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Abstract

Soil pollution by potentially toxic elements (PTEs) and radionuclides, such as '*’Cs, poses environmental and health risks,
particularly in areas affected by nuclear accidents. This study evaluates PTE and '*’Cs concentrations in soil from the Polesie
State Radiation and Ecological Reserve in Belarus, a region impacted by the 1986 Chernobyl disaster. Soil samples (0-5 cm
and 5-20 cm depths) were analyzed using ICP-OES, a direct mercury analyzer, and gamma spectrometry. While PTE levels
were below background thresholds, 1*’Cs activity in topsoil (up to 117,947 Bg/kg) far exceeded global averages, underscoring
the enduring legacy of Chernobyl contamination and the need for continued monitoring and remediation efforts.
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Introduction

Pollution from potentially toxic elements (PTEs) represents
a pressing global environmental challenge, with profound
implications for soil health, agricultural productivity, and
the well-being of ecosystems, humans, and wildlife. PTEs,
including lead (Pb), zinc (Zn), cadmium (Cd), mercury (Hg),
chromium (Cr), and nickel (Ni), are characterized by their
environmental persistence, bioaccumulation potential, and
toxicological effects, which range from acute toxicity to
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carcinogenicity. The prolonged presence of PTEs in eco-
systems can result in ecological degradation, soil contami-
nation, and reduced agricultural yields, threatening food
security and biodiversity. Chronic exposure to these ele-
ments, particularly through bioaccumulation and biomag-
nification in food chains, poses significant health risks. For
instance, lead exposure is associated with neurological dam-
age, whereas cadmium is linked to severe conditions such as
kidney dysfunction and lung cancer. Mercury, particularly
in its organic form as methylmercury, is highly neurotoxic,
causing developmental and cognitive impairments, espe-
cially in vulnerable populations. Hexavalent chromium (Cr
(V1)) is a well-known carcinogen that is primarily associated
with lung cancer and respiratory disorders, whereas nickel
exposure, often in occupational settings, is associated with
lung and nasal cancers, dermatitis, and respiratory complica-
tions. Although zinc is an essential micronutrient, excessive
exposure can lead to gastrointestinal distress, immune sup-
pression, and metabolic imbalances. Collectively, the wide-
spread contamination and toxic effects of PTEs underscore
the urgent need for comprehensive research, monitoring, and
remediation strategies to mitigate their environmental and
public health impacts [1-9].

The sources of PTEs can be categorized into natural (geo-
genic) and anthropogenic. Natural factors, such as volcanic
eruptions and weathering, contribute to background levels,
while human activities industrial processes, wastewater
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discharge, mining, and pesticide application, substantially
elevate the toxic element concentrations in soils. These
anthropogenic influences have become significant drivers
of PTEs pollution, exacerbating their ecological and health
risks [10-13].

In addition to PTEs, radionuclides like cesium-137
(1¥7Cs) are important contaminants resulting from nuclear
activities. '3’Cs, primarily generated through fission pro-
cesses, has been particularly pervasive due to historical
nuclear weapons testing and significant accidents such as
the 1986 Chernobyl disaster, which dispersed substantial
amounts of this radionuclide across vast areas, particularly
affecting Belarus, Ukraine, and Russia. The extended half-
life of *’Cs (approximately 30 years) contributes to its long-
term presence in soil and ecosystems, necessitating contin-
ued monitoring and management [14—18].

The Chernobyl accident (April 26, 1986) resulted in the
contamination of a large area of Europe with man-made
radionuclides. The most contaminated part of the Republic
of Belarus (the Byelorussian SSR at the time of the accident)
was defined as an evacuation (exclusion) zone, where the
Polesie State Radiation and Ecological Reserve (PSRER)
was later formed. Currently, this territory is characterized by
high '*’Cs contamination, along with long-lived isotopes of
transuranic elements (238’239’240’241Pu, 241Am) and *°Sr. The
contamination is mosaic and uneven, both across the entire
territory and within individual areas. Therefore, the 137Cg
contamination levels can vary by 1.5-10 times within one
forest compartment. Moreover, the higher the average pol-
lution density of an area, the stronger its mosaic nature [19].
The mosaic nature of the contamination was caused by both
the nature of the initial fallout of the radionuclides, which
was strongly influenced by the terrain and vegetation, and
the subsequent horizontal redistribution of the radionuclides.
In areas close to the Chernobyl nuclear power plant, fuel
particles with varying degrees of dispersion make a signifi-
cant contribution to the level of contamination, its spatial
heterogeneity, and biological availability of radionuclides
[19].

