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Abstract

This study presents the results of investigations of chemical element content in soils within the influence zone of a coal
mine waste dump and focuses on the Bohdanka coal mine (Lublin Coal Basin) and its impact on surrounding ecosys-
tems. The geochemical information is based on data on the concentration of 12 chemical elements (P, S, Ti, Y, Zr, Cu, Zn,
Pb, Ni, V, Mn, Sr) in soils at six sites affected by the waste dump. Mathematical modelling was carried out by establishing
relationships between chemical element concentrations. Based on the absolute content in the soils of the studied areas,
the following groups of microelements were identified: I - Ti (4854 mg/kg); I - S (804 mg/kg); I1L.1 - P, Mn, Zr (353-590
mg/kg); I11.2 -V, Sr, Zn (86-145 mg/kg); I11.3 - Pb, Y, Ni, Cu (21-26 mg/kg). Site No. 4 (foot of the rock dump) is charac-
terised by a hazardous level of soil pollution (total pollution index Zc = 53.1-76.5), while site No. 2 is at the upper limit of
the permissible level of pollution with a transition to a moderately hazardous zone (Zc = 10.8-15.1). Other sites are char-
acterised by permissible levels of pollution. Discriminant analysis enabled the determination of the distribution of mi-
croelements in the upper soil layers by depth, forming a geochemical sequence of 5 cm — 10 cm — 15 cm. The developed
mathematical models make it possible to refine ecological gradients of chemical element distribution in soils, primarily
heavy metals, in the upper soil layers.
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pounds and substances, as well as individual elements,
into the body (Nersesyan et al., 2021; Serhiyenko et
al., 2024). In particular, the highest concentrations of
NH,", HCO, , F~, CI', Br,NO,,NO,, PO, SO >, Al,
B, Ba, Ca, Cd, Cr, Cu, Fe, K, Li, Mg, Mn, Na, P, Pb, S,
Si, Sr, Zn are observed in areas of high thermal activity,
as inorganic components are converted into more water-
soluble forms. Since the thermal activity of the dump
shows a regional pattern, it also follows that the concen-
trations of elements and ions in the discharge waters
demonstrate significant regional differences (Lewinska-
Preis et al., 2021; Adamenko et al., 2017).

Samples collected from the Upper Silesian coal basin
dumps were used to assess the content of organic and
inorganic pollutants, including polycyclic aromatic hy-
drocarbons and trace elements (Pb, Cd, Cr, Cu, Zn, Ni,

1. Introduction

Nowadays, with the bleak environmental situation,
the issues of man-made pollution of soil, water bodies
and air as a result of mining operations are particularly
acute (Pukish et al., 2024; Bun et al., 2024). One of the
negative factors contributing to environmental pollution
in coal mining regions is coal mine waste dumps, which
are a powerful source of long-term secondary pollution
of ecosystems and cause diseases in people living in
these regions (Serhiyenko & Serhiyenko, 2019). Ex-
tensive research has been conducted on coal-mining re-
gions in various aspects. Researchers have concluded
that the most dangerous factor affecting environmental
safety and human health is the entry of chemical com-
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Hg, As). Previous studies have shown that elevated con-
centrations of mercury and lead are associated with their
migration from deeper parts of the dumps due to thermal
processes. High levels of Hg, Pb, and Cd, as well as the
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presence of chlorinated surfactants and nitrogen hetero-
cycles formed or enriched during self-heating, indicate a
significant environmental hazard (NAdudvari et al.,
2021). A combustion zone of the spoil tip was investi-
gated, where increased soil temperatures were recorded.
Soil analyses were carried out for different grain-size
fractions, which made it possible to assess the variability
of the chemical composition depending on particle size.
The results indicate that heavy metals such as Mn, Zn,
Pb, and Cu are predominant among trace elements,
while Fe and Ca dominate among major elements. In ad-
dition, elevated contents of organic carbon were identi-
fied in combination with polycyclic aromatic hydrocar-
bons, confirming the complex nature of contamination
in such environments (Abramowicz et al., 2021).

Despite the large number of waste dumps identified in
Polish coal basins, their environmental impact has been
studied unevenly. For example, although 116 waste
dumps are located in the Lower Silesian Coal Basin,
where mining activities ceased in 2000, their relatively
small surface area and thermal condition have limited
detailed analysis (Marecisz et al., 2020).

In addition to the input of hazardous substances and
compounds into biota from coal mine waste dumps as a
result of geochemical processes, a significant amount of
substances is released into the environment as a conse-
quence of waste rock combustion (Popovych & Volosh-
chyshyn, 2019; Pukish et al., 2023; Tatsiy et al., 2019).
In soil samples affected by thermal impacts of fires, an
increase in mercury content in the mobile fraction was
observed, indicating that the combustion of mining resi-
dues increases the mobility, toxicity, and bioavailability
of mercury, thereby enhancing the pollution potential of
coal waste dumps (Monteiro et al., 2024). More than 50
years after the cessation of mining activities, the spoil tip
of a former uranium and coal mine is still a source of
pollution of water and river sediments. While the burned
part constitutes the main source of sulfate, lead, and oth-
er volatile elements (Cd, Se) accumulated during com-
bustion processes, the unburned part is a source of ura-
nium and molybdenum (Bohdan et al., 2018).

A number of studies are devoted to the physiological
resistance and phytoremediation properties of plants and
microorganisms in the impact zone of waste dumps
(Popovych et al., 2021). Specifically, aimed to mini-
mize the mobility of heavy metals (As, Cu, Cd, Ni, Pb,
and Se), improve soil health, and stimulate plant growth
(phytoremediation using Lolium perenne L.) (Salgado
et al., 2024). It was found that the combination of dunite
and compost successfully reduced the concentration of
available Cu and Ni in soil by more than four times, sig-
nificantly improved soil properties, and promoted higher
biomass production. In addition, Lolium perenne L.
demonstrated phytostabilization capacity for Cu and Ni
in soils treated with soil amendments.

An analysis of heavy metal content shows that they
are higher in plant materials (Calamagrostis epigejos,

Solidago canadensis) than in soil materials within the
plant root zone. Statistical analysis indicates a positive
correlation between the content of trace elements in
plants (roots and aboveground parts) and soil samples in
both thermally active and inactive zones (Abramowicz
& Rahmonov, 2024).

Arabidopsis halleri and Arabidopsis arenosa accumu-
late large amounts of Zn in their tissues, particularly in
stem leaves. Among 22 identified bacterial taxa, the
highest level of taxonomic diversity (H' = 2.01) was de-
tected in the leaves of A. halleri. A total of 96%, 98%,
99%, and 98% of the studied strains exhibited resistance
to Cd, Zn, Pb, and Cu, respectively. Nine bacterial strains
isolated from waste dumps were resistant to toxic metals
and are considered potential bioremediation agents
(Olenska et al., 2023).

The most effective methods for reducing the negative
impacts of waste dumps are reclamation and phytome-
lioration. Due to the natural transformative function of
vegetation cover, the level of ecotope pollution and its
impact on human health are reduced (Skrobala et al.,
2020). It should be noted that sustainable reclamation
methods were investigated at the largest coal mine in the
United States, located in Wyoming. These methods in-
cluded post-mining landform reconstruction to the origi-
nal contour and the restoration of a stable hydrological
system for surface water drainage (Krzyszowska Wait-
kus, 2022). Studies of the chemical element content in
soils within the impact zones of waste dumps represent a
relevant issue of contemporary international research, as
the geochemical migration of hazardous substances and
compounds directly affects biota and human health (Ser-
hiyenko & Serhiyenko, 2022).

