ISSN (print) 2415-3184, ISSN (online) 2522-9508

ECO I og ica I Safety Journal homepage: https://esbur.com.ua/en
and Balanced Use of Resources

Received: 08.12.2025. Revised: 29.04.2026. Accepted: 12.06.2026. Published: 30.06.2026.
UDC 550.42:504.5:631.48 DOI: 10.63341/esbur/1.2026.30

-
o
e
N o
TN
o
>

Multi-index geochemical assessment
of urban soil contamination under technogenic pressure

Olga Mislyuk

PhD in Chemical Sciences, Associate Professor
Cherkasy State Technological University

18006, 460 Shevchenko Blvd., Cherkasy, Ukraine
https://orcid.org/0000-0003-0401-9836

Oksana Yehorova’

PhD in Technical Sciences, Associate Professor
Cherkasy State Technological University

18006, 460 Shevchenko Blvd., Cherkasy, Ukraine
https://orcid.org/0000-0002-7801-5582

Olena Khomenko

PhD in Chemical Sciences, Associate Professor
Cherkasy State Technological University

18006, 460 Shevchenko Blvd., Cherkasy, Ukraine
https://orcid.org/0000-0001-9329-0577
Oleksandr Loboda

Doctor of Chemical Sciences, Associate Professor,
Cherkasy State Technological University

18006, 460 Shevchenko Blvd., Cherkasy, Ukraine
https://orcid.org/0000-0001-5524-3251

© Abstract. Soil contamination with heavy metals is becoming an increasingly serious problem worldwide. For this
reason, a comprehensive quantitative assessment of the quality status of urban soils under technogenic pressure is
important for understanding contamination patterns and potential ecological risks. The aim of this study was to
conduct a spatiotemporal analysis of heavy metal contents and assess their impact on the urban soils of Cherkasy,
as well as to identify sources of contamination for informed management decisions. Risk assessment was carried out
using a multi-index geochemical approach, employing single-factor indices (geoaccumulation index Igeo, pollution
index PI, ecological risk index Er) and composite indices (pollution load index PLI, Nemerow index, and potential
ecological risk index RI). Statistical correlation analysis was used to identify probable sources of contamination. The
analysis revealed significant spatial variations in metal concentrations. The coeflicient of variation (CV) for Mn, Zn,
Pb, Cu, and Cd was high (51% < CV < 100%) across different sites, indicating strong spatial heterogeneity. In contrast,
Ni showed moderate variation (21% < CV < 50%), suggesting a natural-anthropogenic origin in the soil. A strong
correlation between Pb and Cu indicated shared sources of pollution, likely from thermal power plants, paint and
electrical manufacturing enterprises, and motor transport. High correlation coeflicients between Ni and Mn suggest a
mixed influence of geogenic (soil erosion) and anthropogenic sources (machinery and chemical industry enterprises,
thermal power plants, and motor transport). A significant potential ecological risk for soil ecosystems was identified for
Cd contamination in the study area. The multi-index approach to assessing heavy metal contamination across different
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urban locations showed that the most critical situations occurred in the southeastern and eastern industrial hubs. In
residential-industrial areas, urban soils predominantly exhibited low to moderate contamination levels. Cadmium (Cd)
was identified as the main potentially ecologically hazardous metal. The results of this study can serve as a basis for the
development and implementation of targeted risk management strategies

© Keywords: heavy metals; urban soils; correlations; spatial variability; ecological risk; anthropogenic impact

@ Introduction

Rapid urban growth and industrial development are closely
linked to the accumulation of heavy metals in urban soils.
These pollutants pose serious risks to urban ecosystems and
are a growing concern at local, regional, and global scales.
As cities expand and population density increases, along
with intensified industrial and infrastructural activity, more
potentially toxic elements are introduced into the environ-
ment and gradually build up in surface soils over time. Be-
cause these substances are persistent and do not break down
naturally, they can enter food chains and ultimately threaten
ecosystem balance and human health. For this reason, mon-
itoring and assessing heavy metal contamination in urban
soils has become an essential part of sustainable urban envi-
ronmental management and the protection of public health.

L.S. Mustapha et al. (2025) noted that soil contamina-
tion by heavy metals constituted a serious contemporary
environmental issue, driven by their resistance to biodeg-
radation, toxicity, and their capacity for geoaccumulation
and bioaccumulation. Q. Yang et al. (2018) observed that
the content and variability of heavy metal concentrations in
soils were largely determined by the parent material and the
geological background of a given area. However, intensive
anthropogenic activity significantly altered these patterns.
Soil formed the foundation of terrestrial ecosystems and
served as the primary sink for most environmental pollut-
ants. As noted by L. He et al. (2023), heavy metals typi-
cally originated from various sources, including industrial
activities, fossil fuel combustion, transportation, and waste
disposal. They could enter soils from both local and dis-
tant emission sources and might therefore be deposited in
situ or, when adsorbed onto dust particles, transported over
considerable distances by air currents. Once released into
the atmosphere, metals contaminated urban landscapes
through dry or wet deposition. Following atmospheric
deposition into soils, metals exhibited significantly great-
er mobility than those already present in the soil matrix,
due to their higher reactivity. Although the concentration
of atmospheric metals was relatively low, their hazard could
exceed that of metals already present in soils. Y. Zhou et
al. (2022) emphasised that urban landscapes in industrial
zones and roadside areas were most heavily affected due to
multiple sources of industrial emissions and intense traffic
flows. The degree of contamination increased with prox-
imity to the emission source. The accumulation of heavy
metals led to soil degradation, disrupted the functioning
of soil ecosystems, and posed a threat to human health. A
significant presence of heavy metals in urban soils was con-
sidered an indicator of urban environmental quality, and
the assessment of topsoil contamination in populated areas

represented one of the key environmental challenges facing
modern cities. It was therefore essential to identify potential
sources of pollution, assess the risk of heavy metal contami-
nation in soils, and propose effective remediation strategies.

The most promising approach for identifying areas of
elevated environmental hazard is the comprehensive as-
sessment of potential ecological risk. This approach makes
it possible to determine acceptable levels of anthropogen-
ic pressure in order to maintain the balance of the natural
environment and ensure the regeneration of its key com-
ponents, as well as to support informed decision-mak-
ing aimed at minimising anthropogenic impacts. A key
element in the comprehensive quantitative assessment of
the ecological state of soil, as a fundamental component
of technogenically impacted ecosystems contaminated by
heavy metals, is the use of pollution indices (indicators).
J.B. Kowalska et al. (2018) compared the similarities and
differences among 18 indices proposed by various re-
searchers for assessing the levels and risks of soil contami-
nation by heavy metals. Each coefficient or index provides
information on the individual levels of contamination by
each analysed heavy metal; the overall extent of pollution;
the sources of heavy metals; the potential ecological risk;
areas with the highest potential risk of heavy metal accu-
mulation; and the capacity of the surface soil horizon to
accumulate heavy metals.

An important role in the determination of certain pol-
lution indices is played by the establishment of an appro-
priate geochemical background, which should be based on
soil- and site-specific criteria, as well as on the purpose and
scale of the heavy metal impact assessment. The selection
of an appropriate index is crucial for correctly interpret-
ing contamination levels, identifying the origin of heavy
metals, and evaluating potential ecological risks. In this
context, both land-use types (agricultural, forest, and ur-
ban areas) and the purpose of calculating pollution indi-
ces should be taken into account. Moreover, a multi-index
approach can be highly valuable for predicting the future
resilience of ecosystems. S.L.C. Ferreira et al. (2022) noted
that the application of a single index often fails to provide
a comprehensive representation of soil contamination lev-
els and the associated ecological risks, which may lead to
biased assessment results and negatively affect the scientif-
ic validity of environmental quality management. Studies
by Z. Yu et al. (2021) and M. Jin et al. (2025) emphasised
that, in order to improve the reliability of soil contamina-
tion assessments, it is advisable to employ a set of indi-
ces, as multi-indicator approaches allow for a more com-
prehensive and objective characterisation of heavy metal
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pollution levels and the associated ecological risks. By quan-
titatively investigating and identifying the hazards arising
from environmental contamination, it becomes possible
to predict the likelihood and significance of potential dis-
turbances to ecosystem integrity and public health, as well
as to establish the priority and urgency of measures aimed
at managing the negative impacts of technogenic factors.

