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Article’s History: Abstract. This study aimed to assess the ecological and toxicological condition of
Received: 15.05.2024 militarily degraded chernozems in the Chkalovsk territorial community of the Chuhuiv
Revised:  20.09.2024 District in the Kharkiv Region. This involved conducting a detailed, comprehensive

Accepted: 23.10.2024 survey of the ecological and toxicological condition of the chernozems in the Chkalovsk
territorial community, which were affected by military actions, and determining their
suitability for agricultural use. If necessary, recommendations for soil remediation measures were provided. An
improved system for classifying and assessing the degree of military degradation of soils, based on indicators of
chemical contamination by organic and inorganic compounds, was proposed. It was established that on recently
demined areas of the de-occupied territory, there is a trend of slight increases in the content of lead (1.4 times),
cobalt (1.3 times), iron (1.6 times), and zinc (2.6 times) relative to pre-war (background) levels. The observed
exceedances of heavy metals in the soil, while present, are not critical for agriculture and do not necessitate land
conservation or the implementation of overly complex and costly soil remediation measures. A slight decrease
in mobile cadmium, lead, nickel, cobalt, and iron was recorded after demining, accompanied by an increase in
plant-available chromium and zinc. The concentrations of bioavailable manganese and copper remained almost
unchanged during this period. These changes may also indicate the ongoing processes of self restoration in
chernozem soils, which are typically characterised by high buffering capacity against heavy metals. The results
obtained demonstrate very low concentrations of all polycyclic aromatic hydrocarbons, explosive substances, and
related nitroaromatic compounds in the studied soils. The findings can be used when developing a post-war soil
restoration programme and the rational use of land in agricultural production

Keywords: soil contamination; ecological safety; Russian-Ukrainian war; heavy metals; petroleum products;

military soil degradation; agricultural production

INTRODUCTION

Ukraine has a unique soil cover, with more than 60%
of its territory occupied by chernozem soils, which are
unparalleled in their properties, fertility potential, and
suitability for growing a variety of field crops. The area
covered by chernozems exceeds 24 million hectares.
Ukrainian chernozem is a national brand, a cornerstone
of food and economic security, and a foundation for hu-
man prosperity. Chernozem is the gold standard of soils,
a natural phenomenon characterised by distinctive
morphological, physical, and chemical properties, and
exceptionally high fertility. Thanks to the resource po-
tential of naturally fertile chernozems, Ukraine holds a
leading position in the global export of grain, sunflower,
and other crops.Chernozems are classified as Black soils,
considered the most valuable for food security. They
are characterised by high organic carbon content (over
1.2%), a top dark-coloured horizon thickness of at least
25 cm, cation exchange capacity exceeding 25 mmol/
kg, and base saturation of over 50% (FAO, 2022).

The impact of warfare on the agricultural sector
and land resources has become a focal point for scien-
tific research. Notably, J. Teixeira da Silva et al. (2023)
investigated the effects of the Russian-Ukrainian war
on agricultural production and food security at various
levels of governance. V. Zhuk et al. (2023) substantiat-
ed the utility of accounting methods for assessing the
damages inflicted upon Ukrainian agricultural busi-
nesses by the war, however, the issue of evaluating the
damage to land remained unaddressed in their study.
S.Baliuk et al. (2024) conducted a pilot assessment and
mapping of the impact of warfare on Ukraine’s soil re-
sources. A. Kucher and L. Kucher (2024) undertook an

economic evaluation of the harm and losses incurred by
soils and lands as a result of the Russian-Ukrainian war.

The problem of soil contamination in Ukraine was
pressing even before the war, but its significance has
increased substantially following the Russian inva-
sion. For instance, according to Ye. Ulko et al. (2022), a
quantitative assessment of the impact of soil contam-
ination by mobile forms of lead and cadmium on land
use efficiency and normative monetary valuation of
arable land revealed the potential for improvement if
the contamination issue were addressed. As noted by
H. Kireitseva et al. (2023), the environmental impact of
war may seem secondary amidst human suffering and
daily destruction, but the consequences of environmen-
tal crimes are long-lasting and their remediation can
take many years.

The ecological risks associated with warfare have
been exacerbated by the ongoing conflict, posing sig-
nificant threats to the environment, particularly soil
and water resources, as well as the quality of agricul-
tural produce. The intense anthropogenic pressures
resulting from military activities can induce process-
es of military degradation in soils, including chemical
degradation caused by contamination with toxic sub-
stances. This has a detrimental impact on the eco-tox-
icological status of soils, their health, and the ecosys-
tem services they provide. Prolonged warfare results
in widespread damage to agricultural lands, especially
chernozems, and intensifies chemical contamination
of soils and water sources due to the detonation of
explosives, destruction of heavy machinery, spills and
burning of petroleum products. Moreover, as J. Hupy and
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R. Schaetz (2006) noted, explosions can disrupt the
soil profile and mix the fertile topsoil with underlying
Quaternary deposits (bombturbation), leading to alter-
ations in the geochemical background of the soil cover
in active conflict zones. An ecological and toxicological
review conducted by A. Rodriguez-Seijo et al. (2024) re-
vealed that military activities are a significant source
of contamination of water and soil with inorganic and
organic pollutants.

These factors can lead to a range of negative con-
sequences for public health, agricultural product qual-
ity, water resources, and the flora and fauna of Ukraine.
The risk of land contamination arises not only from the
destruction of industrial enterprises, processing com-
plexes, buildings, and structures. Direct sources of con-
tamination of agricultural land during combat opera-
tions include various calibres of munitions containing
a wide range of toxic compounds, the burning of heavy
machinery, and spills of fuel, lubricants, and organic
solvents.

The intense fighting that took place over several
months during the liberation of the Chkalovsk territori-
al community and the urgent need to return these lands
to agricultural production to ensure the country’s food
security and maintain its export potential necessitates
a detailed assessment of the condition of agricultural
lands. This requires the development and implemen-
tation of a restoration program, including recommen-
dations for the reclamation of disturbed lands using
comprehensive soil remediation measures. Therefore,
this study aims to assess the impact of warfare on the
eco-toxicological condition of chernozems using the
Chkalovsk territorial community of the Chuhuiv District
of Kharkiv Region as a case study.