Despite numerous studies on soil contamination in
mining areas, the spatial distribution of trace elements
within the impact zones of coal mine waste dumps re-
mains insufficiently investigated. In particular, there is a
lack of detailed geochemical studies for specific sites
such as the “Bohdanka” coal mine waste dump. The pre-
sent study is aimed at assessing the spatial distribution
of trace elements in soils within the impact zone of the
waste dump and identifying the main patterns of their
geochemical differentiation using statistical and mathe-
matical approaches.

2. Methods

The object of this study is the “Bohdanka” coal mine
(Lublin Coal Basin). Only one waste dump is located in
the Lublin Coal Basin (see Figure 1). In the Lublin Ba-
sin, coal-bearing seams are represented by Upper Car-
boniferous deposits, mainly of late Bashkirian age,
formed in paralic sedimentary environments (Nie¢ et al.,
2023). The average total sulfur content in the basin
seams reaches 1.27% in seam 382 and 0.99% in seam
385/2. The total sulfur content varies within the range of
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Figure 1: Location scheme of the “Bohdanka” coal mine
within the coal basin (coordinates: 51.31882, 23.00494)

0.82-2.16% in seam 382 and 0.58-1.83% in seam 385/2
(Misiak, 2012).

The Lublin Coal Basin is located in eastern Poland
and represents a Carboniferous coal-bearing formation
developed within the Lublin Trough. The basin is com-
posed predominantly of mudstones, claystones, sand-
stones, and coal seams formed under paralic deposition-
al conditions (Krzeszowska, 2019; Nie¢ et al., 2023).
Coal-bearing strata belong mainly to the Upper Carbon-
iferous (Pennsylvanian), particularly the late Bashkirian
stage (Nie¢ et al., 2023). The coal seams exploited by
the “Bohdanka” mine (notably seams 382 and 385/2) are
characterized by relatively stable thickness, low to mod-
erate sulfur content, and a relatively simple geological
structure compared to other European coal basins (Mis-
iak, 2012). The overburden consists mainly of fine-
grained clastic rocks, which influence the geochemical
background of soils formed in the mine impact zone.
The geological structure and lithological composition of
the coal-bearing sequence play a key role in the forma-
tion of trace element distribution patterns in soils, as
they determine both the primary geochemical back-
ground and the mobility of elements under anthropogen-
ic impact conditions. Mining and geological conditions
of coal deposits significantly influence the formation of
technogenic landscapes and the redistribution of trace
elements in soils within mining areas (Lyashenko et al.,
2022; Krzeszowska, 2019).

Soil sampling was carried out within the impact zone
of the waste dump at six representative sites located at
different distances from the dump, including the foot of
the waste dump, areas of natural soil, forested areas, and
zones influenced by drainage processes (see Figure 1).
The selection of sampling sites was based on differences
in land use, vegetation cover, and the expected degree of
technogenic impact. At each site, soil samples were col-
lected at three depths: 5 cm, 10 cm, and 15 cm, corre-

sponding to the upper soil horizons most affected by
anthropogenic influence. Sampling was performed dur-
ing the spring period under stable weather conditions. At
each depth, composite samples were formed by mixing
several subsamples collected within a radius of 1-2 m to
ensure representativeness. The determination of chemi-
cal element concentrations in soil samples was carried
out using X-ray fluorescence analysis (XRF) in accord-
ance with standard analytical procedures.

The assessment of the soil contamination level within
the impact zone of the waste dump was carried out using
indicators developed on the basis of geochemical and
hygienic environmental studies. These indicators in-
clude the concentration coefficient Kc, the total pollu-
tion index Zc, and the soil pollution index (Shmatkov &
Yakovishina, 2018).

The concentration coefficient Kc is expressed by
Equations 1 and 2:

G .

Kc; = , times (1)
CMPKl
G .
Kc; = —, times 2)
CBVl'
Where:

C - is the actual concentration of the chemical ele-

ment iii in the soil (mg/kg);
C, i - 18 the maximum permissible concentration of
the chemical element i (mg/kg);

C,, -1is the background concentration of the chemi-
cal element i (mg/kg);
i - is the ordinal number of the chemical element.

Background concentrations of chemical elements
were determined based on the analysis of literature
sources (Fatieiev & Pashchenko, 2003).

The soil pollution index PI (pollution index) is ex-
pressed by Equation 3:

n
PI= Z K., /n, times 3)
1

Where:
n - is the number of chemical elements.

The total pollution index Zc is expressed by Equa-
tion 4:

m
Ze= Z Key-(m-1), times (4)
1
Where:
m - is the number of concentration coefficients ex-
ceeding 1.

For the total pollution index Zc, the following pollu-
tion categories have been established empirically:

— permissible — Zc<16;

— moderately hazardous — Zc=16...32;

—hazardous — Z¢=32...128;

— extremely hazardous — Zc>128.
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The features of the spatial distribution of chemical el-
ements within the waste dump impact zone were studied
using data mining methods (Kantardzic, 2020). The
study included three main stages: investigation of the
structure of mutual spatial arrangement of elementary
sites in the multidimensional feature space of chemical
element concentrations, mathematical modelling of the
structure, and verification of the mathematical model
(Popovych et al., 2025).

The basis of the geochemical information consisted
of data on the concentrations of 12 chemical elements (P,
S, Ti,Y, Zr, Cu, Zn, Pb, Ni, V, Mn, Sr) in soils at six sites
within the waste dump impact zone. Mathematical mod-
elling was performed by identifying systematic relation-
ships between chemical element concentrations. Each
site can be represented as a point in a multidimensional
feature space, the coordinates of which correspond to the
concentration values of chemical elements. In this case,
the similarity of sites based on the set of environmental
pollution parameters can be determined using distances
between points. The essence of the subsequent mathe-
matical procedure consists in identifying the axes of
maximum variation, determining their number, and as-
sessing the contribution of each chemical element to the
variation based on principal component analysis.

The assessment of differences between ecotope pa-
rameters within the waste dump impact zone was per-
formed using analysis of variance. The construction of a
typological scheme of mine ecotopes and graphical visu-
alization of the results of mathematical modelling were
carried out based on canonical discriminant analysis
(Skrobala, 2022a). Verification of the mathematical
model was performed based on a comparative assess-
ment of site positions along the axes of maximum varia-
tion (multidimensional ordination) with the results of
studies of soil and vegetation cover (Skrobala, 2022b).

Standardized values of chemical element concentra-
tions were calculated using the Equations 5:

z; = (x;-M)/o, Q)
Where:

Z. - the standardized value of the chemical element
concentration in soil;

X, - the actual concentration of the chemical element
i

M - the arithmetic mean concentration of the chemi-
cal element in soil;

o - the standard deviation of the chemical element
concentration in soil.