The study by Y. Kuang et al. (2024) analysed the char-
acteristics of heavy metal contamination in soils of the city
of Chenzhou and assessed the associated risks to human
health. To interpret the monitoring results, the following
indices were employed: the enrichment factor, geoaccumu-
lation index (), integrated pollution index, potential eco-
logical risk index (RI), and health risk assessment models.
The findings indicated that the accumulation of excessive
amounts of heavy metals in soil matrices could lead to ad-
verse consequences for both local ecosystems and human
health. Statistical analysis further demonstrated that inten-
sive industrial activity had a direct impact on the degree of
soil contamination. The authors proposed incorporating
ecological risk indicators into comprehensive monitoring
programmes of urban ecosystems, as these indicators re-
flected environmental hazards to human health arising from
the migration of hazardous metal compounds in urban soils.
The analytical report by O.O. Reznikova et al. (2020) em-
phasised that the effective functioning of a national system
for assessing risks and threats is a key element of strategic
planning and ensuring national resilience, as demonstrat-
ed by the experience of many developed countries world-
wide. The application of modern methods and technologies
for assessing potential risks in Ukraine would enhance the
reliability of environmental monitoring results and provide
a robust evidence base for further analysis. Taking into
account the specific features of the country’s administra-
tive-territorial structure and drawing on international expe-
rience, the authors argued that multi-level systems for risk
and threat assessment are the most effective, whereby anal-
ysis is conducted at national, regional, and/or local levels.

Although considerable attention has been paid to heavy
metal contamination of soils in Ukraine, there remains a
lack of systematic reviews addressing the spatiotemporal
distribution of heavy metals in soils and the associated
ecological risks, particularly with consideration of differ-
ent types of geochemical pollution indices at both regional
and national scales. For these reasons, the present study is
important for understanding the patterns of contamina-
tion and potential ecological risks, identifying sources of
pollution, and supporting informed environmental man-
agement decisions. The aim of this study was to assess the
level of heavy metal contamination in the urban soils of the
city of Cherkasy in order to provide a scientific basis for
urban environmental quality management measures. To
achieve this aim, the following objectives were established:
to investigate the spatio-temporal patterns of heavy metal
distribution in the urban soils of Cherkasy; to evaluate the
ecological condition of the city’s soil cover using a multi-in-
dex approach based on the application of both single-factor
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and integrated indices, taking into account regional char-
acteristics; to identify the probable sources of heavy metal
inputs into urban soils through the application of statistical
and correlation analyses.

© Materials and Methods
Within the framework of this study, the city of Cherkasy
was selected as a model object for assessing the potential
ecological risks of heavy metal contamination in urban
landscapes. The city is subject to significant aerotechnogen-
ic pressure, which leads to the chemical degradation of ur-
ban soils. A considerable impact on the environmental state
of the city is exerted by the thermal power sector, chemical
and machine-building industries, as well as road transport
(Mislyuk et al., 2023). Meteorological conditions also play
an important role. The city is located within a zone of envi-
ronmental risk related to air quality deterioration (Fig. 1),
owing to climatic conditions that are unfavourable for the
dispersion of atmospheric pollutants. The potential genetic
resilience of the natural environment is predominantly low,
and the capacity of natural systems to withstand external
technogenic pressures is insufficient (Yehorova et al., 2025).
Each study site was geolocated using GPS coordinates,
which made it possible to develop a geospatial database
linked to the precise locations of the sampling sites (Fig. 2).
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Figure 1. Ecological risk of air quality deterioration across
the regions of Ukraine, taking into account the degree
of chemical hazard

Source: O.V. Rybalova et al., (2022)

3

Figure 1. Location of the monitoring sites
Source: compiled by the author
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To assess the degree of soil degradation caused by heavy
metal contamination, a systematic approach was applied,
incorporating bibliosemantic, comparative-analytical, and
statistical methods. Statistical data analysis was performed
using Microsoft Office Excel software. Correlation analysis
was employed to identify potential sources of contamina-
tion. A set of geochemical indices and guidelines, in ac-
cordance with US EPA standards, was used to evaluate con-
tamination levels and associated ecological risks. Potential
ecological risks were assessed using both single-factor in-
dices (Lo, pollution index PI and ecological risk index(Er))
and integrated indices (PLI, Plyemerow and RI).

Single-factor indices. L, was calculated using the fol-
lowing formula:

Mislyuk et al.

where C; — the concentration of the metal in the soil; GB; -
its geochemical background value.

Considering the geographical context of the study
area, background concentrations of heavy metals in
soils of the Forest-Steppe zone of Ukraine were used,
specifically for typical low-humus chernozems (genetic
horizon HE). Based on the values of the index, contam-
ination levels were classified into seven distinct classes
(Table 1).

The PI was calculated using the following formula:

PI =L,
GBj

2)

Contamination was classified according to the scale

Iyeo, = l0g, (GC_;), (1)  presented in Table 2.
Table 1. Soil quality according to I, values
Class Values of L., Soil quality
0 I<0 unpolluted
1 0-1 unpolluted to moderately polluted
2 1-2 moderately polluted
3 2-3 moderately to highly polluted
4 3-4 highly polluted
5 4-5 highly to extremely high polluted
6 5-6 extremely high polluted

Source: J.B. Kowalska et al. (2018)

Table 2. Contamination classes of single PI

Class Value of PI Soil pollution
1 PI<1 absent
2 1<PI<2 low
3 2<PI<3 moderate
4 3<PI<5 strong
5 PI>5 very strong

Source: ].B. Kowalska et al. (2018)

The ecological risk index of the i-th metal (Er;) was
evaluated using the following equation:

Eri=TR;- P, (3)

where PI — the calculated pollution index for the individual
metal; TR; — its toxic-response factor (Hakanson & Char-
lesworth, 1980).

Multi-factor indices. To assess the overall extent of
contamination, the Pollution Load Index (PLI) was deter-
mined as the geometric mean of the pollution indices (PI)
of individual heavy metals, using the following formula:

PLI = [PL, - PI, - Pl; - .- Pl,, (4)
where # - the number of analysed heavy metals; PI — the
calculated values of the pollution index for each individ-
ual metal.

To assess soil contamination levels using the PLI, the
scale proposed by Papadimou et al. (2023) was applied.

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

PLI is classified into six classes: Class I: PLI <0, no pol-
lution; Class II: 0 < PLI< 1, low degree of pollution; Class
II: 1< PLI <2, moderate degree of pollution; Class IV:
2 < PLI <4, high degree of pollution; Class V: 4 < PLI <8,
very high degree of pollution; and Class VI: 8 <PLI< 16, ex-
tremely high degree of pollution. Plyemeron» Which evaluates
the overall contamination level by multiple metals, taking
into account both the average and maximum values of sin-
gle-metal pollution indices, and was calculated using the
following formula:

Gxr, P1)2+PI.,2nax
—)

Plyemerow = " (5)

where PI — the calculated pollution index for each indi-
vidual metal; Pl is the maximum pollution index value
among all heavy metals; # - is the number of heavy metals.

Soil quality was assessed according to the scale pre-
sented in Table 3.
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Table 3. Plyemerow soil pollution classes

PINememw < 0-7 0.7'1

1-2 2-3 >3

Quality of soil Clean Warning limit

Slight pollution Moderate pollution ~ Heavy pollution

Source: ].B. Kowalska et al. (2018)

The potential ecological risk to the soil environment
and ecosystems was determined as the sum of the individ-
ual risks from each studied metal (Er), using the following
formula:

RI=31Er;, (6)

where Er; — is the ecological risk index of the i-th metal.

Risk assessment was conducted according to the scale
presented in Table 4.

This approach enabled the identification of contami-
nation levels and the assessment of the overall ecological
threat associated with metal accumulation in soils, thereby
providing a basis for comparing environmental conditions
across the investigated urban ecosystems.

