
[14]. This phenomenon is also characteristic of countries
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with a small land area [15]. In many countries around the
world, waste rock dumps are reclaimed [16]. In countries
with insufficient financing of the mining industry, waste rock
dumps are left untouched and subjected to natural self-
growth in order to reduce environmental burden [16]-[20].
Such waste rock dumps often burn [21]-[23], causing sec-
ondary technogenic environmental pollution from the mining
industry and adversely affecting human health [24]-[27]. This
causes chronic diseases in humans, particularly of the endo-
crine system [28], [29] and the gastrointestinal tract [30].

As a result of the functioning of waste rock dumps, sur-
face and underground water bodies, air, and soils are polluted
[31]-[34]. In the world, many scientific works are devoted to
various and diverse studies of waste rock dumps, in particu-
lar, mathematical modelling of the spread of pollutants [35].

In addition to direct environmental pollution, coalmine
waste rock dumps are regarded as complex technogenic
facilities requiring systematic management and long-term
monitoring. Scientific research emphasizes the need for an
integrated approach to ensuring the sustainability of such
facilities, which includes analysis of their spatial structure,
technical state and environmental risks [36]. To solve these
problems, geoinformation systems and 3D modelling are in-
creasingly used, allowing for detailed assessment of the geom-
etry of waste dumps, the specifics of their formation, and po-
tential hazard zones [37]. Some studies show that physical-
chemical processes in technogenic masses, particularly in the
conditions of activated and oxidizing solutions, significantly
affect the migration of chemical elements and may increase
their entry into the soil and aquatic environment [38], [39].

An important area of current research is also the search
for ways to reduce the negative impact of dump mass by
reusing it or processing it technologically. Interactive 3D
models are used to visually represent the spatial structure of
technogenic facilities and the results of environmental studies,
facilitating data interpretation and the identification of poten-
tial environmental hazard zones [40]. In particular, the pro-
spects of involving waste from the fuel and energy complex
as secondary raw materials for the production of building and
thermal insulation materials are shown, which allows simul-
taneously reducing the area of waste dumps and the envi-
ronmental impact on the surrounding ecosystem [41]. At the
same time, in the context of sustainable development and
rehabilitation of disturbed areas, increasing attention is paid
to the ecosystem approach and legal aspects of environmen-
tal protection activities, particularly in terms of reclamation
and ecological rehabilitation of technogenically-transformed
landscapes [42]. The effectiveness of environmental moni-
toring of technogenic territories is improved through the use
of automated information systems, spatial analysis methods,
and algorithms for processing large data sets, which pro-
vides a more reasonable assessment of the geological envi-
ronment state [43]-[45].

To date, a typology of impacts resulting from ore mining
and waste disposal in coal-mining regions has been success-
fully developed based on five indicators: air pollution, fire
hazard, soil deformation, water pollution and depletion of
water resources. The application of this developed typology
is illustrated in the case of the Shilbottle Coal Basin (North-
umberland, Great Britain) [46]. Research finding [46] indi-
cate that mining activities have the greatest impact on air,
soil, water, topography, and vegetation quality. There are two
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main approaches to the problem of assessing the susceptibility
of mining waste to spontaneous combustion. The first relies
on so-called expert methods, consisting in assessing fire
hazards based on a number of criteria specific to the particu-
lar location and the nature of waste stored there. The second
approach is based on experimental methods, with which the
tendency of waste to spontaneous combustion is assessed
through testing or observation of mining waste on installa-
tions or research benches under laboratory conditions [47].
Study [48] examines the self-heating mechanism, self-
ignition zones, various factors affecting self-heating, and
various experimental studies for predicting its occurrence.

An extremely dangerous phenomenon associated with
waste rock dumps is the presence of arsenic in their composi-
tion. In particular, the total arsenic concentration in samples
from the Los Rueldos mercury mine dump (Spain) ranges
from 4746 to 62196 mg/kg. Pb and Zn are present in average
concentrations of 3680 and 45 mg/kg, respectively. The
filtrate from this dump goes to the El Batan coal dump along
with acidic effluents from the old underground workings of
the Los Rueldos mine, which has a very low pH (2.5), with a
content of up to 2900 mg! SO« and from 5.3 to 8.3 mg’!
As [50]. The concentration of As in waste samples from the
surface of the dump reaches a maximum value of
72153 mg/kg, and the average value is 15967 mg/kg; analy-
sis of deeper samples (trenches on the waste rock dump)
exceeds 99999 mg/kg. The total flow of polluted water from
its circulation through the dump is estimated at 3465 m*/hour.

Weathering processes facilitate the dissolution and leach-
ing of As and heavy metals in ore and waste [51]. The arse-
nic content in surface waters (San Tirso River) immediately
downstream from the dump reaches 7.9 mg/1 [51]. It has been
found that arsenic is effectively removed from drained solu-
tions by adsorption onto soil particles, with the final effect
that arsenic concentrations in groundwater do not rise above
baseline levels. The drainage rate measured for the Daisy
Dump (Nevada) continues to decline each year, and is ap-
proaching steady state conditions [53].

Thus, the issue of geoecological aspects of chemical ele-
ment migration in soils of the impact zones of a mine waste
heap requires comprehensive research to study the impact on
human health in mining regions.

The purpose of this research is to explore the peculiarities
of chemical soil pollution and to analyse general trends in the
spread of chemical elements, in comparison with the control
area, within the impact zone of the Bogdanka Mine waste
heap in the Lublin Coal Basin. According to the purpose, the
main tasks are set: sampling of soil substrates in the waste
heap impact zone (depths are 5, 10, 15 cm), assessment of
the ecological state of the test sites, transfer of samples to the
laboratory for studying the content of chemical elements in
the samples, statistical analysis of the identified chemical
element concentrations.

2. Methods

The research uses the following methods: statistical pro-
cessing of soil chemical pollution parameters; Data Mining
method; correlation analysis; assessment of ecotope similari-
ty and grouping of chemical elements based on cluster analy-
sis; multidimensional ordination of ecotopes in the space of
geochemical indicators based on Principle Component Anal-
ysis and Canonical Discriminant Analysis.
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Sampling was performed in accordance with ISO 10381-
8:2006 Soil quality. Sampling. Part 8: Guidance on sampling
of stockpiles. The samples for analysis were prepared at the
Scientific Research Laboratory for Environmental Safety at
Lviv State University of Life Safety. The selected samples
were analyzed in the laboratory of Lviv Polytechnic National
University using an ElvaX Light SDD spectrometer.

The level of chemical soil pollution in the waste heap im-
pact zone was assessed using indicators developed based on
geochemical and hygienic studies of the environment. These
indicators include concentration coefficient Kc, total pollu-
tion index Zc, soil pollution index [54].

The concentration coefficient Kc is determined as the ra-
tio of the actual content of a chemical substance C (mg/kg) to
its maximum permissible concentration Cypx or background
concentration value Cgy:

C

Ke; =——; (1)
Cupki
C.

Ke; =——, (2
Cpri

where:

i — sequence number of the chemical element.

Background concentration values of chemical elements
were determined based on analysis of literature sources on
background content of microelements.

The soil pollution index (P[) is determined as the arith-
metic mean of the concentration coefficient Kc:

n —number of chemical elements.
Total pollution index Zc is expressed by the formula:
m
Zc:ZKcl-—(m—l), 4)
1
where:
m — number of concentration coefficients exceeding 1.
For the total pollution index Zc, the following pollution
categories were determined empirically [55]: permissible —
Zc < 16; moderately hazardous — Zc = 16-32; hazardous —
Zc = 32-128; extremely hazardous — Zc¢ > 128.
Standardized values for chemical element concentrations
were calculated using the formula:
_(xi-M)

i~ s
o

)

were:

z; — standardized value of chemical element concentration
in soil;

x; — actual chemical element concentration;

M — arithmetic mean value;

o — standard deviation.

Peculiarities of the spatial chemical element distribution in
the waste heap impact zone were studied using Data Mining
method [56]. The research involved three main stages: stu-
dying the structure of the mutual arrangement of elementary
sections in a multidimensional space of chemical element
content characteristics, mathematical modelling of the struc-
ture and verification of the mathematical model. The geo-
chemical information is based on data on the concentration

%Kc" of 18 chemical elements (Mg, Al, Si, P, S, K, Ca, Ti, Fe, Y,
PI= P €) Zr, Cu, Zn, Pb, Ni, V, Mn, Sr) in the soil at six sites within
the waste heap impact zone (Table 1).
where:
Table 1. Ecological characteristics of the test sites
No. Samplg numbers/ Coordinates Brief description
sampling depth
I 21:150(::1; 51.31778575688911, The site is located on the eastern side of the waste heap. Natural
315 0m 23.012731096861867 soil, dominated by ruderal vegetation, mainly cereal vegetation.
4-5cm 51.31762042405169, The site is located on the eastern side of the waste heap at a
II 5-10cm distance of 30 m from the No. 1 site. Natural soil, dominated by
23.011931307755727 .
6—15cm tree-shrub vegetation.
7-5cm 51.31320207046712, The 51t§ is located on the southeastern side of the Wast.e heap.
111 8 —-10cm Remediated, based on crushed stone and bulk soil mixtures.
23.01540194199676 . e
9-15cm Grassy vegetation, artificially sown.
10— 5 cm The site is located on the southeastern side of the waste heap,
v 11-10 cm 51.31339527691599, 30 m from the No. 3 site. Remediated, based on crushed stone
23.015279852293546 and bulk soil mixtures. Grassy vegetation, artificially sown. It is
12-15cm . .
the bank of a drainage ditch.
13—-5cm 51.314226521259755, The Asne is located on the western 51‘de of the waste heap, ap-
\Y% 14-10cm 22.979188081936005 proximately 1000 m away. Remediated, based on bulk soil
15-15cm ) mixtures. Birch forest and grass vegetation, artificially sown.
16— 5cm 51.27510718029608, The site is located on the southern s@e of the waste heap at.a
VI 17-10 cm distance of approximately 4000 m. Pine forest. Natural soil.
22.957167448517048 -
18— 15 cm Forest vegetation.

