FEOJNOriA. 4(111)/2025 ~ 51~

rifPOreosiorifd, IHXEHEPHA TA EKOJIOITIMHA TEOJ1Ooris

UDC 504.056+542.2
DOI: http://doi.org/10.17721/1728-2713.111.06

Oleksandr BONCHKOVSKYI"?, PhD, Researcher
ORCID ID: 0000-0003-1872-4552
e-mail: geobos2013@gmail.com

Pavio OSTAPENKO'#, PhD (Geogr.), Doctoral Student
ORCID ID: 0000-0002-2656-7377
e-mail: ostapenkopavlo@gmail.com

Yaroslava ZHUKOVA?, PhD (Biol.)
ORCID ID: 0000-0002-2755-5431
e-mail: yaf_z@ukr.net

lllia KRAVCHUK"4, PhD Student
ORCID ID: 0000-0001-5247-7255
e-mail: elijah.kravchuk@gmail.com

Serhii PETRYSHCHENKO?, Researcher
ORCID ID: 0009-0004-4168-969X
e-mail: sergijps@ukr.net

Adelina LAZARETS', Master
ORCID ID: 0009-0007-5298-7707
e-mail: adelinalazarets@gmail.com

Oleksandr HALAHAN?®, PhD (Geogr.), Assoc. Prof.
ORCID ID: 0000-0003-1449-3638
e-mail: geolab@ukr.net

Nazar STEPANENKO?, Master's Student,
ORCID ID: 0009-0005-6641-5887
e-mail: nazar2067@gmail.com

NGO "Ukrainian Researchers Society", Kyiv, Ukraine

2Institute of Geography of National Academy of Sciences of Ukraine, Kyiv, Ukraine
3State institution of Soil protection of Ukraine, Kyiv, Ukraine

“Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

WAR-INDUCED SOIL CONTAMINATION WITH HEAVY METALS:
RESULTS FROM A TEST SITE IN MYKOLAIV REGION

(lMpedcmaeneHo yneHom pedakuyiliHoi konezii 0-pom 2eos. Hayk KceHiero BOHAP)

Background. The war in Ukraine is having a serious impact on the physical, chemical and biological properties of soils.
Chemical contamination of soil in combat zones is the most discussed issue, as the detonation of various types of weapons
releases a range of pollutants into the soil, among which heavy metals are one of the most toxic. Despite the fact that heavy metals
are not the main pollutants, they are most often discussed in the literature. Based on a large number of publications, opposing
opinions have been formed regarding the level of heavy metal contamination.

Methods. The content of heavy metals within a study site of 2000 m? (Stepova Dolyna village) was measured by portable X-
ray fluorescence system. In order to identify the precision of XRF analysis, the heavy metals content (Cd, Zn, Pb, Cu, As) was
determined using atomic-absorption spectrometry (ContrA 800 D).

Results. A study of the lateral variability of the content of various heavy metals at a test site in Mykolaiv region, which was
heavily damaged by artillery shelling in 2022, found virtually no heavy metal contamination in the soil (except for cadmium in one
sample). In most cases, the content of the heavy metals is not mostly related to the location of craters, except for lead, which
showed increased concentrations near craters. The very good agreement between portable XRF analyser and atomic-absorption
spectrometry was found for lead content. Due to low concentrations of copper, cadmium and arsenic in the soil, the XRF analyser
could not measure them.

Conclusions. At the study site, the soil contamination with heavy metals due to explosion of artillery shells, MLRS and
mortar is slight. There is no traceable enrichment with heavy metals near craters that can indicate drawbacks of taking incremental
samples in case of high-resolution studies. The use of a portable XRF analyser allows for rapid screening of the war-damaged soils
for heavy metals and the identification of heavy metal contamination sites. However, accurate data on heavy metals contamination
require more precise laboratory methods.

Keywords : Russia-Ukraine war, soil, heavy metals, contamination, portable X-ray fluorescence system, atomic- absorption
spectrometry.

Background polycyclic aromatic hydrocarbons, propellants etc.

Warfare impacts the physical, chemical and biological
soil properties (Pereira etal., 2022). The detonation of
ammunition leads to soil contamination with various
substances: explosives and their derivatives, heavy metals,

(Broomandi et al., 2020). The effect of this pollution tends to
be the long-lasting as evidenced by results from the
battlefields of the World Wars (Bausinger, Bonnaire, &
Preuss, 2007; Meerschman et al., 2011; Williams, & Rintoul-
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Hynes, 2022). As a result, the need for specific management
of the affected areas arises (Meaza et al., 2024).