3. Results and Discussion

The content of chemical elements in soil depends on
many factors, primarily on their content in the parent
material. The highest concentrations in soils are usually
characteristic of macroelements, including Si, Al, Fe,

Ca, Mg, K, Na, and C. These elements are almost en-
tirely inherited from the soil-forming material and are
redistributed within the soil profile during the process of
soil formation. A transitional group between macro- and
microelements is formed by Ti, Mn, N, P, and S; their
content in soils varies from hundredths to tenths of a per-
cent (see Tables 1-2). The content of typical trace ele-
ments is less than nx10~ %, and this group includes Cu,
Co, Ni, V, Sr, Li, Mo, and other elements (Kyrylchuk &
Bonishko, 2011).

Grouping elements according to their concentration
in soil is the simplest operation and is primarily used to
identify the role of individual elements in soil mass for-
mation. The concentration levels of chemical elements
in ecotopes within the impact zone of the studied waste
dump are presented in Table 1.

Based on the absolute content in the soils of the stud-
ied sites (see Table 1), the following groups of trace ele-
ments can be distinguished:

I — Ti (mean concentration value of 4854 mg/kg);

IT — S (mean concentration value of 804 mg/kg);

III.1 — P, Mn, Zr (mean concentration values of 353—
590 mg/kg);

II1.2 — V, Sr, Zn (mean concentration values of 86—
145 mg/kg);

II1.3 — Pb, Y, Ni, Cu (mean concentration values of
21-26 mg/kg).

Spatial mapping and surface modelling of chemical
element concentrations (see Figures 2 and 3) were per-
formed using interpolated data based on a regular grid. A
local Cartesian coordinate system was applied, where X
corresponds to Easting (0-24 m) and Y to Northing (—4—
10 m). The spatial distribution of concentrations was
visualized using filled contour maps with labeled iso-
lines, constructed with a regular contour interval of 200
mg/kg. Surface modelling was carried out using an inter-
polated grid generated by the inverse distance weighting
(IDW) method (power = 2). Three-dimensional visuali-
zation included both wireframe surfaces and combined
color surfaces with contour lines and sampling points.
Cross-sectional profiles were additionally constructed
along the Easting direction at a fixed Northing value (Y
= 5 m) to illustrate changes in concentration. Sampling
points are indicated on the maps and labeled with meas-
ured concentration values.

The spatial distribution of Ti within the studied sites
in the 0-5 cm soil horizon is presented in Figure 2.

The spatial distribution of S within the studied sites in
the 0—5 cm soil horizon is graphically presented in Fig-
ure 3.

Compared to the mean values, site No. 4 reveals ele-
vated concentrations of 9 out of 12 chemical elements:
S, Ti, V, Ni, Cu, Zn, Sr, Y, and Pb (see Tables 1-2). Only
P exhibits a low concentration at this site. Statistical pa-
rameters of chemical element content in the soils of the
studied sites, used for further calculations of z, are pre-
sented in Table 2.
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Table 1: The concentration levels of chemical elements in ecotopes within the impact zone

No |h Concentration of the chemical elements, mg/kg
0

Ti S P Mn Zr A% Sr Zn Pb Y Ni Cu

5 3663.2 | 1419 | 5982 | 2039 | 376.0 | 1258 50.1 254 11.7 15.2 12.3 8.2

1 10 | 3061.0 | 159.9 | 577.1 | 2134 | 254.6 | 126.8 50.5 7.5 15.7 22 11.5 11.6

15 | 2572.7 | 123.0 | 593.5 | 207.7 | 238.8 | 126.0 46.0 30.0 12.0 13.8 15.6 7.9

5 42312 | 974.6 | 617.6 | 487.7 | 335.7 73.8 80.6 36.1 22.4 225 19.2 23.1

2 10 | 5881.9 | 1940.7 | 634.5 | 4025 | 3354 60.1 112.9 344 37.0 27.7 20.8 26.0

15 | 4610.5 | 1372.8 | 610.2 | 3233 | 3254 | 130.2 89.2 6.8 359 25.2 11.7 234

5 5202.1 | 1145 | 603.1 | 491.2 | 606.6 | 153.5 97.9 34.9 20.2 35.4 12.1 10.5

3 10 | 5006.6 | 66.9 588.1 | 405.8 | 505.2 | 1475 88.7 23.5 17.8 28.7 12.6 12.6

15 | 4060.4 | 39.8 553.5 | 417.5 | 3782 | 127.0 65.3 18.6 14.0 21.4 12.0 7.5

5 8095.4 | 2867.0 | 524.0 | 318.1 | 219.0 | 199.5 | 284.5 | 170.1 53.0 56.9 72.0 66.9

4 10 | 7986.7 | 2229.3 | 524.4 | 375.8 | 220.7 | 247.0 | 273.7 | 340.2 49.7 56.7 80.5 63.8

15 | 7910.8 | 1993.6 | 511.7 | 379.1 | 219.5 | 209.2 | 267.8 | 690.6 50.0 52.9 74.5 58.7

5 4782.1 | 135.6 | 608.2 | 5472 | 5133 144.7 70.8 35.7 21.0 25.8 12.3 9.4

5 10 | 4101.1 | 46.6 571.2 | 498.7 | 491.1 | 1273 67.7 31.0 18.1 26.2 11.0 7.5

15 | 42642 | 43.1 577.8 | 4504 | 498.6 | 126.7 67.1 24.8 19.1 27.0 11.5 8.5

5 3969.2 | 951.0 | 652.1 | 296.6 | 185.5 | 160.9 36.0 26.6 21.0 24 14.2 10.3

6 10 | 4665.7 | 766.1 | 639.8 | 260.8 | 403.7 | 164.4 46.2 8.7 21.4 16.4 16.0 9.8