Table 4. Classification of the potential ecological risk index and integrated potential ecological risk index

Er; Pollution Degree RI Hazards Level
<40 Slight <150 Slight
40-80 Moderate 150~300 Moderate
80-160 Strong 300~600 Strong
160-320 Very strong 2600 Very strong
2320 Extremely strong

Source: H. Cheng et al. (2019)

@ Results and Discussion

The city of Cherkasy is located in the Forest-Steppe zone.
Based on geomorphological and orohydrographic charac-
teristics, the city’s landscapes are predominantly formed by
loess and loess-like loams, as well as sand-derived loams.
The soil cover is heterogeneous, characterised by a light
mechanical composition and the presence of anthropogen-
ic inclusions (e.g., construction debris) and allochthonous
materials. Soils are contaminated with xenobiotics, includ-
ing heavy metals (Yehorova et al., 2025). A significant im-
pact on urban soils is exerted by aerotechnogenic pollution,
which ranks as the leading source of technogenic contam-
inants in urban landscapes in terms of environmental in-
fluence. The primary pollutants in the city are enterprises

from the energy and chemical industries (Regional Re-
port, 2025). In 2024, the largest emissions were recorded
from the Cherkasy Thermal Power Plant (PraT “Cher-
kaske Khimvolokno” VP “Cherkaska TPP”), totalling over
29,637 tons, which is 647.845 tons more than in 2023, due
to increased coal consumption. Concentrations and the
overall level of technogenic load, the city of Cherkasy ranks
among the most environmentally burdened settlements in
the region. Based on the Comprehensive Air Pollution In-
dex (API), calculated from monthly average concentrations
of sulfur dioxide, ammonia, formaldehyde, nitrogen diox-
ide, and carbon monoxide, the air pollution level in Cher-
kasy is classified as elevated (5-7) and high (7-14) (Fig. 3).

3 7.72
. sy 736 7.36 /F
7 M I\
/ \ 6.54
6.5

624 \

Air Pollution Index (API) \

5.37

2010 2011

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

2022 2023 2024

Figure 3. Dynamics of the comprehensive air PI in Cherkasy from 2010 to 2024

Source: compiled by the authors

Meteorological conditions play a significant role in
shaping air quality. The city is located in climatic conditions
unfavourable for the dispersion of pollutants, within a zone
ofhigh atmospheric pollution potential. The inherent genet-
ic stability of the natural environment is mostly low, and the
self-purifying capacity of nature is insufficient to counteract

external technogenic loads. Despite the decline in industrial
activity, air pollution levels for individual pollutants remain
high. One of the main reasons for this is the atmosphere’s
limited self-cleaning capacity. Long-term observations in-
dicate that processes promoting the accumulation of harm-
ful pollutants, rather than their dispersion, predominate
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in the city (atmospheric meteorological potential K,, > 1)
(Yehorova et al., 2025). Heavy metals present in emissions

Mislyuk et al.

from industrial facilities and mobile sources (Fig. 4) con-
taminate urban landscapes through dry or wet deposition.

E 025 mPb

o0

= 0,2 m Mn
g 0.15 mCr

§ 0.1 mCd
§ 005 u Cu
g 0 Ni

Q 2018 2019 2020 2021 2022 2023 2024 avg

Figure 4. Heavy metal concentrations in the atmospheric air of Cherkasy, ug/m’

Source: compiled by the authors

As a result of intensive technogenesis within urban
areas, stable geochemical anomalies are formed in urban
soils (Yehorova et al., 2025), accompanied by the disruption
of natural soil self-purification mechanisms, alterations in
the physicochemical properties of the environment, and an
increase in the mobility of pollutants. Such transformations
of urbanised geosystems intensify ecotoxicological pressure
and contribute to the accumulation of heavy metals in the
near-surface atmospheric layer, soils, and biota. Once re-
leased into the environment, these elements can persist for
extended periods in various ecosystem components, mov-
ing through surface runoff, infiltration into groundwater,

or wind-driven dust transport. This mobility of pollutants
facilitates their wide dispersion beyond emission sources
and increases environmental and public health risks, even
at considerable distances (He et al., 2023). Soil samples
were analysed for heavy metal content by specialists of the
Central Laboratory of the Ukrainian Hydrometeorological
Center using the method of atomic emission spectrometry.
Descriptive statistics of heavy metal concentrations at the
reference points are presented in Table 5.

Correlation relationships between different metal pol-
lutants were found to be quite pronounced in some cases
(Fig. 5).

Table 5. Results of soil monitoring in Cherkasy in 2016 and 2021

Sampling Pb, mg/kg Zn, mg/kg Cu, mg/kg Ni, mg/kg Mn, mg/kg Cd, mg/kg
Site No. 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021
1 20 8 51 37 11 5 13 11 179 237 0.50 0.50
2 70 11 259 85 54 32 42 16 419 311 1.75 0.75
3 13 7 47 32 13 6 19 9 302 250 0.75 0.75
4 15 8 50 40 9 8 19 12 207 170 0.50 0.50
5 94 7 319 45 37 4 28 11 324 241 1.25 0.75
6 21 12 58 48 14 10 19 13 330 303 1.00 0.25
7 22 13 43 43 10 11 16 15 274 267 1.00 0.25
8 66 18 244 43 26 12 18 10 307 179 1.00 1.00
9 38 11 95 47 20 10 23 12 386 175 1.00 0.50
10 45 16 62 158 17 21 20 20 246 430 1.25 1.00
11 40 12 88 49 21 11 20 17 319 311 0.50 0.50
12 23 23 87 207 18 76 14 14 218 457 1.00 0.75
13 40 8 191 31 20 7 20 16 341 399 0.50 0.25
14 29 30 70 215 17 42 19 37 414 2,406 0.75 0.75
15 49 41 71 260 17 73 11 50 313 2,402 1.00 1.00
16 213 25 296 199 104 53 16 42 207 2,389 1.25 1.25
17 38 510 318 311 87 132 20 25 279 580 1.00 1.00
18 126 22 251 129 25 10 20 15 319 465 2.00 0.25
19 65 11 274 145 50 11 18 16 330 325 1.00 0.75
20 30 23 214 129 31 14 15 20 408 892 0.50 1.25
21 40 9 184 96 23 11 19 20 358 250 0.25 0.25
22 49 8 169 100 28 10 23 24 369 245 0.50 0.50
23 28 11 48 158 9 14 13 20 190 232 0.00 0.00
24 40 9 244 29 18 5 17 12 195 175 0.50 0.50
25 32 30 69 49 25 15 23 11 274 241 0.50 0.25
26 77 7 251 39 24 16 6 173 87 0.00 0.00
27 155 7 206 41 28 5 23 7 319 91 0.25 0.00
28 40 27 176 207 34 14 25 19 330 364 0.25 0.25
Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1 35 \
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Table 5. Continued

Sampling Pb, mg/kg Zn, mg/kg Cu, mg/kg Ni, mg/kg Mn, mg/kg Cd, mg/kg

SiteNo. 5016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021

29 111 9 273 88 23 22 23 15 475 338 0.75 0.75

30 21 19 91 50 16 28 23 16 285 281 0.00 0.75

31 38 11 311 29 20 11 23 20 307 259 0.75 0.25

32 23 8 65 39 13 10 14 20 123 267 0.25 0.50

33 41 14 99 44 19 23 23 21 285 311 0.00 0.50

34 45 14 236 47 25 13 28 16 1,181 241 0.75 0.25

35 31 8 191 39 18 13 15 18 274 303 0.25 0.50

36 56 12 199 45 20 15 24 15 498 320 0.25 0.50

37 83 9 221 39 31 14 23 15 307 232 0.50 0.25

38 56 15 214 43 19 19 16 15 319 272 0.00 0.25

39 67 9 229 40 26 8 18 13 1,408 201 0.50 0.25

40 68 206 29 45 11 10 257 188 0.00 0.00

41 44 5 73 43 21 7 21 7 263 245 0.00 0.00

42 27 26 68 49 17 17 15 12 285 285 0.25 0.25

43 40 9 86 39 21 8 18 16 363 254 0.25 0.50

44 29 9 69 207 23 24 22 20 212 355 0.50 0.50

45 33 68 174 18 27 11 17 291 289 0.25 0.25
mini 13 5 43 29 9 4 11 6 123 87 0 0

max 213 510 319 311 104 132 42 50 1,408 2,406 2 1.25
medium 52 25 159 89 26 20 19 17 344 434 0.6 0,5
SD 38.2 74.4 91.0 73.4 18.1 234 55 8.4 2226  546.6 0.5 0.3
CV, % 70 300 60 80 70 120 30 50 60 130 80 70
s g 11 52 20 26 735 0.13

site

Source: compiled by the authors

Pb

Cd

Zn

Cu

Ni

Mn

\

J

Figure 5. Correlation matrix of heavy metals in the soils of Cherkasy

Source: compiled by the authors

Strong correlations (correlation coeflicient r>0.7) were
observed between Pb and Cu (r=0.72) and between Ni and
Mn (r=0.70), indicating that the sources of these elements
may be similar. Moderate correlations (0.50 < <0.69) were
found for Cu and Zn (r=0.68), Pb and Zn (r=0.54), and Ni
and Zn (r=0.52). Mn exhibited weak correlations (r< 0.4)
with all metals except Ni, suggesting that the patterns of