Since 24" February 2022, the Russian invasion of Ukraine
has already resulted in widespread soil damage (Baliuk et al.,
2024; Solokha et al., 2023;), contributing to the problem of
global food security (Dent et al., 2022). The war-induced soil
disturbances in Ukraine has been discussed in many
publications, with military-associated soil contamination being
the most highlighted issue (Biyashev et al., 2024; Bonchkovskyi
et al., 2025; Bondar et al., 2025; Datsko et al., 2025; Dmytrenko
etal, 2023; Korsun etal, 2024; Menshov etal.,, 2024,
Shebanina et al., 2024; Smirnova et al., 2024; Solokha et al.,
2022, 2024; Splodytel et al., 2023; Tonkha et al., 2025; Zaitsev
et al., 2022). However, despite the numerous publications, the
war-induced soil contamination remains insufficiently
discussed. Furthermore, the findings of different research
groups contradict each other, as some report critical levels of
contamination, whereas others claim minimal contamination.
The main focus of Ukrainian research groups today is on heavy
metals, since there are almost no facilities in Ukraine to study
explosives, which are assumed to be the main contaminants.

Compared to other regions of Ukraine, southern Ukraine
is rather poorly studied in terms of war-related soil
contamination. Particularly, Splodytel (2023) reported high
concentrations of trace metals in craters, suggesting critical
contamination with heavy metals of the soil. Tonkha et al.
(2025) demonstrated heavy metal contamination in fighting
positions, notably in those containing metal fragments.
Bulba et al. (2024) showed significant soil pollution with
heavy metals in three southern Ukrainian regions.

Thus, this paper aims: 1) to present new results on soil
contamination with heavy metals at a test site of the war-
affected soils in the Mykolaiv region; 2)to discuss the
possibility of using a portable X-ray fluorescence (XRF)
analyser for rapid investigation of contaminated soils by
comparing the results obtained by the analyser and an
atomic-absorption spectrometer (AAS).

Methods

Study site. In January 2025, a test site was established
at the Stepova Dolyna village of the Halytsynivska territorial
hromada in Mykolaiv Oblast (Fig. 1) to collect samples for
geochemical analyses and for subsequent monitoring of the
recovery of the damaged soil's physical and chemical state.
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The test site of 2000 m? is situated on a household plot in
the Stepova Dolyna village, which has not been cultivated
since 2022. The study area is characterised by considerable
soil physical disturbance, since the frontline was located
here in 2022, and the fighting was particularly intense.
Furthermore, this area is supposed to contain landmines and
unexploded ordnance (UXO).

The study site is in the dry steppe zone with xerophytic
and ruderal vegetation. The test site is on a very gentle slope
of the enclosed depression (Stepova Dolyna pod). Here,
Endogleyic Kastanozems (dark chestnut gleyic soils) occur
having clay loam texture and slight signs of salinization. The
climate is rather dry with hot summers and mild winters. The
average temperature in January is —1.6 °C, and in July —
+22.9 °C. The average annual precipitation is 430—-450 mm
(Osadchyi et al., 2022).

Soil sampling. The study site was split into 20 small square
plots of 100 m? each (Fig. 2). Incremental (mixed) samples
were taken from each cell (small plot), which included at least 5
smaller samples from different parts of the cell. They were taken
regardless of their location relative to craters or bombturbated
soils in order to test the validity and applicability of the
incremental sampling technique. The incremental sampling
protocol is widely recognized as the opposite of discrete soil
sampling (Brewer, Peard, & Heskett, 2017).

Samples were collected from the topsoil (upper 20 cm).
The sampling depth was justified by (1) the concentration of
the most contaminants in the topsoil in the first years after
the warfare (Bonchkovskyi etal.,, 2025; Solokha etal.,
2024); (2) the short period of time after the war damage to
the soil — two years, which is not enough for the downward
migration of contaminants; (3) the loamy clay texture of the
soils impedes downward migration of contaminants,
especially heavy metals.

Two experts participated in the sampling process — the
first one took notes and the second one collected samples
in the zip-lock bags. Each sample weighed about 500 g and
was duplicated and homogenized to avoid errors in
laboratory measurements. The background sample was
collected 5km away from the test site with the same
landform and soil. Due to the dense soil cratering, it was
almost impossible to take a background sample closer.
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Fig. 1. Test site location
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X-ray fluorescence analysis. The first step in the
laboratory phase of the research was to homogenise the
samples in order to reduce the degree of heterogeneity in the
distribution of different fractions of the soil's solid phase. The
next step was to dry the samples in ovens at a temperature of
40°C for 6 hours. Bringing the sample to a completely dry
state was not possible due to the specifics of XRF analysis
and the risk of destruction of some elements due to the high
temperatures. Homogenisation ensured a uniform drying
process. An agate mortar was used to grind the samples with
purpose to avoid the contamination of the analysis. The
sample was then sieved through a 1 mm laboratory sieve. The
resulting fraction was pressed into 25 ml cylindrical plastic
cuvettes and sealed with a polymer film. This was the end of
the laboratory preparation of the samples.

For XRF analysis, we used ElvaX ProSpector 3 Advanced
with the following specifications: X-ray tube — Rh, 40 kV;
primary filter — automatic 8-position; the collimator — automatic
2-position; detector window — graphene, 1 um; spectral range:
Mg-U. The sample was measured three times.