Mathematical modelling was performed by identifying
systematic relationships between the chemical element con-
centrations. Each site can be represented as a point in a mul-
tidimensional space of characteristics, the coordinates of
which correspond to chemical element concentrations. In this
case, the similarity of sites in terms of a combination of eco-
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logical parameters of environmental pollution can be deter-
mined based on the distances between points. The essence of
the subsequent mathematical procedure is to identify the axes
of maximum variation, determine their number, and evaluate
the contribution of each chemical element to the variation
based on principal component analysis [57].
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The differences between ecotope parameters in the waste
heap impact zone were assessed using variance analysis. The
construction of a typological scheme of mine ecotopes and
graphical visualization of the mathematical modeling results
were based on canonical discriminant analysis. The mathe-
matical model was verified based on a comparative assess-
ment of the position of sites on the axes of maximum varia-
tion (multidimensional ordination) with the results of soil
and vegetation cover studies [58].

The Bogdanka coal mine (Lubelski Wegiel “Bogdanka”
SA) is located in the Lublin Coal Basin in the village of
Bogdanka near Leczna, close to Lublin and 197 km south-east
of Warsaw. The Bogdanka Mine is administratively located
in the Lublin Province, in the Puchaczéw municipality. It is
the only coal mine in the Lublin Coal Basin. The Lublin
Upland, centred around the Lublin Coal Basin, has one of the
most valuable natural environments in Poland (Fig. 1).
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Figure 1. Layout of test sites in the impact zone of the Bogdanka
mine waste heap (developed using data available in
scientific publications) [59]-[61]

There are nature reserves, Polissya National Park and
Natura 2000 territory operating in the mine impact zone. The
process of intensive hard coal mining leads to surface sub-
sidence, which is irreversible [62]. Mining coal reserves in
the Lublin Basin amount to approximately 243 million tons.
The mining depth ranges from 860 to 1100 m. The total
sulphur content in the seams averages 1.27% in seam 382
and 0.99% in seam 385/2. The total sulphur content in the
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studied zone ranges from 0.82 to 2.16% in seam 382 and
from 0.58 to 1.83% in seam 385/2 [63]. The study [64]
shows significant differences within individual seams and the
relationship between mercury and iron sulphides. High
variability in mercury content indicates local areas of benefi-
ciation, possibly related to tectonic phenomena. The charac-
teristic peculiarities of quantitative variation in these coal
seams may correlate with changes in glacial-interglacial
periods and climatic humidity, and may also be interpreted as
a response to variable volcanogenic CO, upwelling [65].

The variability of rare earth elements (Ce, La, Sc, and Y)
content in bituminous coal is high. The lowest variability
was measured for scandium, and the highest for lanthanum
and cerium, while in the case of yttrium the variability was
average. The scandium asymmetry coefficient indicates
a positive quasi-asymmetry of distribution, while the proba-
bility distribution of the remaining elements is characterized
by weak asymmetry. Correlation analysis revealed highly
statistically significant relationships between the following
pairs of elements Ce — La, Ce — Y and La — Y [66]. The
granulometric structure of 5-year-old waste from the Lublin
Coal Basin was similar to that of 3-15-year-old waste from
the Upper Silesian Coal Basin. The content of silt, clay and
sand fractions in the latter was significantly higher than in
7-year waste from the Lublin Coal Basin [61].

Coal waste dumps can be considered important secondary
deposits of chemical elements. Feasibility studies and past
coal mining experiences show the need for new sites to
recover [67]. Sustainable coal mining is not only economi-
cally viable, but also environmentally sound. It is also im-
portant for local communities to reuse and manage reclaimed
landfill sites [68], [69].

3. Results and discussion

The content of chemical elements in the soil depends on
many factors, primarily on their content in the parent rock.
Macroelements — Si, Al, Fe, Ca, Mg, and K — are usually
characterised by maximum concentration in the soil. These
elements are almost entirely inherited from the soil-forming
rock and in the process of soil formation are redistributed
into the soil profile. Based on the absolute content in the
soils of the test sites (Tables 2-3), the following groups of
elements can be distinguished:

1-Si (concentration is 294349-420581 mg/kg, or
29.4-42.1%);

2—Al (concentration is 29589-136253 mg/kg, or
2.9-13.6%);

3-K, Fe (average concentration value is 12742-

18663 mg/kg, or 1.3-1.9%);

4.1 —Ca, Ti, Mg (average concentration value is 4594-
5055 mg/kg, or 0.46-0.51%);

4.2 — S (average concentration value is 804 mg/kg);

4.3 -P, Mn, Zr (average concentration value is 353-

590 mg/kg);

44 -V, Sr, Zn (average concentration value is 86-
145 mg/kg);

4.5 - Pb, Y, Ni, Cu (average concentration value is 21-
26 mg/kg).

Compared to the average values at site No. 4, increased
concentrations of 13 out of 18 chemical elements are
observed, namely: Mg, Al, S, K, Ti, V, Fe, Ni, Cu, Zn, Sr,
Y, Pb (Tables 2-3).
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Table 2. Level of chemical element concentration in ecotopes of the waste heap impact zone

Chemical element concentration, mg/kg

No. & Mg Al Si P S K Ca Ti Fe Y Zr
5 2837.2 378545 410668.7 598.2 1419 155154 52517 36632  8394.1 15.2 376.0
1 10 45195 37678.7 408817.0 577.1 1599 17694.1 5402.0 3061.0 8292.1 2.2 254.6
15 3127.2  36402.7 408502.5 593.5 123.0 13424.1 13283.5 25727 85358 13.8 238.8
5 3711.7 44252.8 3986059 617.6 974.6  19083.0 4646.3 42312 12936.7 22.5 335.7
2 10 3265.6 517644 3891025 6345 1940.7 192582 38733 58819 15803.7 27.7 3354
15 3049.2  43403.8 402451.8 6102 1372.8 172652 874.1 4610.5 147014 252 325.4
5 3204.1 39918.1 400515.7 603.1 1145 20944.1 69252  5202.1 118939 354 606.6
3 10 2905.6 385829 405178.0 588.1 66.9 19182.1 5168.7  5006.6 10689.7  28.7 505.2
15 4658.2  39276.1 405381.5 553.5 39.8 19173.7 43545 40604  9519.0 21.4 378.2
5 13513.6  136253.4 294349.1 5240 2867.0 22146.5 6298.3 80954 254554 56.9 219.0
4 10 12311.7 135368.6 295983.3 524.4 22293 221134 72760 7986.7 249437 56.7 220.7
15  12289.1 134337.3 2974739 511.7 1993.6 22316.5 6589.0 7910.8 24637.6 529 219.5
5 2338.9 36582.0 408660.5 608.2 135.6  18923.1 3513.5 4782.1 106109 258 513.3
5 10 3093.1 35878.5 410050.8 571.2 46.6 18925.6  3133.6  4101.1 9984.3 26.2 491.1
15 2480.1 38706.5 408607.3 577.8 43.1 18306.1 27577 42642 97770 27.0 498.6
5 1868.5 29589.6 420581.3 652.1 951.0 14070.4 46279  3969.2  6622.5 2.4 185.5
6 10 1679.5 36543.2 409593.7 639.8 766.1 200559 3880.9 4665.7 8931.1 16.4 403.7
15 1835.0 37648.7 412485.8 6323 507.5 17542.0 3138.7 33023  7631.6 2.5 249.3
4593.8 55002.3 388167.2 589.9 804.1 18663.3 5055.3  4853.7 127422 255 353.1
o 3824.36  37225.79 42937.13 41.05 906.76 2525.77 2615.83 1643.63 611658 16.77 126.81
BV 7900 38200 289000 1200 1200 13400 53800 4600 22300 23.4 255.6
Concentration coefficient K¢, the exceedance of background values, times
5 0.36 0.99 1.42 0.50 0.12 1.16 0.10 0.80 0.38 0.65 1.47
1 10 0.57 0.99 1.41 0.48 0.13 1.32 0.10 0.67 0.37 0.09 1.00
15 0.40 0.95 1.41 0.49 0.10 1.00 0.25 0.56 0.38 0.59 0.93
5 0.47 1.16 1.38 0.51 0.81 1.42 0.09 0.92 0.58 0.96 1.31
2 10 0.41 1.36 1.35 0.53 1.62 1.44 0.07 1.28 0.71 1.18 1.31
15 0.39 1.14 1.39 0.51 1.14 1.29 0.02 1.00 0.66 1.08 1.27
5 0.41 1.04 1.39 0.50 0.10 1.56 0.13 1.13 0.53 1.51 2.37
3 10 0.37 1.01 1.40 0.49 0.06 1.43 0.10 1.09 0.48 1.23 1.98
15 0.59 1.03 1.40 0.46 0.03 1.43 0.08 0.88 0.43 0.91 1.48
5 1.71 3.57 1.02 0.44 2.39 1.65 0.12 1.76 1.14 2.43 0.86
4 10 1.56 3.54 1.02 0.44 1.86 1.65 0.14 1.74 1.12 2.42 0.86
15 1.56 3.52 1.03 0.43 1.66 1.67 0.12 1.72 1.10 2.26 0.86
5 0.30 0.96 1.41 0.51 0.11 1.41 0.07 1.04 0.48 1.10 2.01
5 10 0.39 0.94 1.42 0.48 0.04 1.41 0.06 0.89 0.45 1.12 1.92
15 0.31 1.01 1.41 0.48 0.04 1.37 0.05 0.93 0.44 1.15 1.95
5 0.24 0.77 1.46 0.54 0.79 1.05 0.09 0.86 0.30 0.10 0.73
6 10 0.21 0.96 1.42 0.53 0.64 1.50 0.07 1.01 0.40 0.70 1.58
15 0.23 0.99 1.43 0.53 0.42 1.31 0.06 0.72 0.34 0.11 0.98
Legend:

No. — site sequence number:

1 — natural soil;

2 — Robinia pseudoacacia plantation;
3 — lake shore;

5 — birch forest;
6 — pine forest;

Only Si, P have low concentrations here. At site No. 2,
increased concentrations are characteristic of P, S, K, Mn,
and Pb. The maximum concentrations of Mn and Zr are
characteristic of sites No. 3 and 5, Ca — site No. 1, P — site
No. 6. In general, three groups of sites can be distinguished
by the absolute chemical element content in the soil:

1 — No. 4 site;

2 —No. 2 site;

3 -No. 3,6, 1, 5 sites.

The study [70] should be noted, where Pb and As were
found in higher concentrations in the tested mine waste

4 — waste heap foot, drainage sludge;
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h — depth of soil sampling, cm;

M — average value, mg/kg;

o — standard deviation, mg/kg;

BV —background concentration value, mg/kg.