(36

Mn input and accumulation may differ from those of the
other metals. Using soil monitoring data on heavy metal
concentrations, the L., was calculated to evaluate the extent
of anthropogenic influence on heavy metal levels, taking
into account possible natural fluctuations in background
concentrations (Table 6). Geoaccumulation indices varied
significantly across time and space (Figs. 6 and 7). In 2016,

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1



based on Pb content, only 3% of the studied soils were clas-
sified as uncontaminated (I, < 0), 25% ranged from uncon-
taminated to moderately contaminated (0 < I, < 1), 48%

Table 6. Calculated values of the Igeo for Soil Contamination in the City of Cherkasy

Mislyuk et al.

were moderately contaminated (1 < I, < 2), 22% ranged
from moderately to strongly contaminated (2 < I, < 3), and
2% were strongly contaminated (3 <., <4).

q Lgeo
o Pb Zn Cu Ni Mn cd

2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021

1 0.3 -1.0 -0.6 -1.1 -1.4 -2.6 -1.6 -1.8 -2.6 -2.2 1.4 1.4
2 2.1 -0.6 1.7 0.1 0.8 0.1 0.1 -1.3 -1.4 -1.8 3.2 1.9
3 -0.3 -1.2 -0.7 -1.3 -1.2 -2.3 -1.0 -2.1 -1.9 -2.1 1.9 1.9
4 -0.1 -1.0 -0.6 -1.0 -1.7 -1.9 -1.0 -1.7 -2.4 -2.7 1.4 1.4
5 2.5 -1.2 2.0 -0.8 0.3 -2.9 -0.5 -1.8 -1.8 -2.2 2.7 1.9
6 0.3 -0.5 -0.4 -0.7 -1.1 -1.6 -1.0 -1.6 -1.7 -1.9 2.4 0.4
7 0.4 -0.3 -0.9 -0.9 -1.6 -1.4 -1.3 -1.4 -2.0 -2.0 2.4 0.4
8 2.0 0.1 1.6 -0.9 -0.2 -1.3 -1.1 -2.0 -1.8 -2.6 2.4 2.4
9 1.2 -0.6 0.3 -0.7 -0.6 -1.6 -0.8 -1.7 -1.5 -2.7 2.4 1.4
10 1.4 0.0 -0.3 1.0 -0.8 -0.5 -1.0 -1.0 -2.2 -1.4 2.7 2.4
11 1.3 -0.5 0.2 -0.7 -0.5 -1.4 -1.0 -1.2 -1.8 -1.8 1.4 1.4
12 0.5 0.5 0.2 1.4 -0.7 1.3 -1.5 -1.5 -2.3 -1.3 2.4 1.9
13 1.3 -1.0 1.3 -1.3 -0.6 -2.1 -1.0 -1.3 -1.7 -1.5 1.4 0.4
14 0.8 0.9 -0.2 1.5 -0.8 0.5 -1.0 -0.1 -1.4 1.1 1.9 1.9
15 1.6 1.3 -0.1 1.7 -0.8 1.3 -1.8 0.4 -1.8 1.1 2.4 2.4
16 3.7 0.6 1.9 1.4 1.8 0.8 -1.3 0.1 -2.4 1.1 2.7 2.7
17 1.2 4.9 2.0 2.0 1.5 2.1 -1.0 -0.6 -2.0 -0.9 2.4 2.4
18 2.9 0.4 1.7 0.7 -0.3 -1.6 -1.0 -1.4 -1.8 -1.2 34 0.4
19 2.0 -0.6 1.8 0.9 0.7 -1.4 -1.1 -1.3 -1.7 -1.8 2.4 1.9
20 0.9 0.5 1.5 0.7 0.0 -1.1 -14 -1.0 -14 -0.3 1.4 2.7
21 1.3 -0.9 1.2 0.3 -0.4 -1.4 -1.0 -1.0 -1.6 -2.1 0.4 0.4
22 1.6 -1.0 1.1 0.4 -0.1 -1.6 -0.8 -0.7 -1.6 -2.2 1.4 1.4
23 0.8 -0.6 -0.7 1.0 -1.7 -1.1 -1.6 -1.0 -2.5 -2.2 0.0 0.0
24 1.3 -0.9 1.6 -1.4 -0.7 -2.6 -1.2 -1.7 -2.5 -2.7 1.4 1.4
25 1.0 0.9 -0.2 -0.7 -0.3 -1.0 -0.8 -1.8 -2.0 -2.2 1.4 0.4
26 2.2 -1.2 1.7 -1.0 -0.3 -2.9 -1.3 -2.7 -2.7 -3.7 0.0 0.0
27 32 -1.2 1.4 -0.9 -0.1 -2.6 -0.8 -2.5 -1.8 -3.6 0.4 0.0
28 1.3 0.7 1.2 1.4 0.2 -1.1 -0.6 -1.0 -1.7 -1.6 0.4 0.4
29 2.8 -0.9 1.8 0.2 -0.4 -0.4 -0.8 -1.4 -1.2 -1.7 1.9 1.9
30 0.3 0.2 0.2 -0.6 -0.9 -0.1 -0.8 -1.3 -2.0 -2.0 0.0 1.9
31 1.2 -0.6 2.0 -1.4 -0.6 -1.4 -0.8 -1.0 -1.8 -2.1 1.9 0.4
32 0.5 -1.0 -0.3 -1.0 -1.2 -1.6 -1.5 -1.0 -3.2 -2.0 0.4 1.4
33 1.3 -0.2 0.3 -0.8 -0.7 -0.4 -0.8 -0.9 -2.0 -1.8 0.0 1.4
34 1.4 -0.2 1.6 -0.7 -0.3 -1.2 -0.5 -1.3 0.1 -2.2 1.9 0.4
35 0.9 -1.0 1.3 -1.0 -0.7 -1.2 -1.4 -1.1 -2.0 -1.9 0.4 1.4
36 1.8 -0.5 1.4 -0.8 -0.6 -1.0 -0.7 -1.4 -1.1 -1.8 0.4 1.4
37 2.3 -0.9 1.5 -1.0 0.0 -1.1 -0.8 -1.4 -1.8 -2.2 1.4 0.4
38 1.8 -0.1 1.5 -0.9 -0.7 -0.7 -1.3 -1.4 -1.8 -2.0 0.0 0.4
39 2.0 -0.9 1.6 -1.0 -0.2 -1.9 -1.1 -1.6 0.4 -2.5 1.4 0.4
40 2.0 -1.5 1.4 -14 0.6 -2.9 -1.8 -2.0 -2.1 -2.6 0.0 0.0
41 1.4 -1.7 -0.1 -0.9 -0.5 -2.1 -0.9 -2.5 -2.1 -2.2 0.0 0.0
42 0.7 0.7 -0.2 -0.7 -0.8 -0.8 -14 -1.7 -2.0 -2.0 0.4 0.4
43 1.3 -0.9 0.1 -1.0 -0.5 -1.9 -1.1 -1.3 -1.6 -2.1 0.4 1.4
44 0.8 -0.9 -0.2 1.4 -0.4 -0.3 -0.8 -1.0 -2.4 -1.6 1.4 1.4
45 1.0 -1.0 -0.2 1.2 -0.7 -0.2 -1.8 -1.2 -1.9 -1.9 0.4 0.4
min -0.3 -1.7 -0.9 -1.4 -1.7 -2.9 -1.8 -2.7 -3.2 -3.7 0.0 0.0
max 3.7 4.9 2.0 2.0 1.8 2.1 0.1 0.4 0.4 1.1 34 2.7
mean 1.4 -0.3 0.7 -0.2 -0.4 -1.1 -1.1 -1.3 -1.8 -1.8 1.4 1.1

Source: compiled by the authors
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Figure 6. Geoaccumulation indices (I,) of heavy metals in the soils of Cherkasy city in 2016

Source: compiled by the authors

By 2021, 69% of the soils were uncontaminated,
24% were uncontaminated to moderately contaminated,

3% were moderately contaminated, and 3% were strongly
contaminated.
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Figure 7. Geoaccumulation indices (I,) of heavy metals in the soils of Cherkasy city in 2021