According to large-scale surveys conducted in 2019-2022
by the Institute of Radiobiology of the National Academy
of Sciences of Belarus, the level of soil contamination with
137Cs is in the range of 174-5616 kBq/m? with a specific
activity of the radionuclide in the upper 20-cm soil layer
ranging from 0.75 to 71.28 KBq/kg. The highest levels of
contamination are characterized for the southeastern part
of the PGRERZ, in the area of the former settlements of
Kryuki, Zhelibor, Mikhalevka, and Kulazhin [20, 21].

This study aims to assess the levels of PTEs and '¥’Cs
in soil samples from the Polesie State Radiation and Eco-
logical Reserve, examining the contamination levels,
enrichment indices, geo-accumulation indices, and poten-
tial ecological risks. The primary objectives are to quantify
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the concentrations of PTEs and '3’Cs and to evaluate the
associated risks to ecosystem health and human safety.
Understanding these complex ecological processes in con-
taminated environments is crucial for developing effective
strategies for environmental management, risk mitigation,
and sustainable development within the reserve.

Materials and methods
Sampling

From August to October 2023, soil samples were collected
from the Polesie State Radiation and Ecological Reserve at
depths of 0-5 cm and 5-20 cm across the entire study area
(Fig. 1). The sampling procedure adhered to the Russian
standard GOST 17.4.4.02-84 [22]. A total of 45 soil samples
were collected: 18 samples at 0-5 cm and 27 samples at
5-20 cm]. Following collection, extraneous materials such
as leaves, grass, plant roots, and pebbles were removed from
the samples. The remaining soil material was homogenized
and dried at 105 °C. Each soil replicate was individually
prepared and analyzed to ensure accuracy and consistency
in the results.

Elemental analysis

The content of 11 elements, Cu, Cd, Co, Pb, Zn, V, Cr, Ni,
Mn, P, and Fe, in the analyzed soil samples, was determined
using an ICP-OES PlasmaQuant PQ 9000 Elite spectrometer
(Analytik Jena, Jena, Germany). Before analysis, the soil
samples were digested using the MARSG6 system. Detailed
methodologies for sample preparation have been described
in previous studies [23, 24].

The mercury content was measured using a direct mer-
cury analyzer (DMA-80 evo), which does not require spe-
cialized sample preparation. To ensure the accuracy and
reliability of the results, standard reference materials (IAEA-
458 and NIST-2709a) were used for quality control. Addi-
tional details regarding the quality control procedures are
provided in Table 1.

The measurement of '3’Cs activity levels in the soil sam-
ples was ensured by a gamma-radiometer RKG-AT1320A
equipped with a Nal (TI) ¢63 X 63 mm scintillation detector.
(Atomtex, Belarus). The counting efficiency was calibrated
in accordance with the procedure specified in the equipment
manual using standard gamma source *“°K, which is sup-
plied by the manufacturer as part of the device package. The
reliability of the measurements was validated using a refer-
ence source SOKK-951/12-22 (Belarusian State Institute of
Metrology, Belarus) with a '3’Cs activity of 2897 + 320 Bg/
kg (k=2). The soil samples were measured in counting
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Fig. 1 Map of soil sampling in
the Radiation and Ecological
Reserve of Polesie State, Bela-
rus
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Table 1 Quality control of ICP-OES measurements

Element 2709a 458

Experimental SD Passport value Recovery, % Experimental SD Passport value Recovery, %

value (mg/kg) value (mg/kg)
Cu 342 0.39 339 101 45.7 04 48.1 95
Cd 04 0.01 0.371 108 0.5 0 0.49 99
Co 134 0.05 12.8 105 14.7 0.1 15.6 94
Pb 16.7 0.17 17.3 96 36.4 0.5 355 103
Zn 100 0.14 103 97 159 0.6 154 103
\Y 110 0.31 110 100 97.8 0.5 99.8 98
Cr 116 0.41 130 90 95.3 0.6 91.5 104
Ni 75.8 0.48 85 89 39.1 0.2 40 98
Mn 545 4.93 529 103 904 5.7 886 102
P 722 8.1 688 105 723 5.4 - -
Fe 35,030 84.3 33,600 104 39,790 251 40,700 98

vessels with a cylindrical geometry of 63 X35 mm. Each
spectrum was acquired with a live time of 900 s.

Owing to the relatively high activity of '*’Cs in the soil
samples, the photopeak at 662 keV is clearly distinguishable
in the gamma spectrum, ensuring high reliability in both the
identification and quantification of the radionuclide (Fig. 2).