(Pbmax = 15000 mg/kg, Asmax = 114 mg/kg), making them
the most common potentially toxic elements. Cluster analysis
and Pearson correlation showed that Pb, Cu, and As are
grouped together, indicating a common source in mine waste.
In alkaline conditions, Pb precipitates in solution, while As
exhibits high mobility, leading to pollution of the environ-
ment, surface water, groundwater, cultivated soil, and posing
a risk to human health. The content of certain chemical ele-
ments in the soil may be low, but their toxic effect may ex-
ceed the permissible standards [21], [71]. This primarily
concerns heavy metals [35], [72], [73].
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Table 3. Level of soil pollution with heavy metals in ecotopes of
the waste heap impact zone

No. ’ Chemical element concentration, mg/kg Pl Zc
Cu Zn Pb  Ni A% Mn Sr
5 82 254 11.7 123 1258 2039 50.1 — -
1 10 116 7.5 157 11.5 126.8 2134 50.5 - —
15 79 300 12.0 156 126.0 207.7 460 - -
5 231 36.1 224 192 738 4877 80.6 — —
2 10 260 344 370 20.8 60.1 4025 1129 - -
15 234 68 359 11.7 1302 3233 892 - —
5 105 349 202 12.1 1535 4912 979 - —
310 12,6 235 17.8 12.6 1475 4058 88.7 - -
15 7.5 18.6 140 12.0 127.0 4175 653 - —
5 669 170.1 530 72.0 199.5 318.1 2845 — -
4 10 63.8 3402 49.7 80.5 247.0 3758 273.7 - —
15 58.7 690.6 50.0 74.5 209.2 379.1 267.8 - -
5 94 357 210 123 1447 5472 708 — -
5 10 7.5 310 181 11.0 127.3 498.7 67.7 - -
15 85 248 19.1 11.5 126.7 4504 67.1 - -
5 103 266 21.0 142 1609 296.6 360 — -
6 10 9.8 87 214 160 1644 260.8 462 - -
15 9.0 81 245 134 1529 377.0 447 - -
M 20.8 863 258 24.1 1446 369.8 1022 - -
4 20.35 171.09 13.36 23.94 43.92 105.26 82.30 - —
MPC 3 23 32 4 150 1500 458* — -
Concentration coefficient Kc, the exceedance of maximum
permissible concentration (MPC), times
1 5 272 1.10 037 3.07 0.84 0.14 0.11 1.19 5.08
1 10 386 033 049 288 085 0.14 0.11 1.24 598
1 15 2.64 130 038 390 0.84 0.14 0.10 1.33 6.17
2 5 7.68 157 070 4.81 049 0.33 0.18 2.25 13.31
2 10 867 1.50 1.16 520 0.40 027 0.25 249 15.02
2 15 779 029 1.12 293 087 022 0.19 1.92 10.76
3 5 352 152 063 3.01 1.02 033 021 146 6.53
3 10 419 1.02 055 3.16 098 0.27 0.19 1.48 6.85
315 249 081 044 3.01 0.85 028 0.14 1.14 4.64
4 5 2231 740 1.66 1799 1.33 0.21 0.62 7.36 53.05
4 10 21.27 1479 1.55 20.13 1.65 0.25 0.60 8.60 62.99
4 15 19.57 30.03 1.56 18.63 1.39 0.25 0.58 10.29 76.47
5 5 313 155 066 3.09 096 036 0.15 142 6.19
5 10 249 135 056 275 0.85 033 0.15 121 4.8
5 15 284 1.08 0.60 287 0.84 030 0.15 1.24 5.03
6 5 344 1.16 0.66 3.54 1.07 0.20 0.08 1.45 6.66
6 10 325 038 0.67 400 1.10 0.17 0.10 1.38 10.89
6 15 3.01 035 0.77 335 1.02 025 0.10 1.26 5.64
Legend:

No. — site sequence number:

1 —natural soil; 2 — Robinia pseudoacacia plantation; 3 — lake shore;

4 — waste heap foot, drainage sludge; 5 — birch forest; 6 — pine forest;
h — depth of soil sampling, cm; M — average value, mg/kg; o — standard
deviation, mg/kg; MPC — maximum permissible concentration, mg/kg;
PI — soil pollution index, times; Zc — total pollution index, times.

In this regard, an important peculiarity of chemical ele-
ments is the concentration coefficient values, which charac-
terize the exceedance of maximum permissible concentra-
tions (MPC) for heavy metals and background values for
macroelements [74], [75]. The maximum exceedance of
MPC at the test sites is characteristic of three chemical
elements (Table2): Cu (exceedance of MPC within
2.5-22.3 times), Ni (exceedance of MPC within 2.8-20.1 times),
Zn (exceedance of MPC within 0.3-30.0 times).
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The spatial distribution of Cu in the 0-5 cm horizon is
shown in Figure 2. It should be noted that the test site No. 4
is characterized by the most polluted substrate, with a Cu
value of 66.9 mg/kg in the corresponding horizon.
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R J

L

(b)

Figure 2. Spatial distribution of Cu in the 0-5 cm horizon in
the waste heap impact zone: (a) 2D-visualization;
(b) 3D- spatial distribution model

Similarly, research results in [76] showed a high Cu con-
centration in the Musina copper mine tailings (Limpopo
Province, South Africa), indicating bioavailability and pos-
ing an environmental hazard, as well as potential risk to
human health. The spatial distribution of Ni in the 0-5 cm
horizon is shown in Figure 3. It should be noted that, as in
the previous case, the test site No. 4 is characterized by the
most polluted substrate, with Ni value of 72 mg/kg in the
corresponding horizon.

Studies [77] showed very high content of toxic metals Pb,
Zn, Cd, Cr and Hg in all samples, indicating the need to take
corrective measures to reduce the spread of these hazardous
elements into the environment. The results obtained indicate
two main sources of metal pollution: Cu, Mn, Hg and Pb orig-
inate from anthropogenic sources of mine waste from tailings,
while Ni, Zn, Cr and even Fe originate from lithogenic and
anthropogenic sources. Chemical analysis of tailings (lead-
zinc flotation factory at the Boquira Mine, Brazil) shows that
the main components are Fe, Si, Mg and Ca. The content of
toxic metals is Pb — 1.3%, Zn — 1.3%, Cu — 135 mg/kg, Cd —
127 mg/kg and As — 5 mg/kg. Strong leaching of Cd, Pb and
Zn indicates that they may be a source of toxic metals [78].

In our case, site No. 4 has the highest soil pollution index
(PI=17.36-10.29 times), followed by site No.2 (P/=1.92-
2.49 times). For the remaining sites, the soil pollution index
does not exceed 1.5 times.
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Figure 3. Spatial distribution of Ni in the 0-5 cm horizon in
the waste heap impact zone: (a)2D-visualization;
(b) 3D-spatial distribution model
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Figure 4. Spatial distribution of Zn in the 0-5cm horizon in
the waste heap impact zone: (a) 2D-visualization;
(b) 3D-spatial distribution model

Site No. 4 is characterized by hazardous soil pollution
level (Zc = 53.1-76.5), site No. 2 is at the upper limit of the
permissible pollution level, transitioning into a moderately
hazardous zone (Zc = 10.8-15.1). Other sites differ in terms
of permissible pollution level (Table 3).

Based on the concentration coefficient values (Tables 2-3),
the following groups of chemical elements can be distin-
guished (Fig. 5a):

1) Cu, Ni, Zn (average concentration coefficient values
by 3.8-6.9 times);

2) Al, K, Zr, Si (average concentration coefficient values
by 1.3-1.4 times);

3.1) Y, Ti, V (average concentration coefficient values by
1.0-1.1 times);

3.2) Pb, S, Mg, Fe (average concentration coefficient val-
ues by 0.6-0.8 times);

4) P, Mn, Sr, Ca (average concentration coefficient val-
ues by 0.1-0.5 times).

(a)
Cu
Ni 4' ]
Zn
Pb |
Mg |
Fe q]
: }
v
]
Y
Al
S1
vl
Zr
Mn
Ca
Sr
p
0 20 40 60 80 100
(Dhnk/Dmax)*100
(b)
1
6
3
'i J
2
4
1] 20 40 60 80 100
(Dlink/Dmax)*100

Figure 5. Dendrogram of similarity of chemical elements (a) and
sites (b) based on spatial distribution of their soil con-
tent (sequence numbers of sites are given in Table 2)

The maximum Euclidean distance is observed between
Cu and Ca (DE =23.3) and Cu and Mn (DE = 23.0). The
difference between chemical elements based on Euclidean
distances in 2D space can be represented as a triangle, in the
corners of which are: Zn, Cu, Ni, Ca, Mn and the remaining
chemical elements. In 3D space, Cu is located at the top of a
3D pyramid, at the base of which is a triangle with Zn, Ni,
Ca" Mn" remaining elements.
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Based on the concentration coefficient values (Tables 2-3),
3 groups of sites can be similarly distinguished (Fig. 5b):
1 —No. 4 site; 2 — No. 2 site; 3 —No. 1, 6, 3, 5 sites.

The difference between sites based on Euclidean distan-
ces in 2D space can be represented as a triangle, in the cor-
ners of which the sites 4, 2, 1 +3 + 5+ 6 are located. The
greatest Euclidean distance relative to other ecotopes is
characteristic of site No. 4 (DE = 25.7-29.4), while for other
sites it averages DE = 6.4-7.8.

Analysis of the dependence between chemical element
concentrations in soil indicates a close correlation between
them. Correlation coefficients are characterized by high
values for many pairs of chemical elements. Thus, for con-
centrations Mg and Al »=0.98, Mg and Si »=-0.98, Cu and
Fe r=10.98, Ni and Al »=0.99, Cu and Pb » = 0.94. Only Ca,
Mn and, to some extent, Zr have weak bonds with other
chemical elements. High correlation coefficients can be a
consequence of pseudo-correlation caused by the high con-

centration of most chemical elements at site No. 4. Diagrams
of the dependence between the element concentrations also
indicate this. The idea of our further research was to mathe-
matically model the location structure of the test sites in the
multidimensional space, characterized by the chemical ele-
ment content in the soil.

Since the chemical element concentrations in the soils of
the test sites are correlated with each other, it can be con-
cluded that the observation data can be explained by a small
number of new variables that are not directly measured but
can be obtained by a linear combination of the initial data.
This makes it possible to reduce the dimensionality of the
observation space. Graphically, the calculation procedure is
reduced to moving the origin to the data center and rotating
the coordinate axes so that the abscissa passes in the direc-
tion of maximum data set variance.