MATERIALS AND METHODS

The soil sampling network encompassed agricultur-
al lands within the Chkalovsk territorial community.
Sampling points were georeferenced using a GPS-
12 satellite positioning device with the WGS 84 da-
tum. The study employed both remote sensing and
field methods, utilising modern technical equipment
and geographic information systems. Soil sampling
schemes are presented in Figure 1. Soil samples from
suspected contaminated areas were collected between
September and November 2023 following DSTU ISO
10381-1:2004 (2006), DSTU 1SO 10381-2:2004 (2006),
DSTU ISO 10381-5:2009 (2011), and DSTU ISO
16133:2005 (2007), considering the recommendations
of the current international ISO 18400 series stand-
ards. Transportation and preparation for physicochem-
ical analyses were conducted according to DSTU ISO
11464-2007 (2009). The selection of soil sampling
points within the Chkalovsk territorial community was
based on the following principles: demining, accessibil-
ity, coverage of the community’s territory, and sufficien-
cy of information.
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Figure 1. Scheme of soil sampling points
in the Chkalovsk territorial community
Note: a - northern part of the community, b - southern
part of the community
Source: developed by the authors

While the foundational standards underly-
ing DSTU ISO 10381-5:2009 (2011) and DSTU ISO
19258:2014 (2015) do not provide detailed guidance
on the collection of background soil samples, they per-
mit the use of other national standards for this pur-
pose. In Ukraine, DSTU 7243:2011 (2012) serves as a
reference. Moreover, the nationally approved DSTU
17.4.3.01:2019 (2019) and DSTU 17.4.4.02:2019 (2019)
offer quite specificrecommendationsinthisregard.How-
ever,despite their highly detailed requirements and ease
of practical application,these standards are adaptations
of older Soviet-era GOST standards, primarily focused
on cases of industrial and accidental soil contamination.

An integrated approach combining systematic,
structural-genetic, and comparativegeographic meth-
ods, as well as synthesis, infometry, critical analysis, and
generalisation was employed to investigate the land-
scape and geochemical characteristics of contaminant
distribution in the studied soils and their bioavailability
to plants. To assess the level of soil contamination by




heavy metals, benz[a]pyrene, and petroleum products,
their MPCs were considered by Resolution of the Cab-
inet of Ministers of Ukraine No. 1325 (2021), and the
requirements of DSTU 7243:2011 (2012). The presence
of explosive residues and their toxic metabolites was
evaluated as an indication of contamination with new
hazardous substances (naturally absent in soils),accord-
ing to the Order of the Ministry of Environmental Pro-
tection and Nuclear Safety of Ukraine No. 171 (1997).

According to DSTU 7243:2011 (2012), if the soil
contains a contaminant at a level exceeding the MPC
and three times the background level, the land is clas-
sified as technologically contaminated. In cases of soil
contamination with multiple hazardous substances, the
land is considered technologically contaminated if the
total pollution index (Zc) exceeds 16.

The total pollution index is calculated using the
formula:

Zc=y7Cc-(n-1), 1)

where Cc=% (C, is the actual content of the i-th ele-
ment; C, is the background content of the i-th element)

All parts of land plots where at least a moderately
hazardous or hazardous level of technological contam-
ination is determined must be conserved for a period
determined by the persistence class of the substance,
ranging from 3 to 10 years. If a smaller number of
pollutants are detected but exceed the translocation
hazard index, the land is considered to have limited
suitability for agricultural use and requires a set of pre-
ventive measures to prevent product contamination. In
such cases, if the area with a high content of toxicants
is less than 50% of the land plot, only that specific
part may be classified as technologically contaminated
(DSTU 7243:2011, 2012).

Radial soil sampling for the determination of to-
tal petroleum hydrocarbons, PAHs (polycyclic aromatic
hydrocarbons), and residual amounts of explosives was
conducted in areas affected by battles involving burn-
ing machinery and fuel spills. Samples were collected
following a modified scheme with distances of 1 m,3 m,
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5m,7 m,and 10 m from the local source of contamina-
tion. Laboratory analysis of the collected samples was
performed using gas chromatography/mass spectrom-
etry (GC/MS). The instrument used was a Hewlett Pack-
ard HP6890/5972A gas chromatograph equipped with
a mass-selective detector. Component separation was
carried out on an Rxi-5MS capillary column (5% diphe-
nyl) with dimensions of 30 mx0.25 mmx0.25 pym. The
chemical composition of the compounds was identified
by comparing the obtained mass spectra with reference
spectra from the Wiley 138 and NIST 02 electronic li-
braries.

During the investigation of organic pollutants in the
community’s soils, the content of 16 polycyclic aromatic
hydrocarbons (PAHs) was determined. These included
naphthalene, acenaphthylene, acenaphthene, fluo-
rene, phenanthrene, anthracene, fluoranthene, pyrene,
chrysene, benzo[ghi]perylene, benzo[a]pyrene, benzo[a]
anthracene, dibenzo[g,h]anthracene, benzo[b]fluoran-
thene, benzo[k]fluoranthene, and indeno(1,2,3-cd)pyr-
ene. Additionally, residues of explosives were analysed,
encompassing four nitrotoluenes: 1,3-dinitrotoluene
(DNT) benzene, 2methyl-1,3-dinitro- 1,3-dinitrotoluene
(DNT) benzene, 2-methyl-1,3-dinitro, 1,3,5trinitrotolu-
ene (TNT), also known as trotyl. Furthermore, hexogen
(1,3,5trinitrol,3,5triazacyclohexane, also known as cy-
clonite or RDX) and octogen (homocyclonite or HMX)
were assessed.

RESULTS AND DISCUSSION

Military degradation of chernozems can manifest in
various ways and degrees. Assessing the extent of
military degradation was based on clearly defined pa-
rameters to avoid subjectivity. To unify approaches to
determining degradation types and objectively assess-
ing the degree caused by hostilities, scientists from the
National Scientific Centre “Institute for Soil Science and
Agrochemistry Research named after O.N. Sokolovsky”
have developed an improved system for classifying and
assessing the degree of military degradation. A frag-
ment of this system, which relates to the chemical deg-
radation of soils, is presented in Table 1.