15 | 33023 | 507.5 | 6323 | 377.0 | 2493 152.9 44.7 8.1 24.5 2.5 13.4 9.0

BV |- 4600* | 1200* | 1200* | 1500 | 255.6* 150 458%* 23 32 23.4% 4 3

Concentration coefficient K¢, exceeding background values or MPCs, times

5 0.80 0.12 0.50 0.14 1.47 0.84 0.11 1.10 0.37 0.65 3.07 2.72

1 10 0.67 0.13 0.48 0.14 1.00 0.85 0.11 0.33 0.49 0.09 2.88 3.86

15 0.56 0.10 0.49 0.14 0.93 0.84 0.10 1.30 0.38 0.59 3.90 2.64

5 0.92 0.81 0.51 0.33 1.31 0.49 0.18 1.57 0.70 0.96 4.81 7.68

2 |10 1.28 1.62 0.53 0.27 1.31 0.40 0.25 1.50 1.16 1.18 5.20 8.67

15 1.00 1.14 0.51 0.22 1.27 0.87 0.19 0.29 1.12 1.08 2.93 7.79

5 1.13 0.10 0.50 0.33 2.37 1.02 0.21 1.52 0.63 1.51 3.01 3.52

3 10 1.09 0.06 0.49 0.27 1.98 0.98 0.19 1.02 0.55 1.23 3.16 4.19

15 0.88 0.03 0.46 0.28 1.48 0.85 0.14 0.81 0.44 0.91 3.01 2.49

5 1.76 2.39 0.44 0.21 0.86 1.33 0.62 7.40 1.66 2.43 17.99 | 2231

4 |10 1.74 1.86 0.44 0.25 0.86 1.65 0.60 14.79 1.55 2.42 20.13 | 21.27

15 1.72 1.66 0.43 0.25 0.86 1.39 0.58 30.03 1.56 2.26 18.63 | 19.57

5 1.04 0.11 0.51 0.36 2.01 0.96 0.15 1.55 0.66 1.10 3.09 3.13

S 10 0.89 0.04 0.48 0.33 1.92 0.85 0.15 1.35 0.56 1.12 2.75 249

15 0.93 0.04 0.48 0.30 1.95 0.84 0.15 1.08 0.60 1.15 2.87 2.84

5 0.86 0.79 0.54 0.20 0.73 1.07 0.08 1.16 0.66 0.10 3.54 3.44

6 |10 1.01 0.64 0.53 0.17 1.58 1.10 0.10 0.38 0.67 0.70 4.00 3.25

15 0.72 0.42 0.53 0.25 0.98 1.02 0.10 0.35 0.77 0.11 3.35 3.01

Legend: No. — site number; 1 — natural soil; 2 — Robinia pseudoacacia plantation; 3 — lake shoreline; 4 — foot of the waste dump,
drainage sludge; 5 — birch forest; 6 — pine forest. h — soil sampling depth, cm; M — mean value, mg/kg; ¢ — standard deviation,
mg/kg; BV — background concentration value (*) or maximum permissible concentration (MPC), mg/kg.

At site No. 2, elevated concentrations are characteris-  elements in soil, three groups of sites can be distin-
tic of P, S, Mn, and Pb. Maximum concentrations of Mn  guished:

and Zr are observed at sites No. 3 and No. 5, while the 1 —site No. 4;
maximum concentration of P is characteristic of site No. 2 —site No. 2;
6. In general, based on the absolute content of chemical 3 —sites No. 3,5, 1, and 6.
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Table 2: Descriptive Statistics of trace element content in soil
. Descriptive Statistics
Chemical ;
clement Mean | Minimum | Maximam | pAEER SRR edent (o)
Concentration of chemical elements, mg/kg

Ti 4853.7 2572.7 1643.63 387.4 1.1

S 804.1 39.8 2867.0 906.76 213.7 0.7

P 589.9 S11.7 652.1 41.05 9.7 0.5

Mn 369.8 203.9 547.2 105.26 24.8 0.2

Zr 353.1 185.5 606.6 126.81 29.9 1.4

\% 144.6 60.1 247.0 43.92 10.4 1.0

Sr 102.2 36.0 284.5 82.30 19.4 0.2

Zn 86.3 6.8 690.6 171.09 40.3 3.8

Pb 25.8 11.7 53.0 13.36 3.1 0.8

Y 25.5 22 56.9 16.77 4.0 1.1

Ni 24.1 11.0 80.5 23.94 5.6 6.0

Cu 20.8 7.5 66.9 20.35 4.8 6.9

The content of individual chemical elements in soil
may be low; however, their concentrations may signifi-
cantly exceed background values or maximum permis-
sible concentrations (MPC). This primarily applies to
heavy metals. In this regard, an important characteristic
of chemical elements is the value of concentration coef-
ficients, which indicate exceedances of maximum per-
missible concentrations for heavy metals and back-
ground values for other trace elements. The maximum
exceedance of MPC at the studied sites is characteristic
of three chemical elements (see Table 2): Cu (MPC ex-
ceedance within the range of 2.5-22.3 times), Ni (MPC
exceedance within the range of 2.8-20.1 times), and Zn
(MPC exceedance within the range of 0.3-30.0 times).
The highest values of the soil pollution index (PI=7.36—
10.29 times) are characteristic of site No. 4, followed by
site No. 2 (PI = 1.92-2.49 times). For the remaining
sites, the soil pollution index does not exceed 1.5 times.

Site No. 4 is characterized by a hazardous level of soil
contamination (Z¢ = 53.1-76.5), while site No. 2 is
located at the upper limit of the permissible contamina-
tion level with a transition to the moderately hazardous
category (Zc = 10.8—15.1). The remaining sites are char-
acterized by a permissible level of contamination (see
Table 2).

Based on the values of concentration coefficients (see
Tables 1-2), the following groups of chemical elements
can be distinguished (see Figure 4a):

1. Cu, Ni, Zn (mean concentration coefficient values

of 3.8-6.9 times);

2.7r,Y, Ti, V, Pb, S (mean concentration coefficient

values of 0.7—1.4 times);

3. P, Mn, Sr (mean concentration coefficient values of

0.2-0.5 times).

Such differentiation of chemical elements reflects
general patterns of trace element distribution in techno-

genically disturbed soils. The observed distribution pat-
terns of trace elements are consistent with previous stud-
ies conducted in coal mining regions. For example, soils
from the Upper Silesian coal basin dumps were reported
to contain high concentrations of trace elements such as
Mn, Zn, Pb, and Cu, as well as elevated levels of major
elements including Fe and Ca (Abramowicz et al.,
2021). In addition, significant enrichment in mercury
and lead has been associated with thermal processes
within spoil heaps (Nadudvari et al., 2021), which sup-
ports the patterns observed in the present study. These
findings confirm that the formation of geochemical
anomalies in soils is controlled by both anthropogenic
inputs and processes of element migration within the
soil profile.

From an environmental perspective, the identified
patterns of trace element distribution can be explained
by several key mechanisms of element migration within
the waste dump impact zone. First, the elevated concen-
trations of Cu, Zn, and Ni at site No. 4 indicate their ac-
cumulation due to surface runoff and leaching processes
from the waste dump body. These elements are known to
be mobile under conditions of increased moisture and
can be transported with drainage waters. Second, ther-
mal processes within the waste dump contribute to the
transformation of mineral phases and increase the mo-
bility of certain elements, particularly heavy metals.
This leads to their secondary redistribution in adjacent
soils. Third, the role of vegetation and soil properties is
also significant, as plant cover can influence both the ac-
cumulation and stabilization of trace elements through
biogeochemical processes. Thus, the spatial differentia-
tion of chemical elements in soils reflects a combination
of primary geogenic background, technogenic input
from the waste dump, and subsequent migration pro-
cesses controlled by hydrological and physicochemical
conditions.
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Figure 4: Dendrogram of similarity of trace elements (a)
and sites (b) based on concentration coefficients
(legend: numerical site numbering is given in Table 1)

The maximum Euclidean distance is observed be-
tween Cu and Mn (DE = 23.0), Cu and Sr (DE = 22.7),
and Cu and P (DE = 22.6). The differentiation of chemi-
cal elements based on Euclidean distances in two-di-
mensional space can be represented as a triangle, at the
vertices of which are located: (1) Ni; (2) Cu; (3) Mn and
the remaining chemical elements, with Zn positioned in
the center. In three-dimensional space, Cu is located at
the top of a three-dimensional pyramid, the base of
which is a triangle formed by Zn, Ni, and Mn together
with the remaining trace elements.

Based on the values of concentration coefficients (see
Tables 1-2), three groups of sites can similarly be distin-

guished (see Figure 4b):
1 —site No. 4;
2 —site No. 2;

3 —sites No. 1, 6, 3, and 5.

The differentiation of sites based on Euclidean distanc-
es in two-dimensional space can be represented as a trian-
gle, at the vertices of which are located sites 4, 2, and 5+3.
The largest Euclidean distance relative to other ecotopes
is characteristic of site No. 4 (DE = 25.5-29.5), whereas
for the remaining sites it averages DE = 7.5-9.3.