The results of the principal component analysis based on
the correlation matrix are as follows (Fig. 6):

Factor; = 0.274-Mg + 0.281-Al — 0.282-Si — 0.215-P + 0.237-S + 0.205-K + 0.064-Ca + 0.265-Ti + 0.276-Fe + 0.251-Y —

—0.116-Zr + 0.277-Cu + 0.236-Zn + 0.260-Pb + 0.278:Ni + 0.197-V + 0.012-Mn + 0.281-Sr, 4; = 12.51;

(6)

Factor, = -0.073-Mg — 0.052-Al 0.036-Si — 0.030-P — 0.096-S + 0.374-K — 0.356:Ca + 0.157-Ti + 0.054-Fe + 0.229-Y +

+0.524-Zr - 0.051-Cu—0.043-Zn + 0.018-Pb — 0.087-Ni— 0.091-V + 0.581-Mn + 0.031-Sr, 4, = 2.31,

where:

(7

Factor; — component coordinates, complex environmental gradients;
Mg, Al, Si, P, S, K, Ca, Ti, Fe, Y, Zr, Cu, Zn, Pb, Ni, V, Mn, Sr — standardized values of chemical element concentrations

in the soil;

A; — eigenvalues of vectors.

The statistical parameters of the chemical element content
in the soil of the test sites for the subsequent calculations of
z; are given in Tables 2-3. An analysis of the characteristics
of eigenvalues A; shows that the two principal components
provide 82.4% of the total variance, so for many purposes of
analysis it Is sufficient to use the 2D projection of the origi-
nal data matrix. The eigenvectors of the correlation matrix
(6), (7) make it possible to distinguish combinations of
chemical element concentrations that determine the axes of
maximum variation of sites in the waste heap impact zone.
The main pattern of the ecological state formation at the sites
(the first principal component, Factor;) has the following
structure of bonds between chemical elements (Fig. 6): with
an increase in concentration of Sr in soil (correlation coeffi-
cient »=0.99), Al (»=0.99), Ni (»r=10.98), Cu (r=0.98),
Fe (r=0.98), Mg (r=0.97), Ti (r=0.94), Pb (r=0.92),
Y (r=0.89), S (r=0.84), Zn (r=10.84), K (r=0.73), V (r=0.70),
the concentrations of Si (r=-1.00), P (»=-0.76) decrease.
The first principal component explains 69.5% of the total
variance, therefore, based on its values, the main pattern of
chemical element content in the waste heap impact zone can
be clearly observed. Thus, high values of the first principal
component Factor; are characteristic of site No. 4 (waste
heap foot, drainage sludge) (Fig. 6), which are distinguished
by high concentration coefficient values K. of 13 out of 18
chemical elements, especially Cu, Zn and Ni (Tables 2-3).
The minimum values of the first principal component are
characteristic of sites No. 1 and No. 6 (pine forest), where
high concentration coefficient values K. for Si and low content
of heavy metals Cu, Zn and Ni were observed (Tables 2-3).

The second maximum variation axis, Factor,, addition-
ally explains 12.9% of the total data variance (Fig. 6). The
value of the Factor, function mainly depends on the content
of Mn (7 =0.88), Zr (» = 0.80). The minimum values of the
Factor, function are characteristic of site No. 1, which is

21

distinguished by minimum concentrations of Zr and Mn in
the soil, and compared to other sites, a higher concentration
of Ca (Tables 2-3). The maximum value of the second prin-
cipal component is found at sites No. 5 (birch forest) and
No. 3 (lake shore), which are characterized by the opposite
tendency in the content of these chemical elements. The
third axis of maximum variation, Factors, which additional-
ly explains 7.0% of the total data variance, is mainly
dependent on the content of Ca (r=-0.63), S (r=0.49),
P (r=0.47). The maximum Factors function values are
characteristic of site No. 2 (Robinia pseudoacacia planta-
tion). Thus, in 2D space of complex environmental gradi-
ents, ecotopes can be represented as a triangle, in the mid-
dle of which there is site No. 2, and in the corners of which
there are sites No. 4, 1 and 5 (Fig. 6). In 3D space, the site
No. 2 is at the top of a triangular pyramid.

The dimensionality of the observation space can be re-
duced not only by calculating the principal components of
the correlation matrix, but also by excluding individual
chemical elements from the analysis, taking into account
their close bonds with each other (high correlation coefficient
values). The variance analysis results can be used as a basis
for further conclusions (Table 4).

Univariate variance analysis is based on the calculation of
Fisher’s criterion, which is the ratio between intergroup and
intragroup variances. Intergroup variance shows how much
the sites in the waste heap impact zone differ from each other
in terms of chemical element concentration levels. Intergroup
variance is zero when the average concentration values of
chemical elements are equal. Intragroup variance character-
izes the difference in chemical element concentrations within
the same site. The maximum Fisher’s criterion value is char-
acteristic of the chemical elements Al, Si, Cu, Ni, Sr, Fe, Mg,
Pb, which are the main factor in the ecological differentiation
of sites by chemical element concentration (Table 4).
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Figure 6. Results of the analysis of the principal components of chemical element content in soil: (a) correlations system between chemi-
cal element concentrations and complex environmental gradients; (b) location of sites in the coordinate system of complex
environmental gradients (Factori-2 — principal components, complex environmental gradients; sequence numbers of sites are
given in Table 2)

Table 4. Variance analysis results of chemical element concentrations by spatial location of sites

Element SS Effect df Effect MS Effect SS Error df Error MS Error F p
Mg 2.437E + 08 5 4.874E+07 4927491 12 410624 118.70 0.000000
Al 2.347E+ 10 5 4.694E+09 88845000 12 7403750 633.98 0.000000
Si 3.116E + 10 5 6.232E+09 183429064 12 15285755 407.67 0.000000

P 2.571E+ 04 5 5.142E + 03 2935 12 245 21.02 0.000015
S 1.299E + 07 5 2.598E + 06 988100 12 82342 31.55 0.000002
K 7.647E + 07 5 1.529E+07 31978129 12 2664844 5.74 0.006230
Ca 6.081E + 07 5 1.216E+07 55508487 12 4625707 2.63 0.078947
Ti 4.189E + 07 5 8.378E+06 4036990 12 336416 24.90 0.000006
\ 2.811E + 04 5 5.622E + 03 4686 12 391 14.40 0.000103
Mn 1.564E + 05 5 3.128E + 04 31983 12 2665 11.73 0.000278
Fe 6.256E + 08 5 1.251E+08 10430509 12 869209 143.94 0.000000
Ni 9.644E + 03 5 1.929E + 03 99 12 8 232.72 0.000000
Cu 6.977E + 03 5 1.395E + 03 64 12 5 261.78 0.000000
Zn 3.555E + 05 5 7.110E + 04 142105 12 11842 6.00 0.005224
Sr 1.138E + 05 5 2.276E + 04 1351 12 113 202.11 0.000000
Y 4.424E + 03 5 8.848E + 02 355 12 30 29.89 0.000002
Zr 2.104E + 05 5 4.208E + 04 62935 12 5245 8.02 0.001571
Pb 2.853E+ 03 5 5.706E + 02 180 12 15 37.97 0.000001
Legend:

SS Effect and SS Error — intergroup and intragroup sums of deviation squares;

df — degrees of freedom; F — Fisher’s criterion;

MS Effect and MS Error — intergroup (factor) and intragroup (residual) variances;

Only for Ca, the significance level is p>0.05, indicating
its low differential ability. Regarding the depth of sampling,
one-dimensional variance analysis did not allow the iden-
tification of chemical elements that would have reliable
differential ability.

A detailed analysis based on the least significant diffe-
rence test (LSD test) shows that Si demonstrates a difference
only for sites No. 2 and 4, while for the remaining sites, the
difference in the concentration of this chemical element is
not significant. Similar results were obtained for Al, Cu, and
Ni. In this regard, the next stage of our research consis-ted in
constructing a typological scheme of sites in the waste heap
impact zone only for heavy metals. For this purpose, we
calculated the optimal combinations of concentrations of
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p — significance level

seven chemical elements, which can be used to determine the
peculiarities of anthropogenic load on ecotopes in the waste
heap impact zone. A typological scheme of sites in the waste
heap impact zone is presented in Figure 7.

Mathematical modeling results (Fig. 7) can be represent-
ed by the equations (8) and (9).

The first typological scheme axis Root; (Fig. 7) explains
91.8% of the total variance. The minimum values of the
canonical discriminant Root; function characterize the loca-
tion of site No. 4 (waste heap foot), where the edaphotope
was formed by drainage sludge. The maximum Root; values
are characteristic of the ecotopes of sites No. 5 (birch forest),
No. 3 (lake shore), No. 5 (birch forest), No. 6 (pine forest),
and No. 1 (natural soil).
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Root; =-0.5740 - Cu—0.0095 - Zn + 0.0650 - Pb —0.1469 - Ni—0.0104 - V + 0.0044 - Mn — 0.0049 - Sr + 15.0074;
Root; =0.3999 - Cu+0.0018 - Zn + 0.4039 - Pb+0.1171 - Ni—0.0286 - V +0.0044 - Mn — 0.1884 - Sr+0.0519,

where:

®)
)

Root; — canonical discriminant functions, typological scheme axes of edaphotope in the waste heap impact zone.
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Figure 7. Typological scheme of sites in the waste heap impact
zone (sequence numbers of sites are given in Table 2)

The values of the first discriminant Root; function de-
pend on the concentration of many chemical elements, name-
ly: Cu (correlation coefficient »=-0.99), Ni (»r=-0.99),
Sr (r=-0.98), Pb (r=-0.92), Zn (r=-0.83). There is also
a close correlation with the concentration of other macro-
and microelements that were not directly used in the mathe-
matical model: Al (correlation coefficient r=-0.99), Si
(r=0.99), Mg (»r=-0.97), Fe (r=-0.96), Fe (r=-0.96), Ti
(r=-0.90), P (r=10.72).

The first typological scheme axis Root; also reflects a de-
crease in the level of anthropogenic load. The close relation-
ship between the Root; function values and the soil pollution
index (P/) and the total pollution index Zc in both cases is
characterized by a correlation coefficient » =-0.99. Higher P
(soil fertility indicator) and Si (lighter mechanical composi-
tion) content characterize less disturbed sites No. 1, 3, 5, and
6. At site No. 4, there is a phenomenon of clay deposition
due to the washing out of clay fractions from the upper areas
of the slope and their accumulation at the foot of the waste
heap. The reduction in anthropogenic load reflects the fol-
lowing ecological-geochemical gradient: site No.4 — site
No. 2 — sites No. 1, 3, 5, 6.