Assessment of pollution using environmental
pollution indices

The PTE contamination in the studied soil samples was
assessed by applying ecological risk assessment approaches
such as the Geo-accumulation Index (/,,), Contamination
Factor (CF), Pollution Load Index (PLI), Enrichment Factor

(EF), Single-Element Pollution Index (SEPI), and Multi-
Element Pollution Index (MEPI).

Geo-accumulation index (Igeo)

The Geo-accumulation Index (l,,) serves as a critical tool
for assessing soil contamination by comparing the metal
concentrations to the natural background levels. The formula

L., = log _Coon_
geo 2\ 1.5B;

allows researchers to quantify the degree of anthropogenic
influence on the soil metal content, where C,, represents

ey

soil
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Fig.2 Gamma-ray spectra
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the metal concentration in the soil and B

represents the
background concentration of the metal. The interpretation

soil

of the /., values is as follows: /., values less than 0 indi-
cate that the soil is uncontaminated; values between 0 and
1 suggest moderate contamination; values between 1 and 2
imply moderate to strong contamination; values between 2
and 3 denote strong contamination; and values greater than

3 signify extremely contaminated soil [25-28].

Contamination factor (CF)

The content of metals in soil is evaluated by comparing it to
a reference value, such as the average abundance found in
the Earth’s crust. CF is used to assess the level of soil pollu-
tion using the formula:

C. .
CF = soil ( 2)
Cref
where C,; represents the content of the metal in the soil,
and C,.; denotes the reference value. The reference value of

ref
[29] was selected. Contamination levels are then classified
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based on their intensity using a scale from 0 to 6: a score
of 0 indicates no contamination; 1 signifies low to medium
levels of contamination; 2 represents moderate contamina-
tion; 3 indicates moderate to strong contamination; 4 reflects
strong pollution; 5 denotes strong to very strong pollution;
and 6 indicates very high levels of contamination [29, 30].

Pollution load index (PLI)

The pollution load index (PLI) assesses the overall pollu-
tion status of soils contaminated by multiple heavy metals.
The contamination factor for each metal was calculated as
the ratio of the concentration of the metal in the soil to its
background or reference value [29, 31]. The formula is:

PLI = {/CF, * CF, ... CF, 3)

CF, represent the contamination factors of individual
metals. PLI values less than 1 indicate unpolluted soil; val-
ues between 1 and 2 suggest moderately polluted soil; values
between 2 and 5 denote heavily polluted soil; and values
greater than 5 indicate severe pollution [32].
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Enrichment factor (EF)

The metal concentration in the soil was compared to a conserv-
ative element (e.g. Fe). The formula for calculating the EF is:

EF = Csoi]
C,

ref

B ref

B soil (4)
where C; represents the metal concentration in the soil,
B, represents the background metal concentration, C,
represents the concentration of the conservative soil ele-
ment, and B, represents the background concentration of
the conservative element. This comparison helps to identify
whether the metal concentrations are influenced by anthro-
pogenic activities or if they are within natural variability. EF
values less than 1 indicate no enrichment; values between
1 and 3 suggest minor enrichment; values between 3 and 5
denote moderate enrichment; values between 5 and 10 reflect
significant enrichment; and values greater than 10 indicate
very high enrichment [32-34].

Potential single-element pollution index (SEPI)

The potential toxicity of PTEs can be assessed by evaluating
their content and calculating their corresponding toxic units.
This approach, as proposed by [31], provides a systematic
framework for quantifying the ecological risk posed by heavy
metals in environmental systems. By comparing the measured
concentrations of heavy metals to established toxicity thresh-
olds, researchers can determine the extent of contamination
and its potential impact on ecosystems and human health using
the following formula:

C. .
SEPI = — L
- )

where Cs; represents the metal concentration in the soil,
C,; represents the reference value, and T,; represents the
toxic response factor assigned to each metal, e.g., Cr: 2, Cu:
5, Cd: 30, Zn: 1, Pb: 5 [31, 35]. The overall Multi-Element
Pollution Index (MEPI) or Ecological Risk Index (RI) is the
sum of the potential ecological risk index of each elements.

1 .
MEPI = ;ZiZISEPh 6)
where n is the count of elements It can be categorized into
RI values less than 150, indicating low ecological risk; val-
ues between 150 and 300, indicating moderate ecological
risk; and values between 300 and 600, indicating high eco-
logical risk [31].