Analysis of the relationships between chemical ele-
ment concentrations in soil indicates the presence of
strong associations between them (see Table 3). Corre-
lation coefficients show high values for many pairs of
chemical elements. In particular, for Cu and Sr concen-
trations r = 0.98, for Cuand Nir=-0.97, for Sand Pbr
=0.95, for Ti and Srr=0.95, and for Ni and Srr=0.97.
Only Mn and, partially, Zr exhibit weak relationships
with other chemical elements.

The conceptual framework of the study is based on
mathematical modelling of the spatial structure of the
studied sites in a multidimensional space, the features of
which are represented by chemical element contents in
soil. Since the concentrations of chemical elements in
the soils of the studied sites are correlated with each
other, it can be concluded that the observational data can
be explained by a small number of new variables that are
not measured directly but can be obtained through linear
combinations of the original data. This makes it possible
to reduce the dimensionality of the observation space.
Graphically, the calculation procedure is reduced to
shifting the origin of coordinates to the data center and
rotating the coordinate axes in such a way that the ab-
scissa is oriented in the direction of maximum variance
of the data set.

The results of principal component analysis based on
the correlation matrix are as follows (see Figure 5):

Factor, = 0.259%P - 0.300%S - 0.330XTi -
-0.307XY 4+ 0.154XZr - 0.345%Cu -
-0.296X7Zn - 0.327%Pb - 0.345%Ni -

-0.250xV - 0.009%Mn - 0.348xSr,1,=8.10  (5)

Factor, = -0.136XP - 0.179XS + 0.167XTi +
+ 0.313XY + 0.617XZr - 0.058%Cu -
-0.004X%Zn - 0.034%xPb - 0.065xNi -
-0.052XV + 0.654XMn + 0.064xSr,1,=1.83 (6)

Where Factor; are component coordinates represent-
ing complex environmental gradients; P, S, Ti, Y, Zr, Cu,
Zn, Pb, Ni, V, Mn, and Sr are standardized values of
chemical element concentrations in soil; and A; are the
eigenvalues of the vectors.

Analysis of the eigenvalue characteristics . indicates
that the two principal components account for 82.8% of
the total variance; therefore, for many analytical purpos-
es, it is sufficient to use a two-dimensional projection of
the original data matrix (Kantardzic, 2020). The eigen-
vectors of the correlation matrix (5)-(6) make it possible
to identify combinations of chemical element concentra-
tions that define the axes of maximum variation of sites
within the waste dump impact zone. The main pattern
governing the formation of the geochemical state of the
sites (the first principal component, Factor) is reflected
in the following structure of relationships between
chemical elements (see Figure 5, Table 3): as the con-
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Figure 5: Results of principal component analysis
of chemical element contents in soil: (a) system of
relationships between chemical element concentrations
and complex environmental gradients; (b) distribution
of sites in the coordinate system of complex environmental
gradients (legend: Factor,__ - principal components,
complex environmental gradients; numerical site
numbering is given in Table 1).

centrations of Sr (correlation coefficient r =—0.99), Ni (r
=-0.98), Cu (r=-0.98), Ti (r = —0.94), Pb (r = —0.92),
Y (r=-0.87), S (r=-0.85), Zn (r =—0.84), and V (r =
—0.71) decrease in soil, the concentration of P increases
(r = 0.74). The principal components (Factorl and Fac-
tor2) represent complex environmental gradients formed
by combined effects of trace element associations, re-
flecting both geogenic background and anthropogenic
influence from the waste dump.

The first principal component explains 67.5% of the
total variance; therefore, its values clearly reflect the
main pattern of chemical element contents within the
waste dump impact zone. Low values of the first princi-
pal component, Factor,, are characteristic of site No. 4
(foot of the waste dump, drainage sludge) (see Figure

4), which is distinguished by high values of concentra-
tion coefficients, K , for 9 out of 12 chemical elements,
particularly Cu, Zn, and Ni (see Tables 1-2). In contrast,
the highest values of the first principal component are
observed at sites No. 1 (natural soil) and No. 6 (pine for-
est), where low contents of the heavy metals Cu, Zn, and
Ni were recorded (see Tables 1-2). The first axis of the
ordination scheme reflects a decrease in the level of an-
thropogenic load, as evidenced by a strong negative cor-
relation with the soil pollution index PI (pollution index)
and the total pollution index Zc (in both cases, the cor-
relation coefficient is r =-0.98).

The second axis of maximum variation, Factor,, ad-
ditionally explains 15.3% of the total data variance (see
Figure 4). The value of the Factor, function mainly de-
pends on the contents of Mn (r = 0.88) and Zr (r = 0.84).
Minimum values of the Factor, function are characteris-
tic of sites No. 1 (natural soil) and No. 6 (pine forest),
which are distinguished by the lowest concentrations of
Zr and Mn in soil (see Table 1). The highest values of
the second principal component are observed at sites No.
5 (birch forest) and No. 3 (lake shoreline), for which an
opposite trend in the contents of these chemical elements
is characteristic. The third axis of maximum variation,
Factor,, which additionally explains 7.8% of the total
data variance, mainly depends on the contents of S (r =
-0.45) and P (r = -0.50). Minimum values of the Factor,
function are characteristic of site No. 2 (Robinia pseu-
doacacia plantation).

Thus, in the two-dimensional space of complex envi-
ronmental gradients, the ecotopes can be represented as
a triangle, with site No. 2 (Robinia pseudoacacia planta-
tion) located in the center and sites No. 4 (foot of the
waste dump, drainage sludge), No. 1 (natural soil), and
No. 5 (birch forest) at the vertices (see Figure 4). In
three-dimensional space, site No. 2 occupies the apex of
a triangular pyramid.

The dimensionality of the observation space can be
reduced not only on the basis of principal component
calculations of the correlation matrix but also by exclud-
ing from the analysis certain chemical elements whose
presence is insignificant, taking into account their strong
interrelationships (high correlation coefficients). The re-
sults of analysis of variance may also serve as a basis for
further conclusions (see Tables 4-5).