Table 1. Fragment of an improved system for classifying and assessing the degree of military degradation
of soils based on indicators of chemical contamination with organic and inorganic compounds

Type of

Degree of degradation

. Sub F A t indicat
degradation ubtype orm ssessment Indicator Absent Mild Moderate Severe Catastrophic
Total Hg content”, mg/kg <10 11-21 2.2-41 4.2-6.2 263
Mobile Zn content”, mg/kg <11.0 11.1-23.0 23.1-46.0 46.1-69.0 269.1
Mobile Mn content*, mg/kg <500 50.1-100.0 100.1-200.0 200.1-300.0 >300.1
Pollution Mobile Cu content®, mg/kg <15 1.6-3.0 3.1-6.0 6.1-9.0 29.1
. - by toxic Mobile Co content®, mg/kg <25 2.6-5.0 5.1-10.0 10.1-15.0 2151
Chemical Military . -
Inorganic Mobile Pb content®, mg/kg <30 3.1-6.0 6.1-12.0 12.1-18.0 >18.1
substances .21 Cd content, mg/kg <3.0 3.1-5.0 51-7.0 7.1-10.0 >10.1
Mobile Cd content, mg/kg <0.35 0.36-0.7 0.7-1.4 1.5-2.0 221
Mobile Cr content, mg/kg <30 3.1-6.0 6.1-12.0 12.1-18.0 >18.1
Mobile Ni content, mg/kg <20 2.1-4.0 4.1-8.0 8.0-12.0 2121
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Table 1. Continued

Type of

Degree of degradation

. Subtype Form Assessment indicator
degradation Absent Mild Moderate Severe Catastrophic

Pollution Mobile W content, mg/kg <50 5.1-10.0 10.1-20.0 20.1-30.0 230.1

by toxic Mobile F content, mg/kg <14 1.5-2.8 2.9-54 5.5-8.4 285

inorganic Total As content, mg/kg <10 1.0-2.0 2.1-4.0 4.1-6.0 26.1

substances Total Sb content, mg/kg <22 2.3-45 46-9.0 9.1-13.5 2136
Benzo[a]pyrene content,mg/kg  <0.01  0.011-0.020 0.021-0.040 0.040-0.060 20.061

Chemical  Military . Benzene content, mg/kg <015  016-030  0.31-060  0.61-0.90 2091
Ptf;‘t‘g'(‘i’cn Phenol content, mg/kg <20 2.1-40 4180 8.0-12.0 >12.1

organic Formaldehyde content, mg/kg <35 3.6-7.0 7.1-14.0 14.1-21.0 221.0

substances Toluene content, mg/kg <0.15 0.16-0.30 0.31-0.60 0.61-0.90 20.90

Oil and petroleum product 2000.1- 4000.1- 8000.1-12
corr:tent*, mg/Eg < 20000 4000.0 8000.0 000.0 >12000.1

Note: * - regulatory references from DSTU 7872:2015 (2016)

Source: developed by the authors

The systematic analysis of experimental data
on heavy metal content in the soils of the communi-
ty involved comparisons with the MPCs established
by the Resolution of the Cabinet of Ministers of
Ukraine, No. 1325 (2021). Additionally, the degree of
soil contamination was assessed according to DSTU
7243:2011 (2012). This standard requires background
levels of potential contaminants to be determined
from samples collected at least 20 km from the pol-
lution source or outside the visually defined area of
local technogenic contamination. However, this stand-
ard was developed during the pre-war period, and the
collection of background samples in de-occupied and/
or conflict-affected areas remains subject to unresolved
issues requiring further scientific investigation. These
include challenges in systematising and classifying ar-
eas and determining the radius of potential contamina-
tion from explosions of munitions of various calibres.
Under these circumstances, the most appropriate ap-
proach appears to involve using pre-war data on soil
analysis as baseline or initial reference information.
This ensures the use of reliable benchmarks while ad-
dressing current limitations in background sampling in
post-conflict regions. For this purpose, during the study

of community lands, the available data from the Soil
Conservation Department on the survey of chernozem
soils within the Grakivske experimental field for the
content of heavy metals and microelements were sum-
marised. The results of pre-war field studies, which in-
cluded control plots as well as variants with the appli-
cation of standard doses of macro-mineral and organic
fertilisers for growing legumes and cereals (soybeans,
wheat, barley), were processed. In total, the quantita-
tive characteristics of 36 background soil samples were
processed to determine average values for further re-
search. The main statistical characteristics of the stud-
ied indicators are presented in Table 2. The results of
the analytical testing of soil samples collected within
the Chkalovsk territorial community in 2023 indicate
that one year after the de-occupation of this area, the
concentrations of heavy metals and trace elements do
not exceed the maximum allowable limits and show no
significant deviations from background levels. More-
over, the concentrations of mobile forms of toxicants
such as Cd, Cr,and Ni, as well as essential elements like
Mn and Cu, remain within the “minimum-maximum”
range of pre-war background data from uncontaminat-
ed areas, accounting for analytical error (Table 2).

Table 2. Statistical characteristics of heavy metal content in soils at the studied
and background sites of the Chkalovsk territorial community

+95% -95% Standard Standard
Indicator Mean Confidence  Confidence . Minimum Maximum Median MPC
. . deviation error
interval interval
1 2 3 4 5 6 7 8 9 10
Cd content 0.04867 0.02885 0.06848 0.04692 0.00500 0.18900 004050  0.009578 0.7
(demining)
Cd content 0.02171 0.01465 0.02878 0.02238 0.00080 0.08900 001270  0.003495 07
(postdemining)
Cd content 0.07867 0.05803 0.09930 0.05526 0.00000 0.19000 006000 0010088 07
(background)
Cr content 0.09863 0.02522 0.17203 0.17383 0.00500 0.76200 002500 0035483 6.0
(demining)
Cr content 0.20491 0.14570 0.26413 0.18760 0.00280 0.65120 014210 0029298 6.0

(postdemining)

Scientific Horizons, 2024, Vol. 27, No. 11




Smirnova et al.