Results and discussion
Basic statistics

The analysis of soil samples from the study area revealed
the mean content of elements in the following descending
order: Fe>P>Mn>Z7Zn>Pb>Co>Cr>V>Ni>Cu>Cd
>Hg. This ranking indicates the relative abundance of these
elements in the soil, with iron (Fe) being the most dominant
and mercury (Hg) the least. A comparison of the average
concentrations of elements in the topsoil (0-5 cm) and lower
soil (5-20 cm) with the background levels provided by [29]
was conducted to assess the enrichment and potential pollu-
tion (Table 2). The results showed that the content of Ni in
the top soil (5.9 mg/kg) was slightly above the background
level. All other elements, including Cu, Cd, Co, Pb, Zn, V,
Cr, Mn, Fe, and Hg, exhibited content significantly lower
than the background levels in both the topsoil and lower
soil layers. This suggests minimal contamination from these
elements in the study area.

Table 2 Basic statistics of PTEs

. Elements 0-5cm 5-20 cm Background

and background values (in mg/

kg) for soil samples collected Mean Min-Max Med Stdev Mean Min-max Med  Stdev [29]

from the Radiation and

Ecological Reserve of Polesie Cu 2.4 1.2-54 114 1.1 0.88 0.54-1.6 0.9 0.2 114

State, Belarus Cd 0.1 0-0.2 1.8 0 0.08 0.05-0.1 0.1 0.01 1.8
Co 4.5 34-53 335 05 5.76 4.3-6.8 5.8 0.6 335
Pb 9.3 4.9-27.5 156 5 4.61 2.85-6.5 44 0.9 15.6
Zn 13.1 4.5-27.5 484 7.8 6.74 2.9-42.2 5.1 7.11 48.4
v 6.1 2.8-15.6 109 3 324 1.8-5.1 3 0.9 10.9
Cr 6.9 2.8-14.2 303 2.8 32 1.71-5.5 2.8 1.2 30.3
Ni 6 1.4-10.7 3.6 2.8 29 0.79-7.1 2 1.8 3.6
Mn 1473  159-465 703 137 73.8 13.2-216 66 49.9 703
P 269 110-542 ND 110 198 98.9-377 198 49.8 ND
Fe 2241 957-5245 8403 1159 1323  595-2191 1219 461 8403
Hg 0.05 0.01-0.22 1.3 0.05 0.02 0.003-0.05 0.01 0.01 1.3
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The concentration of most elements was higher in the
topsoil than in the lower soil, indicating surface deposi-
tion of contaminants. For instance, Ni exhibited a higher
concentration in the topsoil (5.9 mg/kg) compared with the
lower soil (2.9 mg/kg). The deeper soil layer (5-20 cm)
generally demonstrates lower average metal content rela-
tive to the surface layer, potentially due to processes such
as leaching, dilution over time, or reduced anthropogenic
influence with depth [36]. However, an exception was
observed for Co, which was slightly higher in the lower
soil (5.7 mg/kg) than in the topsoil (4.5 mg/kg). This
exception suggests a predominance of geogenic origins
for this PTE [36, 37].

. . .
A PAR ) 2
L L ' 1

Geoaccumulation Index
&
1

65 -

I Tor soil
7 Bottom soil

Cu Cd Co Pb Zn V Cr Ni Mn Fe Hg

Fig.3 The Geo-accumulation index of the soil samples collected
from the Radiation and Ecological Reserve of Polesie State, Belarus

Geoaccumulation index (Igeo)

The geoaccumulation index (/) analysis indicates that the
soil in the study area remains consistently below the natural
background levels and is classified as uncontaminated for
all PTEs at both examined depths (0—5 cm and 5-20 cm)
(Fig. 3). A minor increase in nickel (Ni) levels is observed
at the 0—5 cm depth; however, it does not pose a significant
risk. Nonetheless, long-term monitoring is recommended to
ensure soil health.

Contamination factors (CF)

The contamination factor for most PTEs was notably higher
in the 0-5 cm depth compared to the 5-20 cm depth, with
the standard deviation in the 0-5 cm layer generally higher
than in the 5-20 cm layer. This indicates a more variable
contamination level in the topsoil. Despite this variability,
the concentrations of all PTEs were well below their respec-
tive background levels, confirming minimal contamination.
The contamination levels were consistent across both depths
(05 cm and 5-20 cm). Ni exhibited the highest CF values
(1.6 at 0-5 cm and 0.8 at 5-20 cm), but these values still fall
under the low contamination category (Table 3).