One-factor analysis of variance is based on the calcu-
lation of the Fisher criterion, which represents the ratio of
between-group variance to within-group variance. Be-
tween-group variance indicates the extent to which sites
within the waste dump impact zone differ from each oth-
er in terms of chemical element concentration levels.
Between-group variance equals zero when the mean con-
centrations of chemical elements are equal. Within-group
variance characterizes differences in chemical element
concentrations within the same site. The highest values
of the Fisher criterion are characteristic of the chemical
elements Cu, Ni, Sr, and Pb, which act as the main factors
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Table 3: Matrix of relationships between trace element concentrations and PCA Factors
ecli‘sl'::;al P S Ti Y Zr | Cu | Zn | Pb | Ni V | Mn | Sr
P 1.00 | -0.36 | -0.62 | -0.74 | 0.18 | -0.68 | -0.69 | -0.51 | -0.74 | -0.58 | -0.05 | -0.77
S -0.36 1.00 0.82 0.65 -0.59 | 091 0.59 0.95 0.83 042 | -0.10 | 0.83
Ti -0.62 | 0.82 1.00 092 | -0.19 | 0091 0.74 0.91 0.89 0.62 0.21 0.95
Y -0.74 | 0.65 0.92 1.00 0.01 0.83 0.69 0.78 0.82 0.55 0.32 0.91
Zr 0.18 | -0.59 | -0.19 | 0.01 1.00 | -0.51 | -0.39 | -046 | -0.51 | -0.30 | 0.60 | -0.36
Cu -0.68 | 0091 0.91 0.83 -0.51 1.00 0.77 0.94 0.97 0.62 | -0.02 | 0098
Zn -0.69 | 0.59 0.74 0.69 | -0.39 | 0.77 1.00 0.71 0.84 0.64 0.03 0.81
Pb -0.51 0.95 0.91 0.78 | -0.46 | 094 0.71 1.00 0.88 0.56 0.06 0.91
Ni -0.74 | 0.83 0.89 0.82 | -0.51 0.97 0.84 0.88 1.00 0.74 | -0.05 | 0.97
v -0.58 | 042 0.62 0.55 -0.30 | 0.62 0.64 0.56 0.74 1.00 | -0.12 | 0.67
Mn -0.05 | -0.10 | 0.21 0.32 0.60 | -0.02 | 0.03 0.06 | -0.05 | -0.12 1.00 0.08
Sr -0.77 | 0.83 0.95 0.91 -0.36 | 0.98 0.81 0.91 0.97 0.67 0.08 1.00
Factor 1 0.74 | -0.85 | -094 | -0.87 | 044 | -098 | -0.84 | -093 | -098 | -0.71 | -0.03 | -0.99
Factor 2 -0.18 | -0.24 | 0.23 0.42 0.84 | -0.08 | 0.01 -0.05 | -0.09 | -0.07 | 0.88 0.09
Factor 3 -0.50 | -0.45 | -0.15 | 0.00 0.08 | -0.11 0.23 -0.31 0.07 047 | -0.25 | -0.00
Table 4: Results of analysis of variance of chemical element concentrations at the site level
Chemical SS df MS SS df MS F .
element Effect Effect Effect Error Error Error
Concentration of chemical elements, mg/kg
Ti 4.1889E+07 5 8.3777TE+06 4036990.5 12 336415.9 24.90 0.000006
S 1.2989E+07 5 2.5979E+06 988099.9 12 82341.7 31.55 0.000002
P 2.5711E+04 5 5.1423E+03 2935.2 12 244.6 21.02 0.000015
Mn 1.5638E+05 5 3.1276E+04 31982.7 12 2665.2 11.73 0.000278
Zr 2.1042E+05 5 4.2084E+04 62935.1 12 5244.6 8.02 0.001571
\% 2.8112E+04 5 5.6224E+03 4686.1 12 390.5 14.40 0.000103
Sr 1.1378E+05 5 2.2757E+04 1351.1 12 112.6 202.11 0.000000
Zn 3.5551E+05 5 7.1102E+04 142105.0 12 11842.1 6.00 0.005224
Pb 2.8531E+03 5 5.7062E+02 180.3 12 15.0 37.97 0.000001
Y 4.4239E+03 5 8.8479E+02 355.2 12 29.6 29.89 0.000002
Ni 9.6440E+03 5 1.9288E+03 99.5 12 8.3 232.72 | 0.000000
Cu 6.9765E+03 5 1.3953E+03 64.0 12 5.3 261.78 | 0.000000
Concentration coefficient Kc, exceeding background values, times
Cu* 7.7517E+02 5 1.5503E+02 7.1 12 0.6 261.78 | 0.000000
Ni* 6.0275E+02 5 1.2055E+02 6.2 12 0.5 232.72 | 0.000000
Zn* 6.7204E+02 5 1.3441E+02 268.6 12 22.4 6.00 0.005224
Zr* 3.2208E+00 5 6.4416E-01 1.0 12 0.1 8.02 0.001571
Y* 8.0794E+00 5 1.6159E+00 0.6 12 0.1 29.89 0.000002
Ti* 1.9796E-+00 5 3.9592E-01 0.2 12 0.0 24.90 0.000006
\'% 1.2494E+00 5 2.4988E-01 0.2 12 0.0 14.40 0.000103
Pb* 2.7862E+00 5 5.5724E-01 0.2 12 0.0 37.97 0.000001
S* 9.0204E+00 5 1.8041E+00 0.7 12 0.1 31.55 0.000002
P* 1.7855E-02 5 3.5710E-03 0.0 12 0.0 21.02 0.000015
Mn* 6.9502E-02 5 1.3900E-02 0.0 12 0.0 11.73 0.000278
Sr* 5.4244E-01 5 1.0849E-01 0.0 12 0.0 202.11 0.000000
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Table 5: Results of analysis of variance of chemical element concentrations by sampling depth
Chemical SS df MS SS df MS F .
element Effect Effect Effect Error Error Error
Concentration of chemical elements, mg/kg
Ti 1489810.6 2 744905.3 4.4436E+07 15 2.9624E+06 0.25145 | 0.780882
S 138745.6 2 69372.8 1.3839E+07 15 9.2258E+05 0.07519 | 0.927911
P 1285.5 2 642.7 2.7361E+04 15 1.8241E+03 0.35237 | 0.708685
Mn 3959.1 2 1979.5 1.8440E+05 15 1.2294E+04 0.16102 | 0.852725
Zr 10982.7 2 5491.4 2.6237E+05 15 1.7491E+04 0.31395 | 0.735244
v 22.8 2 11.4 3.2775E+04 15 2.1850E+03 0.00522 | 0.994791
Sr 308.5 2 154.3 1.1483E+05 15 7.6551E+03 0.02015 | 0.980078
Zn 18183.8 2 9091.9 4.7943E+05 15 3.1962E+04 0.28446 | 0.756391
Pb 9.1 2 4.5 3.0243E+03 15 2.0162E+02 0.02248 | 0.977804
Y 25.6 2 12.8 4.7535E+03 15 3.1690E+02 0.04040 | 0.960510
Ni 16.9 2 8.5 9.7265E+03 15 6.4844E+02 0.01305 | 0.987044
Cu 25.0 2 12.5 7.0155E+03 15 4.6770E+02 0.02669 | 0.973707
Concentration coefficient Kc, exceeding background values, times
Cu* 2.774 2 1.387 7.7950E+02 15 5.1967E+01 0.02669 | 0.973707
Ni* 1.058 2 0.529 6.0791E+02 15 4.0527E+01 0.01305 | 0.987044
Zn* 34.374 2 17.187 9.0630E+02 15 6.0420E+01 0.28446 | 0.756391
Zr* 0.168 2 0.084 4.0160E+00 15 2.6773E-01 0.31395 | 0.735244
Y* 0.047 2 0.023 8.6813E+00 15 5.7875E-01 0.04040 | 0.960510
Ti* 0.070 2 0.035 2.1000E+00 15 1.4000E-01 0.25145 | 0.780882
\'% 0.001 2 0.001 1.4567E+00 15 9.7112E-02 0.00522 | 0.994791
Pb* 0.009 2 0.004 2.9535E+00 15 1.9690E-01 0.02248 | 0.977804
S* 0.096 2 0.048 9.6102E+00 15 6.4068E-01 0.07519 | 0.927911
P+ 0.001 2 0.000 1.9001E-02 15 1.2667E-03 0.35237 | 0.708685
Mn* 0.002 2 0.001 8.1957E-02 15 5.4638E-03 0.16102 | 0.852725
Sr* 0.001 2 0.001 5.4741E-01 15 3.6494E-02 0.02015 | 0.980078

of ecological differentiation of sites according to chemi-
cal element concentrations (see Table 4). All trace ele-
ments, without exception, demonstrate high discrimina-
tory ability (significance level p < 0.05). With respect to
sampling depth, one-way analysis of variance did not
identify chemical elements with statistically significant
discriminatory ability; for all trace elements, the signifi-
cance level was p > 0.05 (see Table 5).