Table 2. Continued

+95% -95% Standard Standard
Indicator Mean Confidence  Confidence . Minimum Maximum Median MPC
. . deviation error
interval interval
1 2 3 4 5 6 7 8 9 10
Cr content 0.95133 0.70845 119421 0.65045 0.01000 2.35000 073000  0.118755 6.0
(background)
Ni content 0.51563 041636 0.61489 0.23508 0.14100 1.03700 046550  0.047986 4.0
(demining)
Ni content 0.24932 0.18816 0.31048 0.19375 0.04810 0.79300 020520 0030259 40
(postdemining)
Ni content 0.41033 0.31133 0.50933 0.26513 0.03000 1.00000 034500  0.048406 40
(background)
Pb content 1.54571 1.18340 1.90802 0.85802 0.06600 3.25000 161400 0175143 60
(demining)
Pb content 1.26701 1.02149 151253 0.77785 0.02880 2.85500 129200 0121479 60
(postdemining)
Pb content 0.95133 0.70845 119421 0.65045 0.01000 235000 073000  0.118755 6.0
(background)
Co content 0.34321 0.25940 0.42702 0.19848 0.02400 0.78600 034550  0.040515 5.0
(demining)
Co content 0.25129 0.18894 0.31363 0.19751 0.00300 1.02040 021450  0.030845 5.0
(postdemining)
Co content 0.27556 0.21799 0.33312 0.17013 0.01000 0.61000 025500  0.028356 5.0
(background)
Cu content 0.23333 0.16777 0.29890 0.15527 0.00200 0.61300 022300 0031695 3.0
(demining)
Cu content 0.22638 0.18296 0.26979 0.13756 0.01330 0.62200 020270 0021483 3.0
(postdemining)
Cu content 0.23389 0.17844 0.28934 0.16389 0.01000 0.60000 023500 0027314 30
(background)
Zn content 0.33825 0.19632 0.48018 0.33612 0.00400 1.58600 023550  0.068610  23.0
(demining)
Zn content 0.49702 0.37159 0.62245 0.39739 0.00100 1.81250 047530  0.062062  23.0
(postdemining)
Zn content 0.13278 0.08616 0.17940 0.13779 0.01000 0.60000 008500  0.022965  23.0
(background)
Fe content 2.46000 2.14503 277497 0.74590 1.00800 4.58700 240650  0.152257 -
(demining)
Fe content 1.82786 155574 2.09998 0.86212 0.83930 464900 155080  0.134641 -
(postdemining)
Fe content 0.84083 0.58559 1.09608 0.75437 0.12000 2.84000 0.55000  0.125729 -
(background)
m;‘f:fsg)t 5.69392 464625 6.74159 248108 232000 1253000 573800 0506449  140.0
Mn content 5.56266 448113 6.64419 342647 119020 1752200 431010 0535124 1400
(postdemining)
Mncontent = 5550133 2454379 3657888 1611529 1051000 8010000 2692000 2942235  140.0
(background)

Source: developed by the authors

During the research, concentration factors of ele-  Pb - 0.033.4. Only for plant-available forms of Zn did

ments in soil samples were determined as the ratio of
actual to average background values (Table 3). Due to
the absence of a threefold exceedance of background
values for several heavy metals simultaneously, the
overall soil pollution index Zc was not determined.
For example, the concentration factors for Cd were
only 0.01-2.36, Co - 0.01-3.6, Cr - 0.01-2.8; Cu -
0.01-2.7; Fe - 1.0-5.5; Mn - 0.05-0.67; Ni - 0.1-2.5;

they reach 12.0-13.9 in some cases, which is largely
due to very low background concentrations of this
element in the pre-war period. The low provision of
soils with mobile zinc, which is often found on agri-
cultural lands in the Kharkiv Region, is often a conse-
quence of the presence of carbonates and increased
concentrations of PO*, due to the application of
phosphorus fertilisers.

Scientific Horizons, 2024, Vol. 27, No. 11
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Table 3. Concentration coefficients of heavy metals in the soils of the Chkalovsk territorial community, 2023

Concentration coefficients of heavy metals (AAB with pH 4.8)