Pollution load index (PLI)

The Pollution Load Index (PLI) was used to assess the over-
all contamination status of the soils at two depths (0-5 cm
and 5-20 cm) in the study area. In the surface layer (0-5 cm),
the PLI values ranged from 0.09 (min) to 0.40 (max), with
an average of 0.23 and a median of 0.2, indicating low lev-
els of pollution. Similarly, in the deeper layer (5-20 cm),
the PLI values were lower, ranging from 0.07 (min) to 0.17
(max), with an average of 0.13 and a median of 0.11, further
confirming minimal pollution. The standard deviation (step)

Table 3 Contamination factors

5 Element 0-5cm 5-20 cm

(CF) and Pollution Load Index

(PLI) for major and trace Mean Min-max Med Stdev Mean Min-max Med Stdev

elements (potentially toxic

metals) in soil samples from Contamination factors (CT) Cu 021 0.1-04 02 0.09 008 0.05-0.14 0.08 0.02

the study area at two depths Cd 0.05 0.02-0.09 0.04 0.02 0.05 0.03-0.06 0.05 0.01

(0-5 cm and 5-20 cm) Co 013 0.1-0.16 013 002 017 01302 0.7 0.02
Pb 0.59 0.3-1.7 0.55 032 03 0.18-0.42 0.28 0.06
Zn 027 0.09-0.5 0.2 0.16 0.14 0.06-0.87 0.11 0.15
\Y% 056 0.2-14 047 028 0.3 0.16-0.47 0.27 0.09
Cr 023 0.09-047 022 0.09 0.11 0.06-0.18 0.09 0.04
Ni 1.66 03829 171 0.79 0.81 0.22-1.97 0.56 0.51
Mn 021 0.02-06 0.13 0.19 0.1 0.02-0.31 0.09 0.07
Fe 027 0.11-0.62 026 0.14 0.16 0.07-0.26 0.15 0.05
Hg 0.04 0.01-0.1 0.02 0.04 0.01 0.01-04 0.01 0.01

Pollution load index PLI 0.2 0.09-04 02 0.09 0.1 0.07-0.17 0.11 0.03
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of 0.09 for the 0-5 cm layer and 0.03 for the 5-20 cm layer
suggests relatively consistent and low variability in pollution
levels across both depths (Table 3). Overall, the PLI values
for both soil layers are well below the threshold of 1, indicat-
ing that the soils are uncontaminated and pose no significant
environmental risk. These findings align with the enrichment
factor (EF) and geoaccumulation index (Lgeo) analyses, rein-
forcing the conclusion that the study area remains largely
unaffected by heavy metal pollution.

Enrichment factor

Soil layer analysis using enrichment factors (EFs) provides
valuable insights into the distribution of potentially toxic
elements (PTEs) and the potential anthropogenic impacts on
soil quality. In the uppermost soil layer, EFs revealed a range
of values indicative of varying levels of contamination. Cd
showed an EF as low as 0.18, indicating depletion or mini-
mal enrichment, while Ni had an EF of 6.21, suggesting
significant enrichment. Pb and V displayed moderate enrich-
ment with EFs of 2.22 and 2.08, respectively. Elements like
(Cu, Co, Zn, Cr, Mn, and Hg) were found near or below
the background concentrations. The high standard deviation
for Ni (stdev=3.68) and Zn (stdev=0.49) indicates spatial
nonuniformity in their distribution across this layer. In con-
trast to the upper stratum, the deeper soil layer generally
exhibited lower average EFs: Cd’s EF was approximately
0.30; Ni’s was about 5.12; Pb showed a moderate enrichment
with an EF around 0.87; V's enrichment was also moderate
(EF 1.8). Similar to the upper layer, Cu, Co, Zn, Cr, Mn, and
Hg remained close to the background levels. Again, nota-
ble was the significant variability in Ni (stdev=4.3), and
Zn (stdev=1.5), reflecting the heterogeneous distributions
within this deeper stratum. The histogram shows a compari-
son between the enrichment factors of various PTEs in the
top and bottom layers of the study area (Fig. 4).

Ecological risk indices (RI)

The ecological risk indices (RI) analysis indicates low eco-
logical risk in the 0-5 cm soil depth, with average, mini-
mum, and median RI values all significantly below 150.
A maximum RI of 32.3 suggests localized hotspots with
slightly elevated risks, primarily driven by Ni (average RI of
8.28) and Pb (average RI of 2.9). At the 5-20 cm depth, the
average RI was 9.31, with a minimum of 5.3 and a median
of 8.1, reinforcing the low-risk conclusion as all values
remained below 150. (Table 4).