The second typological scheme axis Root, (Fig. 7) addi-
tionally explains only 5.1% of the total variance. Low values
of the canonical discriminant Root, function characterize the
location of site No.3 (lake shore), and maximum Root,
values — site No. 2 (Robinia pseudoacacia plantation). Robi-
nia pseudoacacia L. is often used for phytomelioration of
disturbed lands. This hypothesis is supported by elevated
concentrations of many chemical elements, primarily heavy
metals. The second discriminant Root, function values de-
pend on the concentration of Pb (correlation coefficient
r=0,24), V (r=-0.34), and, in a broader sense, show a cor-
relation with Zr (» =-0.51) and P (» = 0.52).

The 2D typological scheme (Fig. 7) explains 96.9% of
the total variance caused by differences in chemical pollution
levels between ecotopes. Schematically, it can be represented
as a triangle, with site No. 4 (waste heap foot), site No. 2
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(Robinia pseudoacacia plantation), and site No. 3 (lake
shore) located at its corners. To explain the peculiarities of
chemical pollution level between all sites, we determined the
Mabhalanobis distance Dy — a multidimensional analogue of
Euclidean distance, taking into account the correlation be-
tween chemical substance concentrations. As a result of
calculations, we have determined that the most distant in
hyperspace of geochemical parameters are site No. 4 and site
No.5 (birch forest) the Mahalanobis distance is
Dy =3022.8 units. The closest distance to site No. 4 is cha-
racteristic of site No. 2 — D/ = 2013.2 units. Thus, our typo-
logical scheme contains a large “blank spot” that needs to be
filled by selecting additional sites from the waste heap and
its immediate surroundings. The use of the developed math-
ematical model will clarify the ecological gradients of the
chemical element distribution, primarily heavy metals, in the
upper soil layers.

4. Conclusions

The distribution of macro- and microelements in soils of
the impact zone of a coalmine waste heap is characterized by
significant spatial heterogeneity. The highest concentrations
of most of the studied elements were found at the waste heap
foot (site No. 4), where increased content of Mg, Al, S, K,
Ti, V, Fe, Ni, Cu, Zn, Sr, Y, and Pb was observed, accompa-
nied by reduced Si and P concentrations. Some ecotopes are
characterized by specific features of element accumulation,
in particular, increased content of P, S, K, Mn, and Pb in
Robinia pseudoacacia plantation, as well as Mn and Zr at
coastal and forest sites.

The highest exceedance of maximum permissible concen-
trations was found for Cu, Ni, and Zn, indicating their lea-
ding role in the formation of technogenic load on the soil
cover. According to the integral soil pollution index, the site
at the foot of the waste heap is classified as hazardous, while
the site with Robinia pseudoacacia plantation is on the verge
of permissible and moderately hazardous levels. Other test
sites are characterized by permissible pollution level.

Grouping of chemical elements by concentration coeffi-
cients made it possible to distinguish elements with high
technogenic accumulation level (Cu, Ni, Zn), elements with
moderate and near-background concentration values, as well
as elements with minimal accumulation levels, reflecting
varying degrees of impact of the waste heap on soil ecotopes.

Analysis of exceeding maximum permissible concentra-
tions showed that the most significant technogenic load le-
vels are characteristic of Cu, Ni, and Zn, for which the multi-
plicity of exceeding MPC varies within 2.5-22.3, 2.8-20.1,
and 0.3-30.0 times, respectively. According to the integral
soil pollution index, site No. 4 is classified as hazardous
(Zc = 53.1-76.5), while site No. 2 is characterized by mar-
ginal values of the permissible level with a tendency to tran-
sition to a moderately hazardous state (Zc=10.8-15.1).
Other test sites comply with the permissible pollution level.

Several groups of chemical elements have been distin-
guished based on their concentration coefficients. The first
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group includes Cu, Ni, and Zn, for which the average con-
centration coefficients are 3.8-6.9. The second group consists
of Al, K, Zr, and Si with concentration coefficients of
1.3-1.4. The third group consists of elements with concentra-
tions close to background values (Y, Ti, V), as well as Pb, S,
Mg, and Fe with slightly reduced coefficients. The fourth
group includes P, Mn, Sr, and Ca, which are characterized by
the lowest concentration coefficient values.

For multidimensional ordination of ecotopes in the waste
heap impact zone, the concentration of chemical elements is
characterized by the presence of an ordered structure. Analy-
sis of the dependence between chemical element concentra-
tions indicates that there is a close relationship between
many parameters. The main peculiarity of the ecological
state formation at sites lies in the following structure of rela-
tionships between chemical elements: with an increase in the
concentrations of Sr, Al, Ni, Cu, Fe, Mg, Ti, Pb, Y, S, Zn, K,
V in the soil, the concentrations of Si and P decrease.

2D typological scheme of the sites in the waste heap im-
pact zone can be represented as a triangle, with site No. 4
(waste heap foot), site No. 2 (Robinia pseudoacacia planta-
tion), and site No. 3 (lake shore) located at its corners. The
first axis of the typological scheme reflects a decrease in the
level of anthropogenic load, as evidenced by a negative close
relationship with the soil pollution index (PI) and the total
pollution index Zc.

The use of the developed mathematical model will clarify
the ecological gradients of the chemical element distribution,
primarily heavy metals, in the upper soil layers. Graphical
visualization of geochemical information based on typological
schemes, where chemical element concentrations or complex
environmental gradients serve as axes, can be used to predict
the ecological state of objects and monitor the environment.

Author contributions

Conceptualization: VP, VSk, VSe; Data curation: VSKk;
Formal analysis: VP, VSk, VSe; Investigation: VP, VSe, TB,
OK, VK; Methodology: VP, VSk, VSe; Project administra-
tion: VP; Resources: VSe, TB, OK, VK; Software: VP, VSk,
VSe; Supervision: VP, VSe; Validation: VP, VSk, VSe;
Visualization: VP, VSk; Writing — original draft: VP, VSk,
VSe, TB, OK, VK; Writing — review & editing: VP, VSk,
VSe. All authors have read and agreed to the published
version of the manuscript.

Funding
This research received no external funding.

Acknowledgements

The authors express their gratitude to the institutions and
colleagues whose support and assistance contributed to the
completion of this study.

Conflicts of interests
The authors declare no conflict of interest.

Data availability statement

The original contributions presented in the study are
included in the article, further inquiries can be directed to the
corresponding author.

24

References

(1

[2]

[6]

[10

=

(1]

[12

—

[13]

[14

[l

[15

[}

[16

[}

[17

—

Fodor, M.M., Begentayev, M., & Turegeldinova, A. (2025). Supporting R,
D & 1 in the creative industries. Research, Development and Innovation in
the Creative Industries, 65, 65-78. https://doi.org/10.4324/9781003481805-4
Turegeldinova, A., Amralinova, B., Fodor, M.M., Rakhmetullina, S.,
Konurbayeva, Z., & Kiizbayeva, Z. (2024). STEM and the creative
and cultural industries: the factors keeping engineers from careers
in the CCIs. Frontiers in Communication, 9, 1507039.
https://doi.org/10.3389/fcomm.2024.1507039

Kondratyev, S.I., Baskanbayeva, D., Yelemessov, K., Khekert, E.V.,
Privalov, V.E., Sarsenbayev, Y., & Turkin, V.A. (2024). Control of
hydrogen leaks from storage tanks and fuel supply systems to mining
transport infrastructure facilities. International Journal of Hydrogen
Energy, 95,212-216. https://doi.org/10.1016/j.ijhydene.2024.11.182
Yelemessov, K.K., Baskanbayeva, D.D., Sabirova, L.B., & Akhmeto-
va, S.D. (2023). Justification of an acceptable modern energy-efficient
method of obtaining sodium silicate for production in Kazakhstan. JOP
Conference Series: Earth and Environmental Science, 1254(1),
012002. https://doi.org/10.1088/1755-1315/1254/1/012002
Muhamedyev, R., Kiseleva, S., Gopejenko, V.I., Amirgaliyev, Y.,
Muhamedyeva, E., Gopejenko, A.V., & Abdoldina, F. (2016). Visuali-
zation of the renewable energy resources. Augmented Reality, Virtual
Reality, and Computer Graphics, 218-227. https://doi.org/10.1007/978-
3-319-40621-3_17

Mukhamediev, R.I, Smurygin, V., Symagulov, A., Kuchin, Y.,
Popova, Y., Abdoldina, F., Tabynbayeva, L., Gopejenko, V., &
Oxenenko, A. (2025). Fast detection of plants in soybean fields using
UAVs, YOLOv8x aramework, and image segmentation. Drones, 9(8),
547. https://doi.org/10.3390/drones9080547

Nazirova, A., Abdoldina, F., Aymahanov, M., Umirova, G., & Mu-
hamedyev, R. (2016). An automated system for gravimetric monitoring
of oil and gas deposits. Digital Transformation and Global Society,
674, 585-595. https://doi.org/10.1007/978-3-319-49700-6_58
Raimbekova, A., Kapralova, V., Popova, A., Kubekova, S., Dalbanbay, A.,
Kalenova, A., Mustahimov, B., Yermekbayeva, S., & Myr-
zabekova, S. (2024). Corrosion behavior of mild steel in sodium sul-
fate solution in presence of phosphates of different composition.
Journal of Chemical Technology and Metallurgy, 59(2), 367-3717.
https://doi.org/10.59957/jctm.v59.i2.2024.16

Popovych, V.V., & Voloshchyshyn, A.L. (2019). Environmental impact
of devastated landscapes of Volhynian Upland and Male Polisya
(Ukraine). Environmental Research, Engineering and Management,
75(3), 33-45. https://doi.org/10.5755/j01.erem.75.3.23323

Bazaluk, O., Petlovanyi, M., Sai, K., Chebanov, M., & Lozynskyi, V.
(2024). Comprehensive assessment of the earth’s surface state dis-
turbed by mining and ways to improve the situation: case study of
Kryvyi Rih Iron-ore Basin, Ukraine. Frontiers in Environmental Sci-
ence, 12, 1480344, https://doi.org/10.3389/fenvs.2024.1480344