The next stage of this study consisted in constructing
a typological scheme of sites within the waste dump im-
pact zone based on trace element concentrations. For
this purpose, optimal combinations of concentrations of
12 chemical elements were calculated, allowing the
identification of the features of anthropogenic pressure
on ecotopes within the waste dump impact zone.

The results of the mathematical modelling can be ex-
pressed by the following Equations 8 and 9:

Root, =-0.445XP - 0.026XS + 0.020XTi +
+ 2.764XY - 0.217XZr + 3.105%Cu +
+ 0.006XZn + 0.146XPb - 1.925X%Ni -
-0.003xV 4+ 0.151xMn - 0.312XSr + 146.768, (8)

Root, = 0.084xP + 0.025XS - 0.014XTi -
-0.962XY + 0.119%Zr + 0.139%Cu +
+ 0.031XZn - 0.053%Pb + 1.084xNi +
+ 0.049XV - 0.042XMn - 0.040xSr - 37.736, (9)

Where:
Root, - are canonical discriminant functions, axes of
the typological scheme of edaphotopes within
the waste dump impact zone.

The first axis of the typological scheme, Root, (see
Figure 4), explains 94.2% of the total variance. The
highest values of the canonical discriminant function
Root, are characteristic of the location of site No. 4 (foot
of the waste dump), where the edaphotope is formed by
drainage sludge. The lowest values of Root, are ob-
served for the ecotopes of sites No. 6 (pine forest) and
No. 1 (natural soil). The values of the first discriminant
function Root, depend on the concentrations of several
chemical elements: Sr (r = 0.96), Y (r = 0.96), Ti (r =
0.92), Cu (correlation coefficient r = 0.91), Ni (r = 0.88),
Pb (r = -0.85), and Zn (r = -0.83). The first axis of the
typological scheme, Root,, also reflects an increase in
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the level of anthropogenic pressure. A strong relation-
ship between the values of the Root, function and the
soil pollution index PI (pollution index) as well as the
total pollution index Zc for heavy metals is characterized
by correlation coefficients of r = 0.89 and r = 0.88, re-
spectively. The less disturbed sites No. 1 and No. 6 are
characterized by higher P contents (an indicator of soil
fertility). A decrease in anthropogenic pressure is reflect-
ed by the following ecological-geochemical gradient:
site No. 4 — site No. 2 — sites No. 1, 3, 5, and 6.

The second axis of the typological scheme, Root, (see
Figure 5), additionally explains only 3.3% of the total
variance. Low values of the canonical discriminant func-
tion Root, are characteristic of the locations of site No. 3
(lake shoreline) and site No. 5 (birch forest). The values
of the second discriminant function Root, depend on the
concentration of Zr (correlation coefficient r = -0.85),
Mn (r = -0.68), and S (r = 0.56). The two-dimensional
typological scheme (see Figure 5) explains 97.5% of the
total variance caused by differences between ecotopes in
terms of trace element contents. Schematically, it can be
represented as a triangle, with site No. 2 (Robinia pseu-
doacacia plantation) located in the center and sites No. 4
(foot of the waste dump), No. 3 (lake shoreline), and No.
6 (pine forest) at the vertices. To explain differences in
trace element contents among all sites, the Mahalanobis
distance (D,,) was calculated — a multidimensional ana-
logue of the Euclidean distance that accounts for corre-
lations between chemical concentrations. As a result of
the calculations, it was found that the most distant sites
in the hyperspace of geochemical parameters are site
No. 4 and site No. 6 (pine forest), with the squared Ma-
halanobis distance D, *= 78,037 units, as well as site No.
4 and site No. 1 (natural soil), with D> = 71,162 units.
The shortest distance relative to site No. 4 is characteris-
tic of site No. 2, with D, = 31,138 units.

Although univariate statistical analysis provides sub-
stantial insight into the geochemical features of edapho-
tope formation within the waste dump impact zone, it
should be considered a preliminary stage of research. In
particular, univariate analysis of variance did not reveal
differences between edaphotopes depending on sam-
pling depth (see Table 5). This task was successfully ad-
dressed using multivariate statistical analysis of the en-
tire dataset, namely canonical discriminant analysis.

The results of the mathematical modelling (see Fig-
ure 5) can be expressed by the following Equations 10
and 11:

Root, =-0.027X%P - 0.010xS + 0.001xTi +
+ 0.369XY - 0.038XZr - 0.262XxCu -
-0.005%Zn + 0.843%Pb + 0.126XxNi -
-0.044xV -0.011xMn - 0.106XSr +23.523, (10)

Root, = -0.019%P - 0.008%S + 0.004xTi -
-0.069%xY - 0.001XZr + 0.082xCu -
-0.013%Zn + 0.445%Pb + 0.285%Ni -
-0.055%xV - 0.013XMn - 0.115%Sr + 6.059, (11)
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Figure 6: Typological scheme of sites within the waste dump
impact zone (site numbering is given in Table 1).

Where Root, are canonical discriminant functions,
axes of the typological scheme of edaphotopes based on
the vertical distribution of trace elements.

Overall, 83.3% of the samples were correctly classi-
fied. Two deviations from the general patterns of vertical
distribution of trace elements were recorded at site No. 5
(birch forest), and one deviation was observed at site No.
1 (natural soil). In all cases, the misclassified samples
exhibited properties characteristic of deeper soil hori-
zons. Thus, even in surface soil layers, certain features
of trace element distribution are present.

The first axis of the typological scheme, Root, (see
Figure 6), explains 88.0% of the total variance. The
highest values of the canonical discriminant function
Root, are characteristic of sampling locations at a depth
of 15 cm. The values of the first discriminant function
Root, depend on the concentrations of the following
chemical elements: P (correlation coefficient r = -0.23),
Zr (r=-0.21), Ti (r=-0.16), Mn (r =-0.13), and Zn (r =
0.21). Thus, with increasing depth, a tendency toward
decreasing concentrations of many trace elements is ob-
served, although the correlation coefficients are charac-
terized by low values. Macroelements were not used for
mathematical modelling; however, correlations with the
first discriminant function Root, were also determined
for them. For Al, Fe, Mg, Ca, and Si, no differences in
vertical distribution were observed, and the correlation
coefficients are equal to zero. The second axis of the ty-
pological scheme, Root, (see Figure 6), additionally ex-
plains 12.0% of the total variance. Low values of the
canonical discriminant function Root, are characteristic
of sampling locations at depths of 5 and 15 cm, whereas
high values are observed at a depth of 10 cm. The values
of the second discriminant function Root, depend on the
concentrations of Mn (correlation coefficient r = -0.85),
Ti (r=0.16), and Zr (r = 0.11). For macroelements, rela-
tionships with the concentrations of K (r = 0.28) and Ca
(r=-0.30) were observed.