Source: compiled by the authors

In 2016, the I, values for Zn indicated soil contami-
nation levels as follows: 33% of sampling points were un-
contaminated, 13% were uncontaminated to moderately
contaminated, 47% were moderately contaminated, and 7%
were moderately to strongly contaminated. By 2021, the soil
condition had improved significantly: 62% of the studied
soils were uncontaminated, 16% were uncontaminated to
moderately contaminated, 18% were moderately contami-
nated, and 2% were moderately to strongly contaminated.
In 2016, the I, values for Cu indicated that 84% of the stud-
ied soils were uncontaminated, 11% were uncontaminat-
ed to moderately contaminated, and 5% were moderately
contaminated. By 2021, 86% of soils were uncontaminated,
7% were uncontaminated to moderately contaminated, 5%
were moderately contaminated, and 2% were moderately
to strongly contaminated. For Ni, the L, values in 2016 and
2021 showed that 98% and 96% of soils, respectively, were

s

AN

uncontaminated, while 2% and 4% were uncontaminated
to moderately contaminated. Regarding Mn, in 2016 and
2021, 96% and 93% of soils were uncontaminated, and 4%
and 7% were uncontaminated to moderately contaminated,
respectively. For Cd, the L., values in 2016 and 2021 indi-
cated that only 16% and 12% of soils were uncontaminated,
20% and 32% were uncontaminated to moderately contam-
inated, 36% and 45% were moderately contaminated, and
24% and 11% were moderately to strongly contaminated.
In 2016, 4% of soils were strongly contaminated with Cd.
Overall, the I, indicates that Pb and Cd exhibit signif-
icantly higher levels of contamination, whereas the other
metals generally show only minor pollution. The results of
the assessment of soil contamination hazards associated
with heavy metals, conducted using both single-metal PI
and integrated multi-element pollution indices (PLI and
Plyemerow), are presented in Table 7.
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Table 7. Individual metal PI and integrated pollution indices accounting

for the multi-element nature of contamination (PLI and Plyemerow)

Mislyuk et al.

PI
S;‘i‘::ap#(‘)‘.g Pb Zn Cu Ni Mn cd PLI Plcncrom
2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021

1 18 07 10 07 06 03 05 04 02 03 38 38 09 06 2 2
2 64 10 50 16 27 16 16 06 06 04 135 58 32 13 6 2
3 12 06 09 06 07 03 07 03 04 03 58 58 10 07 2 2
4 14 07 10 08 05 04 07 05 03 02 38 38 09 07 2 2
5 85 06 61 09 19 02 11 04 04 03 96 58 28 07 4 2
6 19 11 11 09 07 05 07 05 04 04 77 19 12 08 3 1
7 20 12 08 08 05 06 06 06 04 04 77 19 11 08 3 1
8 60 16 47 08 13 06 07 04 04 02 77 77 21 09 3 3
9 35 10 18 09 10 05 09 05 05 02 77 38 17 08 3 2
10 41 15 12 30 09 11 08 08 03 06 96 77 15 16 4 3
11 36 11 17 09 11 06 08 07 04 04 38 38 14 09 2 2
12 21 21 17 40 09 38 05 05 03 06 77 58 13 20 3 3
13 36 07 37 06 10 04 08 06 05 05 38 19 16 07 2 1
14 26 27 13 41 09 21 07 14 06 33 58 58 14 29 2 3
15 45 37 14 50 09 37 04 19 04 33 77 77 14 39 3 4
16 194 23 57 38 52 27 06 16 03 33 96 96 31 32 8 4
17 35 464 61 60 44 66 08 10 04 08 77 77 24 47 4 19
18 115 20 48 25 13 05 08 06 04 06 154 19 27 11 7 1
19 59 10 53 28 25 06 07 06 04 04 77 58 24 12 3 2
20 27 21 41 25 16 07 06 08 06 12 38 96 17 18 2 4
21 36 08 35 18 12 06 07 08 05 03 19 19 15 09 2 1
22 45 07 33 19 14 05 09 09 05 03 38 38 18 10 2 2
23 25 10 09 30 05 07 05 08 03 03 00 00 07 09 1 1
24 36 08 47 06 09 03 07 05 03 02 38 38 15 06 2 B
25 29 27 13 09 13 08 09 04 04 03 38 19 14 09 2 1
26 70 06 48 08 12 02 06 02 02 01 00 00 14 03 3 0
27 141 06 40 08 14 03 09 03 04 01 19 00 20 03 6 0
28 36 25 34 40 17 07 10 07 04 05 19 19 16 13 2 2
29 101 08 53 17 12 11 09 06 06 05 58 58 24 12 4 2
30 19 17 18 10 08 14 09 06 04 04 00 58 10 12 1 2
31 35 10 60 06 10 06 09 08 04 04 58 19 19 07 3 1
32 21 07 13 08 07 05 05 08 02 04 19 38 08 08 1 2
33 37 13 19 08 10 12 09 08 04 04 00 38 12 11 2 2
34 41 13 45 09 13 07 11 06 16 03 58 19 25 08 3 1
35 28 07 37 08 09 07 06 07 04 04 19 38 13 09 2 2
36 51 11 38 09 10 08 09 06 07 04 19 38 17 09 2 2
37 75 08 43 08 16 07 09 06 04 03 38 19 20 07 3 1
38 51 14 41 08 10 10 06 06 04 04 00 19 14 09 2 1
39 61 08 44 08 13 04 07 05 19 03 38 19 24 06 3 1
40 62 05 40 06 23 02 04 04 03 03 00 00 15 04 3 0
41 40 05 14 08 11 04 08 03 04 03 00 00 11 04 2 0
42 25 24 13 09 09 09 06 05 04 04 19 19 10 09 1 1
43 36 08 17 08 11 04 07 06 05 03 19 38 13 08 2 2
44 26 08 13 40 12 12 08 08 03 05 38 38 12 13 2 B
45 30 07 13 33 09 14 04 07 04 04 19 19 10 11 1 1
min 12 05 08 06 05 02 04 02 02 01 0 0 07 03 1 0
max 194 464 61 60 52 66 16 19 19 33 154 96 32 47 9 6
mean 47 23 30 17 13 10 07 07 05 06 46 38 16 12 2 1

Source: compiled by the authors

Soil pollution indices also varied significantly over
time and space for different metals and sampling sites (Fig-
ures 8 and 9). Based on the average PI values, the metals

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

were ranked as follows: Pb (4.7) > Cd (4.6) > Zn (3.0) > Cu
(1.3) > Ni (0.7) > Mn (0.5) in 2016, and Cd (3.8) > Pb
(2.3)>Zn (1.7)>Cu (1.0) >Ni (0.7) > Mn (0.6) in 2021.
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Figure 8. Soil PI for heavy metals in 2016

Source: compiled by the authors
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Figure 9. Soil PI for heavy metals in 2021

Source: compiled by the authors

Particularly high PI values (PI>5) were observed in
2016 for Cd (40% of sites) and Pb (31%). By 2021, the num-
ber of sites with very high pollution levels decreased, with
Cd exceeding PI>5 at 33% of sites. For Pb, a very high PI
was observed only at site 17 (PI=45). According to the PLI
for all heavy metals (Fig. 10), a high level of contamina-
tion (PLI=4.7) was observed at site 17 in 2021. Moderately

contaminated soils accounted for 22% of samples (sites 2, 3,
16-19, 29, 34, 39) in 2016 and 9% (sites 14, 15, 16) in 2021.
At the remaining locations, soils were classified as uncon-
taminated (PLI<1). Plyemerow Were slightly higher than the
PLI. Soils exhibited a high level of contamination at 33%
and 13% of the sites, and a medium level at 60% and 18% of
the sites in 2016 and 2021, respectively (Fig. 11).
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Figure 10. PLI of heavy metals in soils

Source: compiled by the authors
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Source:

The results of the assessment of ecological risks associ-
ated with soil contamination by individual heavy metals, as

Nemerow Pollution Index )

Mislyuk et al.
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Figure 11. Levels of combined soil contamination by heavy metals according to the Plyemerow

compiled by the authors

Table 8. Ecological risk indices for soil contamination in the city of Cherkasy:
individual heavy metal risk (Er) and integrated potential ecological risk (RI)

well as the integrated potential ecological risk, are present-
ed in Table 8 and Figures 12-14.