Crop
Cd Co Cr Cu Fe Mn Ni Pb Zn
1 2 3 4 5 6 7 8 9 10
weeds (demining) 0.61 1.84 2.8 1.2 1.9 0.1 0.8 1.2 13
weeds (demining) 0.06 1.02 0.1 0.3 3.2 0.2 11 1.0 0.4
arable land (demining) 0.06 0.3 0 14 3.5 0.4 0.3 1.7 2.4
barley (demining) 0.06 1.83 0.1 0.9 29 0.1 25 13 46
sunflower (demining) 0.13 2.81 0.3 0.5 2.6 0.2 0.8 0.1 3.4
weeds (demining) 0.06 1.19 0.1 1.6 3.0 0.1 0.7 2.2 3.9
sunflower (demining) 1.51 1.73 0.6 1.0 3.8 0.1 1.5 0.6 1.0
weeds (demining) 0.5 1.29 0 0.7 2.5 0.1 0.6 2.5 1.5
sunflower (demining) 0.06 1.3 0 0 4.0 0.1 2.4 2.3 2.4
arable land (demining) 0.51 2.17 0.1 21 2.7 0.5 1.2 1.9 1.2
arable land (demining) 0.9 1.28 0 0.4 4.0 0.4 1.4 1.9 5.0
arable land (demining) 0.19 2.08 0 1.0 3.6 0.3 1.1 23 1.7
arable land (demining) 1.35 0.98 0.1 0.7 2.2 0.2 1.1 2.2 3.7
sunflower (demining) 0.51 0.84 0.1 0.2 31 0.2 0.8 0.6 1.2
arable land (demining) 0.31 0.86 0.5 0.2 2.9 0.2 0.9 1.7 0.9
arable land (demining) 0.23 0.21 0.1 1.0 2.6 0.2 1.5 3.4 2.8
arable land (demining) 2.36 1.83 0.1 0.4 2.2 0.2 1.0 0.5 0.3
arable land (demining) 0.79 1.46 0.1 1.4 3.3 0.3 14 14 0
arable land (demining) 0.75 0.2 0.6 0.7 2.2 0.2 0.9 25 2.4
arable land (demining) 0.06 0.09 0.2 1.2 3 0.3 0.9 0.9 1.9
arable land (demining) 0.81 1.06 1.0 1.5 1.2 0.3 1.6 3.4 11
arable land (demining) 0.33 0.32 1.6 2.1 2.8 0.2 24 1.5 6.2
sunflower (demining) 121 1.88 0.1 2.7 5.5 0.3 1.6 1.9 12
arable land (demining) 1.23 0.87 0.2 13 1.7 0.2 1.6 0.2 0.8
sunflower (demining) 0.8 0.32 0 1.1 2.0 0.1 0.9 2.0 0
sunflower (demining) 0.11 0.01 0.1 0.7 1.5 0.2 0.9 2.0 11
sunflower (demining) 1.05 0.27 0 2.1 33 0.2 1.3 2.4 2.5
sunflower (demining) 0.58 1.83 0.8 11 5.5 0.7 1.7 14 9.8
sunflower (demining) 0.24 0.63 13 1.4 2.1 0.3 1.9 1.4 0.5
winter cereal (demining) 0.26 1.09 1.6 0.6 3.7 0.3 0.4 0.5 0.7
arable land (demining) 0.01 1.62 11 0.5 1.8 0.4 0.5 0.6 5.9
maize 1.11 1.82 0.8 2.7 3.3 0.2 0.7 3.0 2.6
maize 0.06 1.11 0.6 23 2.5 0.1 0.5 1.4 29
maize 0.76 0.45 0.5 1.1 2.7 0.2 1.7 2.6 13
maize 0.24 0.23 0.3 0.5 2.0 0.2 0.5 0.1 41
arable land after sunflower 0.37 0.78 1.5 0.4 1.7 0.3 0.5 2.7 5.7
winter cereal 0.05 1.26 0.1 0.8 1.9 0.2 0.8 0.3 0.6
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Table 3. Continued
Concentration coefficients of heavy metals (AAB with pH 4.8)

Crop
Cd Co Cr Cu Fe Mn Ni Pb Zn
1 2 3 4 5 6 7 8 9 10
sunflower 0.3 0.77 0 1.0 3.3 0.2 0.5 1.6 23
maize 0.06 0.15 0.4 0.4 1.7 0.1 0.3 1.8 3.9
sunflower 0.39 1.33 0.4 0.9 1.7 0.1 0.1 0.3 6.2
arable land 0.59 0.1 0.4 0.1 20 0.3 0.1 2.7 5.0
arable land 0.06 1.46 0.7 0.4 1.6 0.2 0.1 0.6 47
arable land after sunflower 0.06 1.18 1.7 0.5 1.6 0.5 0.3 0.7 3.7
arable land after sunflower 0.35 1.25 0.5 14 1.8 0.3 0.5 1.5 0.4
sunflower 0.06 0.41 0.2 0.5 21 0.2 0.2 2.3 1.0
arable land 0.45 1.46 0.7 0.7 1.6 0.3 0.1 2.8 42
winter arable land 0.22 0.15 0.5 1.0 1.4 0.1 0.5 0.2 14.0
sunflower 0.06 1.55 0.2 0.4 1.4 0.2 0.3 1.1 12.0
sunflower 0.06 1.46 0.2 1.3 1.5 0.2 0.5 1.8 20
winter arable land 0.06 0.5 2.1 1.7 11 0.2 0.2 0.5 3.6
maize 0.06 0.71 0.4 1.2 1.9 0 0.9 13 3.9
sunflower 0.16 0.49 0 0.9 1.8 0.1 0.7 1.7 1.5
winter arable land 0.48 1.04 20 0.9 3.0 0.2 0.1 1.1 8.4
sunflower 0.45 0.06 1.8 1.3 3.2 0.1 0.5 1.0 41
sunflower 0.06 0.15 0 0.2 3.1 0.2 0.9 1.2 4.4
maize 0.06 0.76 0.1 1.4 1.7 0.1 0.1 1.5 3.1
maize 0.06 0.96 0.7 17 5.5 0.1 0.7 2 2.7
arable land 0.01 0.33 0 1.6 2 0.6 0.2 1.1 41
sunflower 0.13 0.67 1.5 0.1 1.6 0.2 0.6 14 0.5
sunflower 0.06 1.59 0.4 0.8 1.5 0.1 1.6 0.6 1.5
sunflower 0.25 3.64 2.2 0.1 1.6 0.1 11 13 7.0
sunflower stubble 0.06 1.47 24 1.3 1.2 0.3 0.7 14 0.5
sunflower 0.33 1.27 0.8 0.8 23 0.1 0.4 0 41
sunflower 0.06 0.33 14 1.6 1.0 0.1 0.3 0 5.5
arable land 0.51 0.15 0.6 0.7 1.0 0.1 0.1 0.6 5.4
Average (demining) 0.62 1.25 0.1 1 2.9 02 13 1.6 2.5
Average (post-demining) 0.28 0.91 0.2 1 2.2 02 0.6 13 37