Bosak, P., & Popovych, V. (2019). Radiation-ecological monitoring of
coal mines of Novovolinsk mining area. News of the National Academy of
Sciences of the Republic of Kazakhstan, Series of Geology and Technical
Sciences, 5(437), 132-137. https://doi.org/10.32014/2019.2518-170X.134
Akanwa, A.O., Okeke, F.I., Nnodu, V.C., & lortyom, E.T. (2017).
Quarrying and its effect on vegetation cover for a sustainable develop-
ment using high-resolution satellite image and GIS. Environmental
Earth Sciences, 76, 505. https://doi.org/10.1007/s12665-017-6844-x
Vo, T.L., Nash, W., Galdo, M.D., Rezania, M., Crane, R., Nezhad, M.M.,
& Ferrara, L. (2022). Coal mining wastes valorization as raw geomaterials
in construction: A review with new perspectives. Journal of Cleaner
Production, 336, 130213. https://doi.org/10.1016/j.jclepro.2021.130213
Kalybekov, T., Rysbekov, K., Sandibekov, M., Bi, Y.L., & Toktarov, A.
(2020). Substantiation of the intensified dump reclamation in the pro-
cess of field development. Mining of Mineral Deposits, 14(2), 59-65.
https://doi.org/10.33271/mining14.02.059

Zastérova, P., Marschalko, M., Niemiec, D., Durd’ak, J., Bulko, R., &
Vicek, J. (2015). Analysis of possibilities of reclamation waste dumps
after coal mining. Procedia Earth and Planetary Science, 15, 656-662.
https://doi.org/10.1016/j.proeps.2015.08.077

Anfal, A. (2017). Reclamation of coalmine overburden dump through
environmental friendly method. Saudi Journal of Biological Sciences,
24, 371-378. https://doi.org/10.1016/j.5jbs.2015.09.009

Sebelikova, L., Csicsek, G., Kirmer, A., Vitovcova, K., Ortmann-
Ajkai, A., Prach, K., & Rehounkova, K. (2018). Spontaneous revegeta-
tion versus forestry reclamation — vegetation development in coal min-
ing spoil heaps across Central Europe. Land Degradation and Devel-
opment, 30(3), 348-356. https://doi.org/10.1002/1dr.3233



https://doi.org/10.4324/9781003481805-4
https://doi.org/10.3389/fcomm.2024.1507039
https://doi.org/10.1016/j.ijhydene.2024.11.182
https://doi.org/10.1088/1755-1315/1254/1/012002
https://doi.org/10.1007/978-3-319-40621-3_17
https://doi.org/10.1007/978-3-319-40621-3_17
https://doi.org/10.3390/drones9080547
https://doi.org/10.1007/978-3-319-49700-6_58
https://doi.org/10.59957/jctm.v59.i2.2024.16
https://doi.org/10.5755/j01.erem.75.3.23323
https://doi.org/10.3389/fenvs.2024.1480344
https://doi.org/10.32014/2019.2518-170X.134
https://doi.org/10.1007/s12665-017-6844-x
https://doi.org/10.1016/j.jclepro.2021.130213
https://doi.org/10.33271/mining14.02.059
https://doi.org/10.1016/j.proeps.2015.08.077
https://doi.org/10.1016/j.sjbs.2015.09.009
https://doi.org/10.1002/ldr.3233

V. Popovych et al. (2026). Mining of Mineral Deposits, 20(1), 14-27

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(311

(32]

[33]

[34]

Woch, M.W., Radwanska, M., Stanek, M., Lopata, B., & Stefan-
owicz, A.M. (2018). Relationships between waste physicochemical
properties, microbial activity and vegetation at coal ash and sludge dis-
posal sites. Science of The Total Environment, 642, 264-275.
https://doi.org/10.1016/j.scitotenv.2018.06.038

Wu, Y., Yu, X, Hu, S., Shao, H., Liao, Q., & Fan, Y. (2019). Experi-
mental study of the effects of stacking modes on the spontaneous com-
bustion of coal gangue. Process Safety and Environmental Protection,
123,39-47. https://doi.org/10.1016/j.psep.2018.12.025

Popovych, V., Bosak, P., Petlovanyi, M., Telak, O., Karabyn, V., &
Pinder, V. (2021). Environmental safety of phytogenic fields formation
on coal mines tailings. News of the National Academy of Sciences of
the Republic of Kazakhstan, Series of Geology and Technical Sciences,
2(446), 129-136. https://doi.org/10.32014/2021.2518-170X.44
Murphy, S.F., McCleskey, R.B., Martin, D.A., Holloway, JM., &
Writer, J.H. (2020). Wildfire-driven changes in hydrology mobilize ar-
senic and metals from legacy mine waste. Science of the Total Envi-
ronment, 743, 140635. https://doi.org/10.1016/j.scitotenv.2020.140635
Kribek, B., Bicakova, O., Sykorova, 1., Havelcova, M., Veselovsky, F.,
Knesl, 1., & Meszarosova, N. (2021). Experimental pyrolysis of metal-
liferous coal: A contribution to the understanding of pyrometamor-
phism of organic matter and sulfides during coal waste heaps fires.
International ~ Journal — of Coal  Geology, 245, 103817.
https://doi.org/10.1016/j.coal.2021.103817

Silveira, F.A.O., Rossatto, D.R., Heilmeier, H., & Overbeck, G.E.
(2022). Fire and vegetation: Introduction to the special issue. Flora,
286, 151985. https://doi.org/10.1016/j.flora.2021.151985

Nersesyan, A., Misik, M., Cherkas, A., Serhiyenko, V., Staudinger, M.,
Holota, S., Yatskevych, O., Melnyk, S., Holzmann, K., & Knasmiil-
ler, S. (2021). Use of micronucleus experiments for the detection
of human cancer risks: a brief overview. Proceeding of the
Shevchenko Scientific Society. Medical Sciences, 65(2), 50-58.
https://doi.org/10.25040/ntsh2021.02.05

Abikenova, F.S., Meyramov, G., Zhautikova, S., Abdikadirova, K.,
Zhienbayeva, C., Talaspekova, Y., & Suleimenova, B. (2021). Investi-
gation of antidiabetogenic effect of the iodine-selenium concentrate
in animals with chronic alloxan diabetes of varying severity. Open Ac-
cess Macedonian Journal of Medical Sciences, 9, 535-540.
https://doi.org/10.3889/0amjms.2021.5873

Abdikadirova, H.R., Amreeva, K.E., Kalishev, M.G., & Zhautikova, S.B.
(2019). Evaluation of the efectiveness of alimentary correction of
pathological changes in hepatic tissue under the inffluence of industrial
copper-containing dust in the experiment. Meditsina Truda i Promysh-
lennaya Ekologiya, 59(7), 438-443. https://doi.org/10.31089/1026-
9428-2019-59-7-438-443

Kenzhaliyev, B., Berkinbayeva, A., Baltabekova, Z., Moldabayeva, G.,
Smailov, K., Saulebekkyzy, S., Tolegenova, N., Karim, D., &
Omirbek, T. (2025). Investigation of phase transformations in techno-
genic raw materials under microwave treatment for enhanced zinc
leaching. Processes, 13(4), 1099. https://doi.org/10.3390/pr13041099
Serhiyenko, V.A., & Serhiyenko, A.A. (2022). Diabetes mellitus and
congestive heart failure. International Journal of Endocrinology (Ukraine),
18(1), 57-69. https://doi.org/10.22141/2224-0721.18.1.2022.1146
Serhiyenko, V., Oliinyk, A., Pavlovskiy, Y., Kruk, O., & Serhiyenko, A.
(2024). Post-traumatic stress disorder and metabolic syndrome: The
role of some antioxidants in treatment. International Journal of Endo-
crinology (Ukraine), 20(6), 470-480. https://doi.org/10.22141/2224-
0721.20.6.2024.1445

Cherkas, A., Eckl, P., Gueraud, F., Abrahamovych, O., Serhiyenko, V.,
Yatskevych, O., Pliatsko, M., & Golota, S. (2016). Helicobacter pylori in
sedentary men is linked to higher heart rate, sympathetic activity, and in-
sulin resistance but not inflammation or oxidative stress. Croatian Medi-
cal Journal, 57(2), 141-149. https://doi.org/10.3325/cmj.2016.57.141
Pukish, A.V., Sydorenko, O.I., Mandryk, O.M., Korobeinykova, Y.S.,
& Tuts, O.M. (2023). The effect of pollutants on the content of nutrients in
soil. Nafta-Gaz, 79(4), 266-277. https://doi.org/10.18668/NG.2023.04.06
Kochmar, I., Karabyn, V., Stepova, K., Stadnik, V., & Sozanskyi, M.
(2024). Thermal impact on heavy metal bioavailability in burnt rocks
of waste heap of Chervonohradska coal-preparation plant (Lviv Re-
gion, Ukraine). Geomatics and Environmental Engineering, 18(1),
117-133. https://doi.org/10.7494/geom.2024.18.1.117

Koscova, M., Hellmer, M., Anyona, S., & Gvozdkova, T. (2018).
Geo-environmental problems of open pit mining: classification
and solutions. E3S Web of Conferences, 41, 01034.
https://doi.org/10.1051/e3sconf/20184101034

Popovych, V., Skrobala, V., Tyndyk, O., & Kaspruk, O. (2024). Hydro-
ecological monitoring of heavy metal pollution of water bodies in the Western

25

[33]

[36

[}

[37

—

[38]

[39

[her}

[40

=

[41

—

[42

—

[43

—

[44

[l

[45

[}

[46

=

[47]

[48

=

[49

—

[50

—

[51]

Bug River basin within the mining-industrial region. Mining of Mineral
Deposits, 18(4), 139-152. https://doi.org/10.33271/mining18.04.139
Welch, C., Barbour, S.L., & Hendry, M.J. (2021). The geochemistry
and hydrology of coal waste rock dumps: A systematic global
review. Science of the Total Environment, 795, 148798.
https://doi.org/10.1016/j.scitotenv.2021.148798

Nurpeisova, M., Kirgizbaeva, D., Kopzhasaruly, K., & Bek, A. (2015).
Integrated sustaining of technogenic mine structures. New Developments
in Mining Engineering 2015: Theoretical and Practical Solutions of
Mineral Resources Mining, 199-204. https://doi.org/10.1201/b19901-36
Kirgizbaeva, D., Nurpeisova, M., Shakirov, Z., & Levin, E. (2015).
Use of geographic information systems at creation three-dimensional
models of mine objects. New Developments in Mining Engineering
2015: Theoretical and Practical Solutions of Mineral Resources
Mining, 117-121. https://doi.org/10.1201/b19901-22