Er
s;it“g]‘:g Pb Zn Cu Ni Mn cd RI

2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021
1 91 36 10 07 28 13 25 21 02 03 1154 1154 131 123
2 318 50 50 16 135 80 81 31 06 04 4038 1731 463 191
3 50 32 09 06 33 15 37 17 04 03 1731 1731 187 180
4 68 36 10 08 23 20 37 23 03 02 1154 1154 129 124
5 427 32 61 09 93 10 54 21 04 03 2885 1731 352 181
6 95 55 11 09 35 25 37 25 04 04 2308 577 249 69
7 100 59 08 08 25 28 31 29 04 04 2308 577 248 70
8 300 82 47 08 65 30 35 19 04 02 2308 2308 276 245
9 173 50 18 09 50 25 44 23 05 02 2308 1154 260 126
10 205 73 12 30 43 53 38 38 03 06 2885 2308 319 251
11 182 55 17 09 53 28 38 33 04 04 1154 1154 145 128
12 105 105 17 40 45 190 27 27 03 06 2308 173.1 250 210
13 182 36 37 06 50 18 38 31 05 05 1154 577 147 67
14 132 136 13 41 43 105 37 71 06 33 1731 1731 196 212
15 223 186 14 50 43 183 21 96 04 33 2308 2308 261 286
16 968 114 57 38 260 133 31 81 03 33 2885 2885 420 328
17 173 2318 61 60 218 330 38 48 04 08 2308 2308 280 507
18 573 100 48 25 63 25 38 29 04 06 4615 577 534 76
19 295 50 53 28 125 28 35 31 04 04 2308 173.1 282 187
20 136 105 41 25 78 35 29 38 06 12 1154 2885 144 310
21 182 41 35 18 58 28 37 38 05 03 5.7 577 89 71
2 23 36 33 19 70 25 44 46 05 03 1154 1154 153 128
23 127 50 09 30 23 35 25 38 03 03 00 00 19 16
24 182 41 47 06 45 13 33 23 03 02 1154 1154 146 124
25 145 136 13 09 63 38 44 21 04 03 1154 577 142 78
26 350 32 48 08 60 10 31 12 02 01 00 00 49 6
27 705 32 40 08 70 13 44 13 04 01 577 00 144 7
28 182 123 34 40 85 35 48 37 04 05 577 577 93 82
29 505 41 53 17 58 55 44 29 06 05 1731 1731 240 188
30 95 86 18 10 40 70 44 31 04 04 00 1731 20 193
31 173 50 60 06 50 28 44 38 04 04 1731 577 206 70
32 05 36 13 08 33 25 27 38 02 04 577 1154 76 126
33 186 64 19 08 48 58 44 40 04 04 00 1154 30 133
34 205 64 45 09 63 33 54 31 16 03 1731 577 211 72
35 41 36 37 08 45 33 29 35 04 04 577 1154 83 127

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1
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Table 8. Continued

Er
S;‘itnlplg(‘ig b Zn Cu Ni Mn cd RI

2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021
36 25.5 55 3.8 0.9 5.0 3.8 4.6 2.9 0.7 0.4 57.7 1154 97 129
37 37.7 4.1 4.3 0.8 7.8 35 4.4 2.9 0.4 0.3 115.4 57.7 170 69
38 25.5 6.8 4.1 0.8 4.8 4.8 3.1 2.9 0.4 0.4 0.0 57.7 38 73
39 30.5 4.1 4.4 0.8 6.5 2.0 3.5 2.5 1.9 0.3 115.4 57.7 162 67
40 30.9 2.7 4.0 0.6 11.3 1.0 2.1 1.9 0.3 0.3 0.0 0.0 49 6
41 20.0 2.3 1.4 0.8 53 1.8 4.0 1.3 0.4 0.3 0.0 0.0 31 7
o) 123 118 13 09 43 43 29 23 04 04 577 57 79 77
43 182 41 17 08 53 20 35 31 05 03 57 1154 8 126
4 132 41 13 40 58 60 42 38 03 05 1154 1154 140 134
45 150 36 13 33 45 68 21 33 04 04 577 57 81 75
— 50 23 08 06 23 10 21 12 02 01 00 00 19 6
max 968 2318 61 60 260 330 81 96 19 33 4615 2885 534 507
mean 235 113 30 17 65 49 37 33 05 06 1385 1128 176 135

Source: compiled by the authors

The potential ecological risk factor (Eri) for Pb, Zn, Cu,
Ni, Mn, and Cd in 2016 ranged from 5.9-96.8 (mean 23.5),
0.8-6.1 (mean 3.0), 2.3-26.0 (mean 6.5), 2.1-8.1 (mean 3.7),
0.2-1.9 (mean 0.5), and 0.0-461.5 (mean 138.5), respec-
tively. In 2021, Eri varied as follows: Pb - 2.3-231.8 (mean
11.3), Zn - 0.6-6.0 (mean 1.7), Cu - 1.0-33.0 (mean 4.9),
Ni - 1.2-9.6 (mean 3.3), Mn - 0.1-3.3 (mean 0.6), and Cd -
0-288 (mean 113), respectively. The main environmentally

hazardous metal present in the soils of the studied area was
Cd. The ecological risk level of soil contamination by this
toxicant in 2016 was assessed as moderate (20%), consid-
erable (24%), high (41%), very high (2%), while 13% of
the soils were uncontaminated by this toxic metal. In 2021,
31% of the soil samples fell into the moderate ecological
risk category, 27% - considerable, 31% - high, and 11%
were uncontaminated.
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Figure 12. Er levels in 2016
Source: compiled by the authors
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Figure 13. Er levels in 2021

Source: compiled by the authors
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The ecological risk level of Pb contamination in 2016
was low for 89% of the soils, moderate for 9%, and con-
siderable for 2%. In 2021, only one soil sample (site 17)
exhibited a high ecological risk, while all other locations
were low. For the other heavy metals, the ecological risk of

Mislyuk et al.

soil contamination remained low. Based on the cumulative
ecological risk (Fig. 14), in 2016, 53% of soil samples were
classified as having a low contamination level, 36% as mod-
erate, and 11% as high. In 2021, these proportions were
69%, 24%, and 7%, respectively.
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Figure 14. Cumulative potential ecological risk of heavy metal contamination in soils

Source: compiled by the authors

The most critical situations in 2016 were observed at
sites 2, 5, 10, 16, and 18, whereas in 2021 the highest risk
was recorded at sites 16 and 17. None of the samples exhib-
ited an extremely high level of risk; however, in 2016, sites
2, 5, 10, 16, and 18 showed values exceeding 300, indicat-
ing a significant cumulative heavy metal load and a high
potential ecological risk. In 2021, the number of such sites
decreased (Fig. 13).

The study summarised and statistically processed the
results of soil quality monitoring in Cherkasy for Pb, Zn,
Cu, Ni, Mn, and Cd using both single-factor and mul-
ti-factor soil quality indices. Variations in heavy metal
concentrations in the soil primarily depend on the par-
ent material and geological background, but human eco-
nomic activity also has a significant influence (Yang et
al., 2018). The study demonstrated notable spatial differ-
ences in the concentrations of the metals analysed. It was
found that Mn had the highest content, while Cd had the
lowest. The average concentrations decreased in the order
Mn > Zn >Pb > Cu > Ni > Cd. High Mn concentrations in
the city’s soils are attributed to its geological background,
as confirmed by pollution indices remaining below 1
across almost all sampling sites. Statistical analysis of the
Cherkasy urban soil monitoring data revealed significant
spatial and temporal variability in the concentrations of
all heavy metals (Table 5), indicating localized enrich-
ment patterns and heterogeneity. The uneven distribution
of heavy metals is likely influenced by differences in soil
texture (sandy vs. clayey) and industrial emissions, which
create artificial and often uneven element concentrations.
The coefficient of variation (CV) for Mn, Zn, Pb, Cu, and
Cd across different sampling sites in 2016 indicated high

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

variability (50% < CV < 100%), suggesting strong spatial
heterogeneity. In 2021, these values significantly exceed-
ed 100% (Pb - 300%, Mn - 130%, Cu - 120%), indicating
an even higher degree of spatial variability in heavy metal
distribution. This considerable variability in heavy metal
concentrations may be associated with localised anthro-
pogenic impacts or similar migration patterns (Rahman et
al., 2022; Wu et al., 2025).