Source: developed by the authors

A clearer understanding of the changes in the
ecological and toxicological state of soils in such ar-
eas can be obtained through statistical processing of
point information without prior averaging (Table 2,
Fig. 2). Under these conditions, the difference be-
tween the content of mobile forms of pollutants in
soils before the war and after de-occupation is sig-
nificantly smaller. In particular, in recently demined

areas of this de-occupied territory, there is a tenden-
cy towards a slight increase in the content of lead
(by 1.4 times), cobalt (1.3 times), iron (1.6 times) and
zinc (2.6 times) relative to the pre-war (background)
content. Such excesses are not considered critical for
agriculture and do not require land conservation or
the application of overly complex and costly soil re-
mediation measures.
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Figure 2. Dynamics of mobile forms of heavy metals and microelements in soils of the Chkalovsk territorial community
Note: a) recent demining; b) a few months after demining (in agricultural production); ¢) background content (prewar data)
Source: developed by the authors
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Both the statistical characteristics (Table 2) and
graphical representations (Fig. 2) reveal a certain dif-
ference in the content of heavy metals and microele-
ments between soils that were demined beforehand
and are already used in agricultural production, and
those where demining occurred recently. Over time,
after demining, a slight decrease in the content of mo-
bile cadmium, lead, nickel, cobalt, and iron can be ob-
served, accompanied by an increase in the amount of
plantavailable chromium and zinc. The concentrations
of bioavailable forms of manganese and copper have
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remained almost unchanged during this time. The ob-
served changes may also indicate ongoing processes
of self-restoration of chernozem soils, which are typ-
ically characterised by high buffering capacity con-
cerning heavy metals. It should be noted separately
that the content of petroleum products in the collect-
ed soil samples a few months after the hostilities was
quite low and ranged from 2.6 to 23.2 mg/kg of soil,
which is significantly less than the maximum permis-
sible concentration for agricultural land - 500 mg/kg
of soil (Table 4).

Table 4. Content of petroleum products in soils at the site of fuel spill and tanker fire

99

No. Sampling location Petroleum product content, mg/kg
1 Tanker, soil layer 0-30 cm 20.6
2 Tanker, soil layer 30-60 cm 20.8
3 Tanker, 1 m (azimuth 1), layer 0-30 cm 16.8
4 Tanker, 1 m (azimuth 1), layer 30-60 cm 13.2
5 Tanker, 1 m (azimuth 2), layer 0-30 cm 22.8
6 Tanker, 1 m (azimuth 2), layer 30-60 cm 2.6
7 Tanker, 3 m (azimuth 1), layer 0-30 cm 15.2
8 Tanker, 3 m (azimuth 1), layer 30-60 cm 12.0
9 Tanker, 3 m (azimuth 2), layer 0-30 cm 18.4
10 Tanker, 3 m (azimuth 2), layer 30-60 cm 23.2
11 Tanker, 5 m (azimuth 1), layer 0-30 cm 12.0
12 Tanker, 5 m (azimuth 1), layer 30-60 cm 15.4
13 Tanker, 5 m (azimuth 2), layer 0-30 cm 14.0
14 Tanker, 5 m (azimuth 2), layer 30-60 cm 12.3
15 Tanker, 7 m (azimuth 1), layer 0-30 cm 21.8
16 Tanker, 7 m (azimuth 1), layer 30-60 cm 16.2
17 Tanker, 7 m (azimuth 2), layer 0-30 cm 13.2

Source: developed by the authors

The results obtained indicate very low concentra-
tions of all polycyclic aromatic hydrocarbons, explo-
sives, and related nitroaromatic compounds in the ana-
lysed soils (Table 4). The content of these substances in
all analysed soil samples was below the method’s de-
tection limit (<0.002 for polycyclic aromatic hydrocar-
bons and <0.005 for explosives and their metabolites),
indicating their practical absence. Considering the ob-
tained data from 2023 in the context of providing soils
of the Chkalovsk territorial community with physiolog-
ically necessary microelements, it can be noted that
the soils are very low in zinc (even for low-demanding
crops) and have insufficient levels of available copper
and manganese for high-demanding crops. The low
content of microelements indicates the need for the ap-
plication of micronutrients, which not only significantly
increases crop yields but also becomes an important
factor in improving their micronutrient composition.

Returning to the issue of soil contamination risks
in the community, it should be noted that the rang-
es of heavy metal content variations in soils, as well
as in geological formations, are typically quite broad
due to their natural variability. Narrowing the range of

variability of background values to a minimum during
their combination/averaging leads to obtaining signif-
icantly higher concentration factors for heavy metals
than when operating with a full sample of initial back-
ground data. In general, to classify land as technogen-
ically contaminated, the content of a substance pollut-
ing the soil must exceed the MPC and be three times
higher than the background content. Since none of the
soil samples analysed in 2023 contained heavy metals
in the specified concentrations, it can be stated that, ac-
cording to DSTU 7243:2011 (2012), the surveyed soils
in the community cannot be considered technogenical-
ly contaminated. However, full conclusions about the
ecological state of soils in terms of heavy metal content
in the community require additional information on the
content of heavy metals in soils of other land plots and
test plants from various agricultural crops.

The likely reasons for such low concentrations of
hydrocarbons could include the burning of petrole-
um products during the tanker fire, the reduction of
light hydrocarbon fractions due to their high volatil-
ity (which increases with temperature), and possible
leaching down the soil profile during rainfall events.
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The intensity of contamination by these substances is
significantly influenced by the detonation level of mu-
nitions, i.e., the amount of explosive that burns during
the explosion and the amount that remains in the soil.

Furthermore, as previously noted by S. Baliuk et
al. (2024), complex chemical compounds, such as ex-
plosives, can undergo partial decomposition on the soil
surface through processes like photolysis and hydrol-
ysis, be adsorbed by the soil, or leach into groundwa-
ter and surface water sources along with atmospher-
ic precipitation. The rate and extent of migration and
transformation of explosives are influenced by the
physicochemical properties of these compounds (e.g.,
solubility, vapour pressure, Henry’s law constant), envi-
ronmental factors (weather conditions), soil character-
istics (including pH, redox status), and biological factors
(populations of microorganisms that degrade explo-
sives). The processes affecting the fate of explosives in
the environment can be divided into two groups: a) in-
fluence on migration and sorption (dissolution, evap-
oration, adsorption); b) influence on transformation
(photolysis, hydrolysis, reduction, and biodegradation).