Correlation analysis

The Pearson correlation analysis for soil samples from the
Polesie State Radiation and Ecological Reserve in Belarus

Il Top soil
I Sub soil

Enrichment Factor

Cu Cd Co Pb Zn V Cr Ni

PTEs

Mn Hg

Fig.4 Enrichment factor of the soil of the study area (PSREZ)

revealed significant relationships among various PTEs,
providing insights into their sources, behavior, and interac-
tions in the soil environment. Cu exhibits strong positive
correlations with Pb (r=0.90), V (r=0.84), Cr (r=0.88),
and Fe (r=0.77). Pb shows even stronger correlations with
V (r=0.94) and Cr (r=0.89), further supporting the likeli-
hood of co-occurrence or similar environmental pathways.
V and Cr have an exceptionally strong correlation (r=0.94),
as do V and Fe (r=0.95), indicating common origins such
as weathering of parent rocks or industrial emissions. Zn
displays moderate correlations with Cu (r=0.64) and Cd
(r=0.51), suggesting some degree of co-occurrence or
shared environmental influences. Mn and P showed mod-
erate to strong positive correlations (r=0.69), likely due
to their association with organic matter or involvement in
similar biogeochemical cycles [34] (Fig. 5).

Hg shows weaker correlations with most elements, with
the strongest relationship observed with Cu (r=0.64). This
may indicate localized contamination sources or unique
geochemical behavior. Co exhibits negative correlations
with most elements, particularly with Cu (r=— 0.59) and
Pb (r=- 0.50). This inverse relationship may result from
competitive binding interactions or differing geochemical
origins. Overall, the strong correlations between Cu, Pb, V,
and Cr suggest a common source, for example, the weather-
ing of the parent rocks. These elements also exhibit similar
mobility patterns in the soil environment [34] The inverse
relationship observed between Co and other metals under-
scores the presence of competitive interactions or variations
in geochemical processes, such as selective adsorption or
leaching. Soil properties, including pH levels, organic mat-
ter content, and cation exchange capacity are critical factors
influencing the retention and bioavailability of metals. For
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Table 4 Potential single and

- A Element 0-5cm 5-20 cm
multi- elements pollution index
in soil samples from the study Mean Min-Max Med  Stdevn Mean Min-Max Med  Stdev
area at two depth intervals
(0-5 cm and 5-20 cm) Single Cu 1.06 0.5-24 09 046  0.38 0.2-0.7 038 0.1
deme?“ Cd 1.42 0.6-2.7 1.12 0.6 14 0.8-1.6 1.4 0.213
f’f{ﬂ‘c‘;"“ Co 06 0507 06 007 08  0.6-1 08  0.09
Pb 2.9 1.6-8.8 276 1.61 14 0.9-2.1 1.39  0.29
Zn 0.27 0.09-0.6 0.195 0.162 0.13 0.06-0.8 0.105 0.147
Cr 0.4 0.2-0.9 044 0.18 0.21 0.11-0.3 0.18  0.07
Ni 8.28 1-14.8 8.5 392  4.03 1.09-9.8 277 255
Mn 0.2 0.02-0.6 0.12 019 0.1 0.018-0.3 0.09 0.07
Fe 026  0.1-0.6 026 0.1 0.1 0.07-0.2  0.14  0.05
Hg 1.4 0.3-6.6 0.8 1.5 0.52 0.1-1.6 0.4 0.39
Multi- RI=X SEPI 17 6.6-32.3 174 6.8 9.3 5.3-15.9 8.1 3.1
elements
pollution
index

example, elevated organic matter content in soil can dimin-
ish the mobility and bioavailability of metals [34-37].

The weak positive correlations between '3’Cs and ele-
ments like Cu, Pb, V, Cr, Ni, Mn, and Hg suggest that they
have different sources of provenance. The negligible cor-
relation with Cd and the weak negative correlation with Co
highlight that '*’Cs behave independently of these elements,
which could be due to differences in their sources, chemical
properties, or environmental mobility [38]. The matrix high-
lights the complexity of the interactions between elements
and radionuclides in environmental systems, which is critical
for understanding contamination and remediation strategies.

Assessment of *7Cs

According to previously performed studies in Polesie State
Radiation and Ecological Reserve, the primary contamina-
tion with '¥’Cs was formed on the soil surface and above-
ground parts of plants. A significant part of the radionuclide
activity from the plant surface soon also ended up on the soil
surface. Under the influence of atmospheric precipitation
and biological processes, a slow migration of contamination
into the soil occurred. However, even today, more than 50%
of the *’Cs remain predominantly in the upper 10 cm soil
layer, and in most cases in the upper 5 cm layer. The rate of
vertical migration of the radionuclide is 0.22-0.75 cm/year
depending on the soil type [39]. In the forest ecosystems, the
litter plays an important role in the redistribution of '3’Cs.
Its specific activity is significantly higher than that in the
mineral horizons of the soil. Thus, in the pine plantations
of the PSRER, the content of '*’Cs in the litter reaches 138
KBg/kg, and in black alder forests—170 KBg/kg [40].