Extremely high values of the coefficient of variation
for Pb were caused by a very high concentration of this
metal at local site 17 (c=510 mg/kg), against a background
of sites with low Pb content. Such elevated lead levels may
be attributed to paint fragments, battery residues, and
technogenic microparticles. The high degree of variation
in Mn and Cu was associated with elevated concentrations
of these metals at sites 14-16 (for Mn) and site 17 (for
Cu), which may have been caused by local contamination
from waste generated by machine-building industries or
by changes in the soil's mechanical composition at these
sites. In contrast, the coefficient of variation (CV) for Ni
across different sampling sites showed moderate varia-
bility (21% < CV <50%), indicating that the sources of Ni
may be both natural (geogenic influences) and anthropo-
genic (emissions from industrial enterprises and vehicles,
as well as subsequent atmospheric transport). The strong
correlation between Pb and Cu identified in the correla-
tion analysis suggests common pollution sources, likely
related to human activities. Potential industrial sources
of these metals in the environment include materials used
in battery production, electricity generation, and paints
(Swain, 2024). In the study area, the shared sources of Pb
and Cu contamination in the landscapes are the thermal
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power plant (TPP), enterprises producing paint and elec-
trical engineering products, and motor transport (exhaust
gases, brake pad wear). High correlation values between
Ni and Mn also suggest common sources, but these are
likely predominantly natural (e.g., weathering of rocks,
wind erosion) and partially anthropogenic, considering
the moderate coeflicient of variation for Ni and the weak
correlations of Mn with all other metals. Manganese is typ-
ically present in soils at relatively high natural concentra-
tions. Therefore, limited human activity in the study area
may not significantly affect its concentration. Consequent-
ly, its presence in the investigated soils may not be directly
related to anthropogenic activities (Taghavi et al., 2022).
Potential anthropogenic sources of Ni and Mn contami-
nation in Cherkasy include mechanical engineering and
chemical industries, thermal power generation (combus-
tion of fossil fuels), and motor transport.

The complex interaction between natural and anthro-
pogenic factors that regulate the distribution and accu-
mulation patterns of heavy metals has also been noted in
previous studies (Wu et al., 2025). Differentiating natural
versus anthropogenic contributions and identifying hu-
man-derived inputs of chemical elements into soils was
facilitated by the L., which is used to assess the intensity
of technogenic contamination. The predominantly natu-
ral origin of Mn, Ni, and Cu is confirmed by the strongly
negative values of this index. More than 93% of the inves-
tigated soils were found to be uncontaminated by these el-
ements. I, values for Pb and Cd indicate a significant im-
pact of anthropogenic pollution, with only some locations
showing lightly or moderately contaminated soils where
Pb content was low. The obtained L., values for Zn suggest
a mixed natural-anthropogenic origin for the input and
accumulation of this metal. Like the L, values, PI showed
high variability, ranging from uncontaminated to very
heavily contaminated soils, depending on the specific met-
als analysed. PI values above 1 for all metals except Ni and
Mn indicate elevated concentrations due to anthropogenic
influence. Plyemerow were higher than the PLI values, which
can be explained by the calculation algorithm of Plxemerow as
it accounts for both the average and the maximum values
of single-metal PI.

A detailed analysis of potential ecological risk, which
predominates in assessing the extent of heavy metal con-
tamination in soils and the associated ecological conse-
quences for soil ecosystems, shows that Cd posed mainly
moderate, considerable, or high ecological risk and was the
main contributor to the overall risk. Only in one location
was a high ecological risk observed for Pb in 2021, while
all other heavy metals posed a negligible ecological risk.
Z. Wang et al. (2015) presented the results of a study on
soil contamination by metals conducted using geochemi-
cal indices and multivariate statistical methods, which en-
abled the identification of possible sources and pathways
of pollutants, as well as the assessment of their potential
impact on soil quality and human health. The multi-index

analysis of soil quality across different urban sites revealed
that the most critical situation was observed in the south-
eastern and eastern industrial zones. In residential-indus-
trial areas, urban soils generally exhibited low to moderate
levels of contamination.

Similar findings have been reported in numerous oth-
er studies examining the impact of anthropogenic activities
on urban ecosystems. For example, Y. Kuang et al. (2024)
demonstrated that intensive human activity directly affects
soil contamination levels-samples from industrial zones
exhibited elevated potential ecological risk, posing a threat
to public health. Statistical analyses confirmed that inten-
sive industrial operations significantly influence the degree
of soil pollution. A principal component analysis of urban
soil contamination, presented by Ghosh et al., 2023, re-
vealed clear patterns of metal covariation, indicating likely
sources such as industrial emissions, vehicular traffic, and
natural factors. Comparing soil monitoring data from 2016
and 2021 showed certain trends. Most metals exhibited a
positive dynamic, with decreasing concentrations: Pb de-
creased on average by 28%, Cd by 21%, and Zn by 15%.
Concentrations of other elements remained largely un-
changed, with Cu fluctuating within +5% and Ni showing a
slight decline of 8%. Some elements experienced localised
increases, with Mn content rising by 12%.

The spatiotemporal and multi-index geochemical as-
sessment of urban soils in Cherkasy provides critical in-
sights into the dynamics of technogenic pressure and as-
sociated ecological hazards. Contextualising these findings
within both national baselines and international literature
allows for a comprehensive understanding of anthropogen-
ic intervention and environmental risk patterns. The high
spatial heterogeneity observed for manganese (Mn), zinc
(Zn), lead (Pb), copper (Cu), and cadmium (Cd), indicat-
ed by coeflicients of variation (CV) ranging from 51% to
100%, confirms that these elements are strongly influenced
by localised point sources rather than uniform natural dis-
tribution. This high variability in urban zones aligns with
the global observations compiled by Q. Yang et al. (2018),
who noted that industrialisation and intense agricultural
practices create highly fragmented soil pollution profiles
across diverse geographical regions. In Cherkasy, the con-
centration of the highest pollution levels within the south-
eastern and eastern industrial hubs reflects patterns identi-
fied by Y. Zhou et al. (2022), who demonstrated that areas
surrounding long-standing industrial complexes with ex-
tensive production histories act as primary sinks for heavy
metal accumulation. Conversely, the moderate variation
of nickel (Ni), with a coeflicient of variation between 21%
and 50%, suggests a more balanced interplay between geo-
genic baselines and diffuse anthropogenic inputs, matching
the urban soil characteristics documented by Y. Kuang et
al. (2024), where intermediate variability typically signified
a dual natural-anthropogenic origin. Geochemical Rela-
tionships and Source Apportionment Statistical correla-
tion analysis revealed a robust relationship between lead
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(Pb) and copper (Cu), pointing toward a shared suite of
anthropogenic vectors. In urban environments, this geo-
chemical pairing is frequently driven by the combustion of
fossil fuels, vehicular emissions, and discharges from paint
and electrical manufacturing. This signature corresponds
closely with the long-term urban soil dynamics described
by S.G. Papadimou et al. (2023), where vehicular traffic
and municipal infrastructure served as persistent sourc-
es of concurrent Pb and Cu accumulation over extended
monitoring periods. In contrast, the strong correlation
between nickel (Ni) and manganese (Mn) highlights a
mixed geogenic-anthropogenic pathway. While natural
soil erosion contributes significantly to the baseline pres-
ence of these metals, their concentrations are augmented
by machinery manufacturing, chemical processing, and
thermal power generation. This dual-origin behaviour is
well-documented in the methodological frameworks re-
viewed by J.B. Kowalska et al. (2018), which emphasise that
moderate-to-strong correlations among elements like Ni
and Mn often reflect underlying lithogenic properties that
are partially masked by widespread, low-intensity industri-
al fallout. Ecological Risk Assessment and Methodological
Efficacy The identification of cadmium (Cd) as the prima-
ry contributor to potential ecological risk within Cherkasy
is a critical outcome of the multi-index approach. Under
the foundational framework established by L. Hakanson &
S. Charlesworth (1980), elements are evaluated not merely
by absolute concentration, but by their biological toxicity
weighting factors. Because Cd possesses an exceptional-
ly high toxic-response coeflicient, even minor elevations
above the natural Ukrainian regional baselines established
by A.I Fateiev & Ya.V. Pashchenko (2003) trigger severe
risk classifications. The utilisation of both single-factor in-
dices L., contamination/ PI, Er and composite indices PLI,
Plyemerows and RI proved essential for preventing the under-
estimation of localised threats. As discussed by Ferreira et
al. (2022), single-factor indices can occasionally overem-
phasise isolated anomalies, whereas composite models pro-
vide a holistic overview of the total pollution burden. In
Cherkasy, while Plyemerow and potential RI accurately high-
lighted the severity of the industrial hubs. This gradient
confirms that urban zoning and proximity to heavy infra-
structure remain the definitive factors shaping the urban
soil profile, mirroring the urban soil indicators evaluated
by T.F. Takovyshyna (2022) across other Ukrainian ecosys-
tems and reinforcing the need for targeted, zone-specific
risk management strategies.