The most well-known and widely used explosives
found in military munitions that remain in soils after
incomplete detonation of projectiles are trinitrotoluene
(TNT), hexogen (RDX), and octogen (HMX), as well as
their transformation products (1,3-DNT, 2,4-DNT, 2,6-
DNT, 4-DNT, MNX, DNX, TNX), which are toxic to hu-
mans and other organisms. Additionally, according to
J. Pichtel (2012) and B. Heerspink et al. (2017), soils in
combat zones are contaminated with residues of pri-
mary (initiating) explosives and propellants containing
low-explosive materials that propel rockets or acceler-
ate projectiles from guns, as well as a wide range of as-
sociated organic and mineral pollutants from munitions
and equipment, with heavy metals, polycyclic aromatic
hydrocarbons, and other petroleum products being the
primary ones. Notably, the adsorption processes of TNT,
RDX, HMX, 2,4-DNT, DNAN, and their metabolites are
significantly dependent on hydro-thermal conditions
(precipitation and temperature), granulometric compo-
sition (especially the content of clay minerals),the quan-
tity and fractional composition of humus, the content
of exchangeable cations (especially K* and NH*), and
the number of functional groups in nitroaromatic com-
pounds (Brannon & Pennington, 2002; Qin et al., 2021).

According to S. Baliuk et al. (2022), a survey of
soils conducted in spring 2022 in areas of active hos-
tilities in the Kharkiv Region revealed elevated levels
of heavy metals such as nickel (1.34.0 clarks), copper
(1.4-12.8 clarks), chromium (1.2-3.4 clarks), cadmium
(2-18 clarks), and lead (2.6-22 clarks) compared to
background levels. A significant portion of the afore-
mentioned toxicants, including elements like cadmium,
lead, nickel, and chromium, as well as organic pollut-
ants such as formaldehyde, nitrotoluenes, and polycy-
clic aromatic hydrocarbons, are classified as dangerous
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carcinogens for humans and animals, causing irrevers-
ible changes or damage to the parts of the genetic
apparatus that control somatic cells. As land is the pri-
mary means of agricultural production, some of these
substances can accumulate in commercial plant prod-
ucts, posing a health risk to consumers.

A particular problem is the high mobility of certain
chemical elements and organic compounds (especial-
ly hexogen) and their transformation products in soils,
which, according to A. Lorenz et al. (2013), lead to fur-
ther contamination of groundwater and pose a threat
to the drinking water supply for the population. Based
on the results of environmental monitoring studies in
the Kharkiv District of the Kharkiv Region in autumn
2022 and their comparison with data from 20182021,
specialists from the National Scientific Centre “Institute
for Soil Science and Agrochemistry Research named af-
ter O.N. Sokolovsky” noted unusually high concentra-
tions (above the MPC) of cadmium, chromium, and lead
in groundwater and surface water in the surveyed area
due to their migration from the soil environment under
the influence of prolonged precipitation.

In a study by O. Datsko et al. (2024) analysing the
impact of aerial bombings on agricultural land in Sumy
and Chernihiv regions, it was found that these soils
were not always contaminated with heavy metals such
as barium, zirconium, rubidium, zinc, and vanadium.
The content of barium, zirconium, and manganese on
crater slopes did not show a clear increase compared
to control areas. Strontium, rubidium, and zinc did
not always demonstrate excess in craters. According
to M. Solokha et al. (2023), an increase in the content
of heavy metals (manganese, iron, cobalt, copper, cad-
mium, chromium, lead, and nickel) was found in soils
subjected to bombing compared to areas that were not
bombed. Subsequently, M. Solokha et al. (2024) estab-
lished that fragments of destroyed military equipment,
ammunition, and fuel residues lead to soil contamina-
tion, with the highest levels of contamination recorded
for Pb, Zn, and Cd; the contamination distribution was
as follows: Pb>Zn>(Cd > Cu.According to K. Petrushka et
al. (2024),as aresult of rocket attacks,all soil samplesin
the Lviv Region showed a significant excess of the MPC
of titanium, zinc, lead, and nickel. A cumulative assess-
ment of the impact of all elements on the environment
showed significant contamination of the study area.

However, the conclusions of the current study do
not entirely align with the following research. I. Bul-
ba et al. (2024) found that in Dnipropetrovsk Region,
as a result of hostilities, soil contamination with lead
exceeded the MPC by 3 times, and with fluorine by 1.5
times; in Mykolaiv Region, the lead content in the soil
exceeded the MPC by 5 times, the content of zinc, cop-
per, fluorine, and petroleum products by 25%; in Zapor-
izhzhia Region, the lead content exceeded the MPC by
11.2 times, the content of zinc, fluorine increased by
50%, petroleum products by 35%, and phosphates by




30%. According to O. Shebanina et al. (2023), the illegal
disposal of chemical waste and active hostilities led
to significant contamination of soils with heavy met-
als and petroleum products: in Kharkiv Region, cadmi-
um contamination increased by 200%; in Kherson and
Zaporizhzhia regions, an increase in oil spills of 139%
and 156% was recorded. Differences in the results re-
garding soil contamination with heavy metals are likely
related to different types of military impacts (bombing,
rocket attacks, fragments of destroyed equipment, etc.),
different soils, and other spatiotemporal factors. For ex-
ample, in the study of G. Trokhymenko et al. (2023), it
was established that loams and chernozems are more
prone to the accumulation of heavy metals than sandy
soils. In loam, the rate of metal release decreases from
16.7% to 69.7% compared to sandy soil; in compari-
son of chernozem to loam, this rate slows down from
17.85% to 32.08%. At the same time, the rate of spread
of barium, cobalt, arsenic, lead, mercury, manganese,
strontium, and titanium does not depend on the type
and mechanical parameters of the soil.

The observed changes may also indicate the oc-
currence of self-recovery processes in chernozem soils,
which are typically characterised by high buffering
capacity, especially concerning heavy metals. The ob-
tained results also confirm that a significant portion of
chernozem soils in former combat zones may undergo
restoration without the application of costly remedia-
tion measures, which has a significant positive impact
on the development of agriculture in such regions and
the preservation of the country’s export potential.

CONCLUSIONS

This study assessed the ecological and toxicological
state of militarily degraded chernozems using the Chk-
alovsk territorial community in the Chuhuiv District of
Kharkiv Region as an example. An improved system
for classifying and assessing the degree of military
degradation of soils has been proposed, focusing on
indicators of chemical contamination by organic and
inorganic compounds. This system is recommended
for comprehensive assessments of the ecological and
toxicological state of soil cover.