Aben, E., Yussupova, S., Akhmetkanov, D., Yelzhanov, E., & Saryba-
yev, N. (2024). Research into uranium characteristics and content in a
pregnant solution during leaching with oxygen saturation. Civil Engi-
neering Journal, 10(5), 1606-1615. https://doi.org/10.28991/CEJ-2024-
010-05-016

Khairullayev, N.B., Aliev, S.B., Yusupova, S.A., Eluzakh, M., &
Akhmetkanov, D.K. (2021). Studies of solution activation in
geotechnological mining methods. Ugol, 9, 55-57.
https://doi.org/10.18796/0041-5790-2021-9-55-57

Kakimzhanov, Y., Kozhaev, Z., & Bektemirova, S. (2015). Technique
of creation interactive visualization of 3D maps within the University
Campus. [International Multidisciplinary Scientific Geoconference,
845-850. https://doi.org/10.5593/SGEM2015/B21/S8.108
Pavlychenko, A., Sala, D., Pyzalski, M., Dybrin, S., Antoniuk, O., &
Dychkovskyi, R. (2025). Utilizing fuel and energy sector waste as
thermal insulation materials for technical buildings. Energies, 18(9),
2339. https://doi.org/10.3390/en18092339

Hutniczak, A.K., Brys, W., Dychkovskyi, R., Gaj, R., Dyczko, A.,
Blonska, A., Bierza, K., Bacler-Zbikowska, B., & Wozniak, G. (2025).
Identifying and understanding novel ecosystem functions: A scientific
approach to nature restoration law. Journal of Water and Land De-
velopment, 64(I-11T), 203-210. https://doi.org/10.24425/jwld.2025.153532
Nazirova, A., Kalimoldayev, M., Abdoldina, F., & Dubovenko, Y.
(2022). Optimization of an information system module for solving
a direct gravimetry problem using a genetic algorithm. Eastern-
European Journal of Enterprise Technologies, 2(9(116)), 21-34
https://doi.org/10.15587/1729-4061.2022.253976

Dubovenko, Y.I., Nazirova, A.B., & Abdoldina, F.N. (2022). Data-
driven preprocessing of gravity data in oilfield GIS monitoring system
in Kazakhstan. International Conference Monitoring of Geological
Processes and Ecological Condition of the Environment, 1, 1-4.
https://doi.org/10.3997/2214-4609.2022580267

Nazirova, A.B., Dubovenko, Y.I., Abdoldina, F.N., & Kuzminets, M.P.
(2021). Optimization of GIS modules for processing data of gravity
monitoring of subsoil in the Republic of Kazakhstan. Geoinformatics,
1, 1-6. https://doi.org/10.3997/2214-4609.20215521136

Younger, P.L. (2004). Environmental impacts of coal mining
and associated wastes: A geochemical perspective. Geological Socie-
ty, London, Special Publications, 236, 169-209.
https://doi.org/10.1144/GSL.SP.2004.236.01.12

Saini, V., Li, J., Yang, Y., & Li, J. (2023). Evaluating environmental
quality in Rujigou coalfield, China, using analytic hierarchy process.
Environmental Science and Pollution Research, 30, 1841-1853.
https://doi.org/10.1007/s11356-022-22340-1

Gogola, K., Rogala, T., Magdziarczyk, M., & Smolinski, A. (2020). The
mechanisms of endogenous fires occurring in extractive waste dumping
facilities. Sustainability, 12(7), 2856. https://doi.org/10.3390/sul2072856
Onifade, M., & Genc, B. (2018). A review of spontaneous combustion
studies — South African context. International Journal of Mining,
Reclamation and Environment, 33(8), 527-547.
https://doi.org/10.1080/17480930.2018.1466402

Loredo, J., Ordoiiez, A., & Pendas, F. (2002). Hydrogeological and
geochemical interactions of adjoining mercury and coal mine spoil
heaps in the Morgao catchment (Mieres, NW Spain). Geological
Society, London, Special  Publications, 198, 327-336.
https://doi.org/10.1144/GSL.SP.2002.198.01.22

Malanchuk, Z., Malanchuk, Y., Komiyenko, V., & Ignatyuk, 1. (2017).
Examining features of the process of heavy metals distribution in tech-
nogenic placers at hydraulic mining. Eastern-European Journal of En-
terprise Technologies, 1(10(85)), 45-51. https://doi.org/10.15587/1729-
4061.2017.92638



https://doi.org/10.1016/j.scitotenv.2018.06.038
https://doi.org/10.1016/j.psep.2018.12.025
https://doi.org/10.32014/2021.2518-170X.44
https://doi.org/10.1016/j.scitotenv.2020.140635
https://doi.org/10.1016/j.coal.2021.103817
https://doi.org/10.1016/j.flora.2021.151985
https://doi.org/10.25040/ntsh2021.02.05
https://doi.org/10.3889/oamjms.2021.5873
https://doi.org/10.31089/1026-9428-2019-59-7-438-443
https://doi.org/10.31089/1026-9428-2019-59-7-438-443
https://doi.org/10.3390/pr13041099
https://doi.org/10.22141/2224-0721.18.1.2022.1146
https://doi.org/10.22141/2224-0721.20.6.2024.1445
https://doi.org/10.22141/2224-0721.20.6.2024.1445
https://doi.org/10.3325/cmj.2016.57.141
https://doi.org/10.18668/NG.2023.04.06
https://doi.org/10.7494/geom.2024.18.1.117
https://doi.org/10.1051/e3sconf/20184101034
https://doi.org/10.33271/mining18.04.139
https://doi.org/10.1016/j.scitotenv.2021.148798
https://doi.org/10.1201/b19901-36
https://doi.org/10.1201/b19901-22
https://doi.org/10.28991/CEJ-2024-010-05-016
https://doi.org/10.28991/CEJ-2024-010-05-016
https://doi.org/10.18796/0041-5790-2021-9-55-57
https://doi.org/10.5593/SGEM2015/B21/S8.108
https://doi.org/10.3390/en18092339
https://doi.org/10.24425/jwld.2025.153532
https://doi.org/10.15587/1729-4061.2022.253976
https://doi.org/10.3997/2214-4609.2022580267
https://doi.org/10.3997/2214-4609.20215521136
https://doi.org/10.1144/GSL.SP.2004.236.01.12
https://doi.org/10.1007/s11356-022-22340-1
https://doi.org/10.3390/su12072856
https://doi.org/10.1080/17480930.2018.1466402
https://doi.org/10.1144/GSL.SP.2002.198.01.22
https://doi.org/10.15587/1729-4061.2017.92638
https://doi.org/10.15587/1729-4061.2017.92638

V. Popovych et al. (2026). Mining of Mineral Deposits, 20(1), 14-27

[52] Loredo, J., Ordéiiez, A., Baldo, C., & Garcia-Iglesias, J. (2003). Arse-
nic mobilization from waste piles of the El Terronal mine, Asturias,
Spain. Geochemistry: Exploration, Environment, Analysis, 3, 229-237.
https://doi.org/10.1144/1467-7873/03-003

[53] Bowell, R.J., Declercq, J., Warrender, R., Prestia, A., Parshley, J.V.,
& Barber, J.R. (2016). Geochemical prediction of arsenic attenuation
from infiltrated heap leach drainage, Daisy Mine, Nevada. Geo-
chemistry: Exploration, Environment, Analysis, 17, 113-123.
https://doi.org/10.1144/geochem2016-423

[54] Shmatkov, H.H., & Yakovyshyna, T.F. (2018). System of indicators
for comprehensive assessment of polyelement pollution by heavy metals
in soils of the urban ecosystem. Ecological Sciences, 1(20(2)), 25-29.

[55] Kyrylchuk, A.A., & Bonishko, O.S. (2011). Soil chemistry. Fundamen-
tals of theory and practice. Lviv, Ukraine: Ivan Franko National Uni-
versity of Lviv, 354 p.

[56] Smanov, Z., Duisenbayev, S., Zulpykharov, K., Laiskhanov, S., Turym-
tayev, Z., Kozhayev, Z., Atasoy, E., & Taukebayev, O. (2025). Soil sali-
nization and its impact on the degradation of agricultural landscapes of
the Talas district, Kazakhstan. Journal of the Geographical Institute Jo-
van Cvijic Sasa, 75(2), 233-250. https://doi.org/10.2298/ij2i2502233s

[57] Skrobala, V., Popovych, V., Tyndyk, O., & Voloshchyshyn, A. (2022).
Chemical pollution peculiarities of the Nadiya mine rock dumps in the
Chervonohrad Mining District, Ukraine. Mining of Mineral Deposits,
16(4), 71-79. https://doi.org/10.33271/mining16.04.071

[58] Skrobala, V., Popovych, V., & Pinder, V. (2020). Ecological patterns
for vegetation cover formation in the mining waste dumps of the Lviv-
Volyn coal basin. Mining of Mineral Deposits, 14(2), 119-127.
https://doi.org/10.33271/mining14.02.119

[59] Gazda, L., & Krzowski, Z. (1991). Hydrogeochemical environment in
the Lublin coal basin in East-Central Poland. Proceedings of the 4"
International Mineral Water Association Congress, 61-63.

[60] Puri, S. (2010). Education for hydrogeologists of the future: Serving to
ensure an environmentally secure world. Przeglgd Geologiczny,
58(9/1), 737-745.