The present data of the study area (Table 5) reveal a dis-
tinct vertical distribution of '3’Cs, with significantly higher
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concentrations in the topsoil (0-5 cm) compared to the
deeper layers (5-20 cm). Specifically, the *’Cs activity in
the 0-5 cm samples ranged from 991.4 Bg/kg to 117,947 Bg/
kg, with an average of 2,315 Bq/kg, indicating substantial
surface contamination due to the direct deposition of radio-
active fallout. In contrast, the 5-20 cm samples show a lower
range of 183.2 Bg/kg to 40,710 Bg/kg, with an average of
5,148 Bg/kg, suggesting limited vertical migration of '*’Cs.
Figure 6 illustrates the spatial distribution of '¥’Cs in the
soil across the study area, revealing that the highest activity
concentrations are predominantly localized in the southeast-
ern region. This observation is consistent with the findings
reported in previous studies [20, 21].

The average activity in the upper layer was more than four
times higher than that in the deeper layer, consistent with
137Cs's behavior as a fallout radionuclide that binds strongly
to surface soil particles [41]. However, the presence of '*’Cs
at greater depths indicates some degree of vertical migra-
tion, likely driven by soil disturbance, leaching, biological
activity, or factors such as soil type, rainfall, and agricultural
practices [41-43].

The elevated '¥’Cs levels in the Polesie State Reserve
starkly contrast with the global background levels, which
typically remain below 10 Bg/kg in uncontaminated areas
[43]. This disparity underscores the persistent impact of the
Chernobyl-derived radioactive contamination in the region.
The upper soil activity concentrations in the reserve are
comparable to those observed in other heavily contaminated
areas, such as the Red Forest within the Chernobyl Exclu-
sion Zone, where '3’Cs levels can exceed 100,000 Bg/kg in
localized hotspots [44]. Similarly, other forests in Belarus
exhibit '*’Cs activity concentrations ranging from 1000 to
50,000 Bg/kg, influenced by proximity to the Chernobyl
reactor and variations in soil type and vegetation cover [45].
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Table 5 Comparison of '¥’Cs activity concentrations in soil samples from the Polesie State Radiation and Ecological Reserve and other regions

Region Soil depth (cm) 137Cs activity (Bg/kg) Source
Polesie State Radiation and Ecological Reserve, Belarus 0-5 991-117,947 (Avg: 23 149) Present work
Polesie State Radiation and Ecological Reserve, Belarus 5-20 183-40,710 (Avg: 5 148) Present work
Red Forest, Chernobyl Exclusion Zone 0-5 Up to 100,000 (Hotspots) [44]

Other forests in Belarus 0-20 1000-50,000 [45]

Ivankov District, Ukraine 0-20 6-390 [15]
Northern Ukraine 0-20 Up to 1,480,000 (kBq/mz) [15]
Chernobyl exclusion Zone, Russia 0-30 Up to 250,000 [43, 46]
Global Background Levels 0-20 <10 [43]
Designated area of 1 km? Northern Greece in 1987 0-5 311 [47]
Designated area of 1 km? Northern Greece in 2023 0-5 39 [47]
Designated area of 1 km? Northern Greece in 1987 5-20 25 [47]
Designated area of 1 km? Northern Greece in 2023 5-20 27 [47]

@ Springer



Journal of Radioanalytical and Nuclear Chemistry
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Compared to other regions affected by the Chernobyl
disaster, a heterogeneous contamination landscape emerges.
In Ukraine, soil samples from the Ivankov district show
137Cs activity concentrations ranging from 6 to 390 Bq/kg,
while areas in northern Ukraine report contamination levels
exceeding 1480 kBg/m? in the most affected regions [15]. In
Russia, particularly near the Chernobyl Exclusion Zone, soil
contamination patterns exhibit similar irregularities, with
some areas reporting concentrations exceeding 250 kBq/kg
within 30 km of the Chernobyl Nuclear Power Plant [43,
46]. Contaminated agricultural soils across Ukraine cover
approximately 8.4 million hectares, highlighting the exten-
sive impact of the disaster [15] Table 5. Based on the long-
term monitoring study by [47], the activity concentration of
137Cs in soil in the designated area of ~1000 m?> within the
University farm of Aristotle University of Thessaloniki in
Northern Greece was utilized by the Nuclear Technology
Laboratory as a test ground for radioecological measure-
ments exhibited pronounced redistribution between 1987
and 2023. In the surface layer (0-5 cm), concentrations
decreased dramatically from 311 Bqg/kg in 1987 to 39 Bq/
kg in 2023, reflecting significant vertical migration of radio-
nuclides over the 36-year period Conversely, in the subsur-
face layer (5-20 cm), concentrations remained relatively sta-
ble, increasing slightly from 25 Bq/kg to 27 Bq/kg during
the same interval [47].