The results of the study indicate that the military
degradation of soils in the Chkalovsk territorial com-
munity is more associated with physical damage, such
as bomb craters than with chemical contamination of
soils. It was found that in recently demined areas of the
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de-occupied territory, there is a tendency for a slight
increase in the content of lead (by 1.4 times), cobalt
(1.3 times), iron (1.6 times), and zinc (2.6 times) rela-
tive to the pre-war (background) content. However, such
excesses are not critical for agriculture, therefore, the
examined chernozems in the community cannot be
considered technogenically (chemically) contaminat-
ed, neither according to the comparison with the max-
imum permissible concentrations (MPC) established
by the current Resolution of the Cabinet of Ministers
of Ukraine, No. 1325 dated 15 December 2021, nor ac-
cording to the requirements of DSTU 7243:2011, nor
according to the gradations of the improved system for
classifying and assessing the degree of military degra-
dation of soils.

Some time after demining, a slight decrease in the
content of mobile cadmium, lead, nickel, cobalt, and
iron was recorded on average, with an increase in the
amount of chromium and zinc available to plants. The
concentrations of bioavailable forms of manganese and
copper remained almost unchanged during this period.
The observed changes may also indicate the occurrence
of self-recovery processes in chernozem soils, which are
typically characterised by high buffering capacity con-
cerning heavy metals without the application of expen-
sive remediation measures. The obtained data allow for
a positive assessment of the future potential of agricul-
tural production on chernozem soils in combat zones.
For a comprehensive assessment of the ecological state
of soils in terms of heavy metal content in the commu-
nity, additional information is needed on the content of
heavy metals in soils of other land plots and test plants
from various crops. This could be one of the promising
directions of research.
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AHoTauis. MeTot Lboro gocnigpkeHHs 6yno OLiHIOBaHHS eKOI0ro-TOKCMKOMOTIYHOTO CTaHY MiNiTapHO AerpafoBaHUX
YOpHO3eMiB Ha npuknagi YkanoBCbKOi TepuTopianbHOT rpomMagu YyryiBcbkoro pamoHy XapkiBCbkoi o06nacTi.
[ns upboro 6yno nepenbayeHo NpoBeCTU OeTalbHE KOMMIEKCHE 0OCTEeXEHHSI eKONOro-TOKCMKOMOTYHOro CTaHy
YOPHO3EMHUX I'PYHTIB YKaNOBCbKOI TEPUTOPianbHOI rpOMaam, NOCTPAXKAANMX YHACNIAOK BOEHHUX AN | BUSHAUUTU
NPUOATHICTb 0OCTEXEHUX I'PYHTIB A5 BEAEHHS CilbCbKOro roCcnoAapcTBa Ta, 3a He0bXiAHOCTI, 3aMPONOHYBaTH 3aX04M
3 pemegiaLii 3a6pyaHEHUX I'PYHTIB. 3aNpONOHOBAHO YAOCKOHaNEHY CMCTEMY Knacudikauii Ta OLiHIOBaHHS CTyNeHs
MiniTapHoi Aerpagauii FpyHTIB Yy YacTMHI MOKAa3HMKIB XiMiYHOrO 3abpyAHEHHS! OpraHiYHMMKM Ta HeopraHiYHUMK
CNONYKaMK. YCTAHOB/EHO, WO HA HELWOAABHO PO3MIHOBAHUX [AiNsHKaX AeO0KYyNOBaHOI TepuTopii BigMiYaeTbes
TeHAEHLiS He3HAYHOro 36inbweHHs BMicTy naombymy (y 1,4 pasu), kobanety (1,3 pasu), 3aniza (1,6 pasu) i umHKy
(2,6 pa3n) BigHOCHO OOBOEHHOrO (poHOBOro) BMIiCTy. OgHaK Taki NEpeBULLEHHS HE € KPUTUYHUMWU ONS BEAEHHS
CiNbCbKOro rocnoaapcTea, i He NoTpebyoTb KOHCepBaLlii 3eMenb abo 3aCTOCYBaHHA HAACKNAAHMX | LOPOrOBapTiCHUX
3aX0fiB 3 OYMLLEHHS IpYHTIB. Yepe3 peskui 4ac nicns po3MiHyBaHHS B cepefHbOoMYy 3adikCOBAaHO He3HayHe
3MEeHLLEHHS BMICTy pyXOMOro KaaMmit, natoMByMy, Hikento, Kobanety i hepyMy 3a 36inblieHHs KibKOCTi fOCTYMHUX
pOC/MHAM XpOMY I UMHKY. KoHLeHTpaLii 6iogocTynHMx GopM MaHraHy Ta KynpyMmy 3a Liei 4ac Maiixe He 3MiHMUaucS.
Bu3HayeHi 3MiHM MOXYTb TaKOX CBiAYMUTM NPO NPOTIKaHHA MPOLLECIB CaMOBIAHOB/IEHHS YOPHO3EMHUX FPYHTIB, Ki
3a3BMYAN XapaKTEPU3YHTbCS BMCOKOK OYyPepHicTIO Woao BaxkMx MeTaniB. OpepxaHi pe3ynbtaTu cBifyaTb npo
Ly>Ke HM3bKi KOHLEHTpaLii yCix moniapoMaTUYHMX BYINEBOAHIB i BUOyXOoHebe3neyHMX peyoBMH Ta CNOpifHEHUX
HITPOAPOMATUUYHUX CMONYK Y AOCAIIKEHUX IPyHTax. Pe3ynbtatm focnigkeHHs MOXyTb ByTM BMKOPWUCTaHI nig yac
po3pobKM Mporpamu MNiCISBOEHHOMO BiLHOBNEHHS IPYHTIB i paLiOHaNbHOTO BMKOPUCTAHHS 3eMeflb B arpapHoMy
BUMPOOHULTBI

KniouoBi cnoBa: 3abpyaHeHHs [pyHTiB; ekonoriyHa 6e3neka; pOCiMCbKO-yKpaiHCbKa BiMHA; BaxkKi MeTanu;
HadpTONpOAYKTW; MiNiTapHa Aerpajalis FpyHTIB; arpapHe BUPOOHMLTBO
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