The two-dimensional typological scheme (see Figure
7) explains 100.0% of the total variance resulting from
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Figure 7: Typological scheme of ecotopes based
on the vertical distribution of trace elements
(legend: 5, 10, 15 - sampling depth, cm).

differences in trace element contents with depth. Sche-
matically, it can be represented as a triangle.

Sampling locations at a depth of 15 cm are character-
ized by the highest values of the Root, function, loca-
tions at a depth of 10 cm — by the highest values of the
Root, function, and locations at a depth of 5 cm — by the
lowest values of both discriminant functions. As a result
of the calculations, it was found that the most distant
locations in the hyperspace of geochemical parameters
are those at depths of 5 cm and 15 cm, with the squared
Mahalanobis distance D> = 27.2 units, as well as those
at depths of 10 cm and 15 cm, with D> = 12.1 units. The
shortest distance is characteristic of locations at depths
of 5 cm and 10 cm, with DM2 = 7.6 units. Thus, the verti-
cal distribution of trace elements forms an expected geo-
chemical sequence: 5 cm — 10 cm — 15 cm.

4. Conclusions

As aresult of the study of the trace element composi-
tion of soils within the impact zone of the “Bohdanka”
coal mine waste dump belonging to the Lublin Coal Ba-
sin, the following conclusions can be drawn:

1. The distribution of trace elements in soils within the
waste dump impact zone is characterized by pro-
nounced heterogeneity. Compared with mean val-
ues, site No. 4 (foot of the waste dump) exhibits el-
evated concentrations of 9 out of 12 chemical ele-
ments: S, Ti, V, Ni, Cu, Zn, Sr, Y, and Pb, while only
P shows a low concentration. At site No. 2, elevated
concentrations are characteristic of P, S, Mn, and
Pb. Maximum concentrations of Mn and Zr are typ-
ical of sites No. 3 and No. 5, whereas maximum P
concentrations are observed at site No. 6.

2. The highest exceedances of maximum permissible
concentrations (MPC) at the studied sites are char-
acteristic of three chemical elements: Cu (MPC ex-
ceedance in the range of 2.5-22.3 times), Ni (2.8—
20.1 times), and Zn (0.3-30.0 times).

3. Site No. 4 is characterized by a hazardous level of
soil contamination (total pollution index Zc =
53.1-76.5), while site No. 2 is located at the upper
limit of the permissible contamination level with a
transition to a moderately hazardous category (Zc
=10.8-15.1). The remaining sites are characterized
by permissible contamination levels.

4. Based on the absolute contents in the soils of the
studied sites, three groups and three subgroups of
trace elements can be distinguished:

I — Ti (mean concentration 4854 mg/kg);
I — S (mean concentration 804 mg/kg);
II1.1 = P, Mn, Zr (mean concentration 353—590 mg/

kg);

I1.2 — V, Sr, Zn (mean concentration 86—145 mg/
kg);

II.3 — Pb, Y, Ni, Cu (mean concentration 21-26
mg/kg).

5. Based on concentration coefficient values, three
groups of chemical elements can be identified:

I. Cu, Ni, Zn (mean concentration coefficients 3.8—
6.9 times);

IIl. Zr, Y, Ti, V, Pb, S (mean concentration coeffi-
cients 0.7-1.4 times);

II1. P, Mn, Sr (mean concentration coefficients 0.2—
0.5 times);

6. Multivariate analysis (principal component and
discriminant analyses) revealed an ordered struc-
ture of ecotopes within the waste dump impact
zone and strong associations among trace elements.
The main geochemical pattern is characterized by
an inverse relationship between phosphorus con-
tent (r = 0.74) and the concentrations of Sr, Ni, Cu,
Ti, Pb, Y, S, Zn, and V (r = —0.71 to —0.99). The
identified environmental gradients reflect com-
bined geogenic conditions and anthropogenic in-
fluence, with a strong relationship to soil pollution
indices (PI and Zc).

7. Multivariate canonical discriminant analysis re-
vealed features of trace element distribution with
depth in the upper soil layers. The vertical distribu-
tion forms a geochemical sequence: 5 cm — 10 cm
— 15 cm.

8. The developed mathematical models enable refine-
ment of ecological gradients of chemical element
distribution in soils, primarily heavy metals, in the
upper soil layers.

The study confirms that the distribution of trace ele-
ments in soils within the waste dump impact zone is con-
trolled by a combination of geogenic and anthropogenic
factors related to mining activities. The enrichment of
Cu, Zn, and Ni near the waste dump indicates a signifi-
cant technogenic impact and active processes of element
migration and accumulation. Multivariate statistical
analysis revealed key environmental gradients govern-
ing the spatial differentiation of chemical elements.
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These gradients reflect both depositional conditions and
secondary redistribution processes driven by hydrologi-
cal and physicochemical factors. The findings improve
the understanding of trace element migration in techno-
genically disturbed soils and can be applied for environ-
mental monitoring, ecological risk assessment, and re-
mediation strategies in mining regions.
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SAZETAK

Raspodjela elemenata u tragovima u tlima zone utjecaja ugljenokopa Bogdanka
(Lublinski ugljeni bazen): geokemijska perspektiva

U ovome radu prikazani su rezultati istrazivanja sadrZaja kemijskih elemenata u tlima unutar zone utjecaja odlagalista
rudnic¢koga otpada, s posebnim naglaskom na rudnik ugljena Bogdanka (Lublinski ugljeni bazen) i njegov utjecaj na
okolne ekosustave. Geokemijska analiza temelji se na podatcima o koncentracijama 12 kemijskih elemenata (P, S, T, Y,
Zr, Cu, Zn, Pb, Ni, V, Mn, Sr) u tlima na Sest lokacija pogodenih odlagalitem otpada. Matemati¢ko modeliranje prove-
deno je uspostavljanjem funkcionalnih odnosa izmedu koncentracija kemijskih elemenata. Na temelju apsolutnih kon-
centracija u tlima istrazivanih podrudja izdvojene su sljedece skupine mikroelemenata: I - Ti (4854 mg/kg); I - S (804
mg/kg); I11.1 - P, Mn, Zr (353 - 590 mg/kg); I1l.2 - V, Sr, Zn (86 - 145 mg/kg); I11.3 - Pb, Y, Ni, Cu (21 - 26 mg/kg). Loka-
litet br. 4 (podnoZje jalovista) obiljeZen je visokim stupnjem onec¢igéenja tla (ukupni indeks oneciséenja Zc = 53,1 - 76,5),
dok se lokalitet br. 2 nalazi na gornjoj granici dopustene razine oneci$cenja s prijelazom u umjereno opterecenu zonu (Zc
=10,8 - 15,1). Ostali lokaliteti karakterizirani su dopus$tenim razinama oneci$¢enja. Diskriminantnom analizom utvrdena
je raspodjela mikroelemenata po dubini u povrsinskim slojevima tla, pri ¢emu je definiran geokemijski slijed 5 cm, 10 cm
i 15 cm. Razvijeni matematic¢ki modeli omogucuju kvantifikaciju ekoloskih gradijenata raspodjele kemijskih elemenata
u tlima, osobito te$kih metala, u gornjim slojevima tla.
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ugljenokop, jaloviste, elementi u tragovima, geokemijski procesi, sigurnost okolisa, tehnoloska sigurnost, ljudsko zdravlje
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