[61] Filipowicz, P., & Borys, M. (2007). Comparative analysis of the
geotechnical properties of coal mining wastes from Lublin Coal Basin
and from other basins. Journal of Water and Land Development, 11,
117-130. https://doi.org/10.2478/v10025-008-0010-5

[62] Ciosmak, M. (2016). The anthropogenic inundated area ”Szczecin” in
the zone of active underground exploitation of hard coal in the Lublin
coal basin. Journal of Ecological Engineering, 17(2), 70-80.
https://doi.org/10.12911/22998993/62293

[63] Misiak, J. (2012). Quality of coal from exploited seams in LW “Bog-
danka” S.A. (Lublin Coal Basin). Mineral Resources Management,
28(4), 137-149. https://doi.org/10.2478/v10269-012-0034-y

[64] Auguscik-Gorajek, J., & Nie¢, M. (2020). The variability of mercury
content in bituminous coal seams in the coal basins in Poland. Re-
sources, 9(11), 127. https://doi.org/10.3390/resources9110127

[65] Nie¢, M., Sermet, E., & Salamon, E. (2023). Variation of coal quantity
accumulated in the Mississippian to Pennsylvanian coal seams (Upper
Silesia and Lublin Coal basins, Poland): A reflection of changes in
climate and CO, availability. Geological Quarterly, 1(67), 8.
https://doi.org/10.7306/gq.1678

[66] Auguscik, J., Sermet, E., & Musial, A. (2018). The variability in the content
of rare earth elements (Ce, La, Sc, and Y) in bituminous coal (Lublin coal
basin). Proceedings of the 18" International Multidisciplinary Scientific
GeoConference, 18(1.1). https://doi.org/10.5593/sgem2018/1.1/S01.076

[67] Pavlychenko, A., & Kovalenko, A. (2013). The investigation of rock
dumps influence to the levels of heavy metals contamination of soil.
Annual Scientific-Technical Collection — Mining of Mineral Deposits,
237-238. https://doi.org/10.1201/b16354-43

[68] Lukasz, G. (2015). Coal mining waste dumps as secondary deposits —
examples from the Upper Silesian Coal Basin and the Lublin Coal Ba-
sin.  Geology, Geophysics and  Environment, 40(3), 285.
https://doi.org/10.7494/ge01.2014.40.3.285

[69] Nurpeisova, M.B., & Yestemesov Z.A. (2023). Industrial waste recy-
cling — one of the key directions of business development. News of the
National Academy of Sciences of the Republic of Kazakhstan, Series of
Geology and Technical Sciences, 3(459), 193-205.
https://doi.org/10.32014/2023.2518-170X.309

[70] Houfy, F.Z., Mefteh, S., Dekayir, A., Rouai, M., Medhioub, M., & Ech-
Charef, A. (2025). Application of mineralogical, geochemical, and statis-
tical analyses to investigate waste rock heaps at the abandoned Zeida
mine (Northeastern Morocco). Euro-Mediterranean Journal for Envi-
ronmental Integration, 10, 2739-2760. https://doi.org/10.1007/s41207-
025-00857-4

[71] Amrani, M., Taha, Y., El Haloui, Y., Benzaazoua, M., & Hakkou, R.
(2020). Sustainable reuse of coal mine waste: Experimental and econom-
ic assessments for embankments and pavement layer applications in Mo-
rocco. Minerals, 10(10), 851. https://doi.org/10.3390/min10100851

[72] Popovych, V., Skrobala, V., Tyndyk, O., Petlovanyi, M., Sai, K.,
Popovych, N., Konanets, R., & Ilkiv, B. (2025). Modelling the sea-
sonal dynamics of heavy metal pollution of water bodies within a
mining area. Rudarsko-Geolosko-Nafini Zbornik, 40(3), 195-208.
https://doi.org/10.17794/rgn.2025.3.13

[73] Zhakypbek, Y., Rysbekov, K., Lozynskyi, V., Mikhalovsky, S., Salmurzau-
ly, R., Begimzhanova, Y., Kezembayeva, G., Yelikbayev, B., & Sankaba-
yeva, A. (2025). Geospatial and correlation analysis of heavy metal distri-
bution on the territory of integrated steel and mining company Qarmet
JSC. Sustainability, 17(15), 7148. https://doi.org/10.3390/sul 7157148

[74] Linhares, D., Pimentel, A., Borges, C., Cruz, J.V., Garcia, P., dos Santos
Rodrigues, A. (2019). Cobalt distribution in the soils of Sdo Miguel Is-
land (Azores): From volcanoes to health effects. Science of the Total En-
vironment, 684, 715-721. https://doi.org/10.1016/].scitotenv.2019.05.359

[75] Luo, D., Zheng, H., Chen, Y., Wang, G., & Fenghua, D. (2010). Trans-
fer characteristics of cobalt from soil to crops in the suburban areas of
Fujian Province, Southeast China. Journal of Environmental Manage-
ment, 11,2248-2253. https://doi.org/10.1016/j.jenvman.2010.06.001

[76] Gitari, M.W., Akinyemi, S.A., Ramugondo, L., Matidza, M., & Mhlon-
go, S.E. (2018). Geochemical fractionation of metals and metalloids in
tailings and appraisal of environmental pollution in the abandoned Musi-
na Copper Mine, South Africa. Environmental Geochemistry and Health,
40,2421-2439. https://doi.org/10.1007/s10653-018-0109-9

[77] Khelfaoui, M., Medjram, M.S., Kabir, A., Zouied, D., Mehri, K.,
Chikha, O., & Trabelsi, M.A. (2020). Chemical and mineralogical
characterization of weathering products in mine wastes, soil, and sedi-
ment from the abandoned Pb/Zn mine in Skikda, Algeria. Environmen-
tal Earth Sciences, 79, 293. https://doi.org/10.1007/s12665-020-09043-x

[78] de Andrade Lima, L.R.P., & Bernardez, L.A. (2023). Mineralogical
and geochemical characterization of the tailings from the former lead-
zinc flotation plant of Boquira mine, Brazil. Environmental Earth
Sciences, 82, 10. https://doi.org/10.1007/s12665-022-10678-1

I'eoexoJioriuni acnexTn Mirpaunii XiMiuHMX e1eMeHTIB y IpPyHTaX 30HU BIJIUBY
Tepukony maxtu “borapanka”, JIooaincbkuii ByriibHmii 6aceiin

B. [Tomoswy, B. Ckpobaina, B. Ceprienxko, T. boiiko, O. Kir, B. Koo

Meta. MeToro poOOTH € TOCIIKEHHSI 0COOINBOCTEHl XIMIiYHOTO 3a0py/AHEHHS IPYHTIB Ta aHali3 3aKOHOMIpPHOCTEH Mirparii XiMiuHHX
SJIEMEHTIB y 30HI BIUIMBY TepHKOHY miaxTH ‘“‘Bormanka” JII0OIIHCHKOTO BYTiNBHOTO OaceiiHy MOpIBHSIHO 3 KOHTPOJIBHOIO AiMSHKOM. J{is
JOCSITHEHHSI TIOCTaBJICHOI METH 31ilicCHeHO Bifbip IPYHTOBHX MPo0 3 pi3HHUX ekoToImiB Ha ranbuHax 0-5, 5-10 ta 10-15 oM, omiHeHo ekosori-
YHUI CTaH TEPUTOPIil Ta BUKOHAHO CTATUCTHYHUI aHaIIi3 BMICTY XIMIYHHX €IEMEHTIB.

Metoauka. Jlocmi/ukeHHs1 IPYHTYBAJIMCS Ha METO/aX CTATUCTHYHOI 0OPOOKH JaHWX, KOPENSIiHHOro Ta KJIACTEPHOro aHamily, barato-
BUMIipHOI OpAMHALIT €KOTOIIB i3 3aCTOCYBaHHAM aHaii3y rosoBHUX komrnoHeHT (PCA) Ta KaHOHIYHOTO AMCKPHMIHAHTHOTO aHai3y. Binbip
npo6 3xailicHIOBaIM BiAmoBigHo a0 ctanaapty ISO 10381-8:2006. AHamiTHYHI BU3HAYCHHs €JIEMEHTHOTO CKJIaay BUKOHAHO METOJOM PEHT-

reHoduryopecieHTHOI criektpomerpii Ha npuiazni ElvaX Light SDD.

Pe3yabTaTn. BcTaHOBICHO iICTOTHY IPOCTOPOBY HEOAHOPIAHICTH PO3MOALTY MAaKpO- Ta MIKPOEGJIEMEHTIB Y IPYHTaX 30HU BIUIUBY TEpH-
koHy. Ha minsiHui mizHiOKS TepukoHy 3adikcoBano minsuiieHi konuentpauii Mg, Al, S, K, Ti, V, Fe, Ni, Cu, Zn, Sr, Y ta Pb. Makcumains-
Hi 3HAYCHHSI OKPEMHUX EJIEMEHTIB XapaKTepHi st crielu(iYHuX eKOTOIiB, 30kpeMa Mn i Zr uis npubeperxHuX Ta JIicoBUX AinsHOK. Haii6i-
JIbLIIE MIEPEBUIICHHS TPaHUYHOIOIYCTHMHUX KOHIeHTpauii BusiBieno 1t Cu, Ni ta Zn (mo 22.3, 20.1 ta 30 pasiB BiANOBiAHO).
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HaykoBa HoBu3Ha. HaykoBa HOBH3HA JOCIIiPKEHHSI MOJISITa€ Y BCTAHOBJICHHI MPOCTOPOBUX TPAAi€HTIB XIMIYHOTO 3a0pyIHEHHS IPYHTIB
Y 30HI BIUTUBY TEPHUKOHY BYT1IBHOI IIaXTH Ha OCHOBI O0araTOBUMIipHOI OpAMHALIl eKOTOMiB. J[BoBUMipHa rpadivHa Bizyanizawis reoXiMigHUX
MOKA3HUKIB, OCAMH SIKUX € KOHLEHTPALil XIMIYHUX €JIEMEHTIB a00 iHTerpaibHi IPajlieHTH CepeloBUINA, 3a0e3neuye HaOUHe MPEeICTaBICHHS
MPOIIECiB Mirpaii eIeMeHTiB y IPYHTaxX Pi3HUX €KOTOIIB.

IpakTnyna 3Ha4uMicTh. [[pakTHYHA 3HAYYLIICTH OTPHMAHKX PE3YJIBTATIB IOJSAra€ Y MOXKIMBOCTI BUKOPUCTAHHS BCTAHOBJICHUX 3aKO-
HOMIPHOCTEH PO3MOJiTy XIMIYHUX €IeMEHTIB JUI OI[IHKU PiBHS 3a0pyIHEHHS IPYHTIB y 30HI BIUIMBY NOPOAHOTO BimBary. OTpuMaHi JaHi
MOXYTb OyTH BUKOPHCTaHI IJIsI TPOTHO3YBAHHS JIOKAIBHNX 3MiH SIKOCTI IPYHTOBOT'O ITOKPHBY Ta OOIPYHTYBAHHS 3aXO/IB MO0 3MEHIICHHS
HETaTUBHOTO BIUIMBY BaXXKHX METAJIiB Ha IPYHTOBE CEPEIOBHUIIE MPHIIETIINX TCPUTOPIH.

Knrwouogi cnoea: nopoonuii 8iosan; mepuxoH waxmu,; XimMiuHe 3a0pyOHeH s, KOMIIEKCHUL 2padicHm cepedosunya, eKono2iuna besnexa
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