© Conclusions

The study revealed significant spatial and temporal trans-
formations of urban soils due to the long-term accumu-
lation of heavy metals, resulting in an altered geochem-
ical soil province associated with anthropogenic sources.
Spatial analysis of zones with high and low metal con-
centrations demonstrated clear heterogeneity influenced
by both natural and anthropogenic factors. Using various
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geochemical indices and statistical-correlation analy-
sis, patterns of grouping and associations between the
analysed metals were identified, providing insight into
potential pollution sources and their interrelationships.
The study demonstrated that, based on the average
heavy metal content in the city, the following geochem-
ical sequence of urban soil contamination was formed:
Mn > Zn > Pb > Cu > Ni > Cd, reflecting a natural-techno-
genic element association. Most metals showed a decreas-
ing trend in concentrations over the period 2016-2021.
For Pb, an average decrease of 28% was observed, with the
most pronounced reduction in residential areas. Cadmi-
um concentrations decreased by 21%, and zinc by 15%,
while concentrations of other elements remained relatively
stable. Strong correlations (r>0.7) were observed between
Pb and Cu, as well as between Ni and Mn, indicating sim-
ilar sources of these elements in urban soils. The applied
geochemical indices provided information on the con-
tamination levels of each analysed heavy metal, allowed
assessment of the overall scale of pollution and potential
ecological risk, enabled identification of probable heavy
metal sources, highlighted sites with the highest potential
accumulation risk, and characterised the capacity of the
surface soil horizon to accumulate heavy metals. The con-
ducted study of urban soils in Cherkasy indicated the for-
mation of localised areas of moderate and high ecological
load, posing long-term risks to the ecosystem and human
health. A significant potential ecological risk associated
with cadmium contamination was identified. Over the pe-
riod 2016-2021, the proportion of moderately contaminat-
ed soils increased 1.4-fold, reaching 31% of the analysed
samples, while heavily contaminated soils increased 1.1-
fold to 27%. The proportion of uncontaminated soils de-
creased 1.2-fold. Regarding integrated ecological risk, the
proportion of soils with high and moderate contamination
decreased 1.6- and 1.5-fold, respectively, while the propor-
tion of soils with low contamination increased 1.3-fold.
None of the samples exhibited an extremely high risk level;
however, in 2016, sites 2, 5, 10, 16, and 18 exceeded a val-
ue of 300, indicating a significant cumulative heavy metal
load and a high potential ecological risk. The next stages of
the research include assessing the impact of heavy metals
on human health; developing cartographic models of the
geoecological state of urban soils and identifying areas of
significant transformation of urban soils using modern GIS
technologies; and addressing the problem of high pollutant
concentrations to support sustainable urban development.
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© AHoTauif. 3a6pynHEeHHs IPYHTIB BOKKMMY METATAMU CTA€ JIefali CEPIIO3HILIOn MpO6IeMOI0 B yCbOMY CBITi.
3 IuX OpuMYMH KOMIUIEKCHAa KUIbKiCHAa OIfiHKAa SIKICHOTO CTaHy yp6o3eMiB, sKi 3HAXOMSTHCSA IiJ TEXHOTEHHNUM
HaBAHTAXXEHHIM, € BXX/INBOIO I/IsI PO3YMiHHs 3aKOHOMIPHOCTeIT 3a0pyAHEHHs Ta MOTEHIITHNX eKOJIOT{YHIX PU3KKIB.
Mertow npoBefeHHS NOCTiIKEHH 6yB IPOCTOPOBO-YAaCOBUII aHaJIi3 BMICTYy i OIliHKa BIUIMBY Ba)XKMX MeTasliB Ha
craH yp6osemiB M. Yepkacu, igentudikaris mKepen 3a0pyaHEHHs /I IPUITHATTS OOIPYHTOBAHUX YIPABIiHCHKUX
piurers. OLiHIOBAHHS PU3MKIB IPOBOANIN 3a JOIIOMOTOK0 6araTOiHIEeKCHOTO Te0XiMiYHOrO aHaIi3y 3 BUKOPUCTAHHIM
onHodakTopHux (iHgeKc reoakyMy/sitil L., ingexc 3abpynHenHs PI, ingexc ekonorivHoro pusuky Er) i KOMIIEKCHUX
inpekciB (ingexc 3abpynuenns PLI, ingekc 3abpynuenns HemepoBa Ta moreHuiiuuit exomoriunuit pusuk RI). s
BUSIBJIEHHs IMOBIPHUX JpKepes 3a0pyAHEHHs BMKOPMCTOBYBAIN CTATUCTUYHO-KOpe/IUiiiHuit aHamis. IIpoBegermit
aHaji3 IpOJEeMOHCTPYBaB 3HAYHI NPOCTOPOBi BiIMIHHOCTI B KOHIEHTpalifx pgocmimkeHnx MetaniB. Koedinient
Bapiauii a1 Mn, Zn, Pb, Cu Ta Cd maB Bucoky (51 % < CV <100 %) MiHIUBICTD Ha PiSHUX A/LTHKAX, IO CBIfYUTH PO
CUJIBHY IPOCTOPOBY reTeporeHHicTh. HaromicTs 3HaueHH: KoeditienTis Bapianii Ni 6yan nomipanmu (21 % < CV <50),
10 BKa3ye Ha JIOr0 IpPMPOLHO-aHTPOIIOTeHHe IOXO[KeHHA Yy I'pyHTi. CuabHMit 38’a30K 1A Pb i Cu, BusaBnennit
IpY KOPe/ALIHOMY aHasIisi, CBifUMTH NMpO CHiNbHI [Kepena 3abpy[HEHHs, IMOBIPHO, TeIIOENeKTPOLEHTPAb,
mignpuemMcrBa 3 BUPOOHMIITBA TakodapbOBOi Ta eIeKTPOTEXHIYHOI MPOAYKIii, aBTOTPAHCIIOPT. Bucoki 3HadeHHs
koedinienTakoperanii mix Nii Mn BKa3yloTb Ha 3MilllaHWIT BIUIVB FeOTeHHMX (epO3iAIPYHTIB) i aHTpOIIOTe HHMX pKepert
(mipmpyeMcTBa MamMHOOYAIBHOI Ta XiMiYHOI IPOMMCIIOBOCTI, TEIIOENIEKTPOLIEHTPA/Ib Ta aBTOTPAHCIIOPT). SHAYHUI
HOTEHUIHNUIT eKOIOTIiYHNIT PUKK [JIs IPYHTOBMX €KOCHCTeM IIpK 3a0pyAHEHHI IPYHTIB Ha HOCTiMXeHilt Tepurtopii

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1 47 |


http://doi.org/10.1016/j.scitotenv.2018.06.068
http://doi.org/10.12912/27197050/211761
http://doi.org/10.1016/j.envpol.2020.116212
http://doi.org/10.1016/j.envpol.2022.119487
http://doi.org/10.1016/j.envpol.2022.119487
https://orcid.org/0000-0003-0401-9836
https://orcid.org/0000-0002-7801-5582
https://orcid.org/0000-0001-9329-0577
https://orcid.org/0000-0001-5524-3251

Multi-index geochemical assessment...

BusaBneHnit g Cd. BararoinfexcHuil mifxif Ko OLiHKM BIUIMBY 3a0pyJHEHHSA BaXXKMMY MeTalaMy JOCTiIKeHUX
I'PYHTIB Ha pi3HUX JIOKaLlifAX MicTa IIOKa3aB, 1[0 HaiOLIbII Hebe3IeYHa CUTYalis CKIanacad B HiBeHHO-CXiTHOMY
i CXiZHOMY NIPOMMC/IOBUX BY3/aX. B cemiTe6HO-IPOMMCIOBNUX paiioHax ypOo3eMyu Manyu IepeBaKHO HEe3HAYHMII Ta
noMipHMit piBeHb 3a0pyfHeHHA. OCHOBHMM HOTEHIIITHO €KONIOriYHO HeOe3NeyHUM Ba>KKMM MeTajioM BuABuBcA Cd.
PesynbpraTit 1bOTO JOCTIIKEHHA MOXXYTb Oy TV OCHOBOIO /IS pO3pOOKIM Ta BIPOBAJKEHHA LII/IeCIIPAMOBAaHUX METOJiB
YIpaBIiHHA PU3UKAMU

© KntoyoBi cnoBa: Baxki MeTanu; MiCbKi IPYHTH; KOPEALiiiHI 3aIEKHOCTI; TIPOCTOPOBA MiHIMBICTh; €KOMOTiTHMIT
PU3MK; aHTPOIIOTEHHIII BIUIUB
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