The elevated concentration of '*’Cs in the upper layers
of forest soils in Belarus are attributed to a combination of
inter-related factors linked to the aftermath of the Chernobyl
accident. These factors include atmospheric deposition, soil
dynamics, biological activity, soil disturbance, and soil chemi-
cal properties. Atmospheric deposition played a critical role
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in the initial introduction of '*’Cs into the ecosystems, as the
radionuclide was dispersed and subsequently deposited onto
the soil surface. Soil dynamics, such as the movement of water
and organic matter, further influence the vertical distribution
of 137Cs, often resulting in its retention in the topsoil. Bio-
logical activity, including the uptake and cycling of 1*’Cs by
plants and microorganisms, contributes to its concentration in
the upper soil layers. Additionally, soil disturbance, whether
through natural processes or human activities, can redistrib-
ute '¥’Cs within the soil profile. Finally, the chemical proper-
ties of the soil, particularly the presence of clay minerals and
organic matter, enhance the adsorption and immobilization of
137Cs, preventing its migration to deeper layers [41, 45, 46].
Collectively, these factors explain the persistence and higher
concentration of '*’Cs in the upper soil layers of forest eco-
systems in Belarus.

The findings from the Polesie State Radiation and Ecolog-
ical Reserve emphasize the enduring environmental legacy
of the Chernobyl disaster. The high concentrations of *’Cs,
particularly in the upper soil layers, reflect ongoing radiologi-
cal challenges that necessitate further research and long-term
monitoring. Such efforts are crucial for evaluating the ecologi-
cal recovery in contaminated regions and developing effective
remediation strategies. Additionally, raising public awareness
and implementing regulatory measures are essential to mini-
mize human exposure to residual radionuclides in the affected
areas.
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Conclusions and recommendations

An analysis of PTEs and '*’Cs levels in the soils of the
Polesie State Radiation and Ecological Reserve was con-
ducted to evaluate the environmental risks. The findings,
based on pollution load classifications and contamination
degree indices, revealed that the majority of soils were
uncontaminated in terms of PTEs. The consistently nega-
tive geo-accumulation index (Igeo) values across both soil
depths (upper and lower layers) suggest that, although
some PTEs are present, the area is not significantly
affected by anthropogenic activities, particularly in the
deeper soil layers. This indicates a relatively low immedi-
ate threat of industrial pollution in this region. However,
the activity concentration of '3’Cs was found to exceed
the global average, reflecting the legacy of the Chernobyl
disaster. The elevated levels of '*’Cs, particularly in the
localized hotspots, underscore the uneven distribution of
this radionuclide in the environment. While the Polesie
State Radiation and Ecological Reserve exhibits some of
the highest '¥’Cs concentrations documented post-Chor-
nobyl, neighboring regions such as Ukraine and Russia
also display complex mosaics of contamination levels,
shaped by their unique environmental contexts and his-
torical exposure to radioactive fallout. The presence of
137Cs poses significant long-term ecological and health
risks, necessitating continuous monitoring and targeted
remediation strategies.

The radionuclide contamination and the presence of
PTEs highlight the complex dynamics of environmental
pollution in Belarus. Continued research is essential to
better understand these interactions and to develop effec-
tive measures for mitigating the long-term impacts of '¥’Cs
on human health and ecosystems. This study emphasizes
the importance of addressing localized contamination hot-
spots and implementing region-specific strategies to man-
age environmental risks in the Polesie State Radiation and
Ecological Reserve and beyond.

Given the concerning accumulation of high-specific-
activity *’Cs within the study area, merely informing gov-
ernmental bodies is insufficient. Sustained, targeted scien-
tific investigation is essential to understand contamination
dynamics and identify effective remediation pathways.
The authors therefore recommend prioritizing long-term
research—potentially leveraging Al-assisted radiation
monitoring networks and community-led soil manage-
ment programs to guide actionable strategies. Addition-
ally, it is important to provide practical recommendations
not only to policymakers but also to the broader scientific
community and relevant stakeholders, thereby fostering
collaborative solutions.
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