XRF analysis and XRF spectrometry itself is based
(Neikov, Naboychenko, & Yefimov, 2022) on the excitation
of atoms of material under by a beam of X-rays, which leads
to secondary fluorescence emission. The intensity of X-ray
fluorescence directly depends on the concentration of each
element in the sample. Analysis of the spectra allows
determining the elemental composition of the sample. We
used an X-ray tube with an Rh anode, which is the most
common device in this field of technology. Typically, XRF
analysis is used to determine the concentrations of elements
from beryllium (Z=4) to uranium (Z=92) in the range from
ppm to 100 % with an accuracy of 107-10%g. Heavier
elements (with a higher Z) tend to emit X-rays with higher
energy because they have more tightly bound electrons in
their inner shells. The resulting spectrum is mathematically
processed to allow for quantitative and qualitative (semi-
quantitative) analysis. In modern XRF spectrometers,
amplifiers and pulse analysers allow for the measurement of
the elemental composition of a sample in less than
2 seconds with a satisfactory statistical error.

Atomic-absorption analysis.

The microwave oven (Ethos Easy Microwave Sample
Preparation System, Milestone, USA) was applied for
sample preparation. The system was equipped with high-
pressure TFM vessels (Maxi-44 high — throughput rotor, T2
infrared temperature control, option P2 pressure control).
The microwave program BCS 300 was previously changed
to run with a maximum power of 1800 W. Microwave
decomposition of samples was carried out with the addition
of 5 ml of 65 % concentrated nitric acid (analytical grade)
and of 1 ml of 35% peroxide. The wet digestion of 250 mg of
each sample was conducted in closed TFM vessels during
35 minutes, max temperature was +200 °C.

The content of Cd, Pb, Zn, Cu was measured in 6
random samples using the atomic-absorption spectrometry
(AAS) ContrA 800D  (Analytik Jena, Germany).
Measurements were performed in triplicate. The content of
As was measured in 6 random samples using the hydride
attachment HS60A/HS (Analytik Jena, Germany) according
to the instructions for the device with the use of NaBH4, KJ,
Ascorbic Acid (analytical grade). Measurements were
performed in triplicate.

The following standards were used to determine
concentrations and construct calibration graphs: Standart
solution [V-Stock-4 1000 ug/mL in 5% v/v Nitric Acid
(Inorganic ventures, USA). Standart solution (CGAS1) of As
1000 pg/mL in 2 % v/v Nitric Acid (Inorganic ventures, USA).

Results

Soil disturbance. The study site is characterised by the
significant soil disturbance: 7 craters with a diameter of 1.7—
4.4 m and a depth of 0.2-0.7 m were identified. The craters
were caused mainly by 120 mm mortars or 122 mm multiple
launch rocket system (MLRS) BM-21 'Grad'. The largest one
was caused by the detonation of a 152 mm artillery shell.
Thus, the crater density on the test site is 35 craters per
hectare, and the total volume of displaced soil is 11.0 m3.
More detailed parameters of the surveyed craters are
presented in (Tab. 1).

Table 1
Parameters of craters within the study site
Ne Diameter, Depth, Volume 9f disg)laced Projectile Soil disturbance Crater state
m m soils, m type
1 4.4 0.6 4.1 152 mm Ah and B soil horizons | Overgrown with vegetation
2 3.2 0.7 2.5 152 /155 mm | Ah and B soil horizons | Partially overgrown with vegetation
3 21 0.4 0.6 120/ 122 mm | Ah soil horizon
4 2.6 0.5 1.2 120 /122 mm | Ah and B soil horizons
5 2.2 0.5 0.9 120 /122 mm | Ah and B soil horizons | Overgrown with vegetation
6 2.5 0.5 1.1 120 /122 mm | Ah and B soil horizons
7 1.9 0.3 0.4 120 /122 mm | Ah soil horizon

Craters destroy mostly Ah and B/Bk horizons of the
Kastanozem (Fig. 2). The crater slopes are overgrown with
ruderal vegetation, which restrains the erosion and the
crater's filling with soil deposits. This resulted in good
preservation of the craters in their primary hemisphere form.
No signs of ramparts around the craters were found (except
for crater No. 1), given their small size and depth. No visual
signs of bombturbation zones (according to Bonchkovskyi
et al., 2023) were found on the topsoil.

Heavy metals content. The heavy metal content within the
test site does not exceed the background values, and the
spatial variability of heavy metal content is almost not related to
the location of the craters. However, such variability is still
observed (Fig. 3). None of the tested soil samples showed
heavy metal content above the maximum permissible
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concentrations (except for Cd in one sample). This is due to the
lack of industrial soil contamination before and during the war.

Lead content ranges from 15-22 mg/kg according to
XRF analysis and from 9.7 to 18.6 mg/kg according to AAS
(Table 2). The copper content according to AAS is 32.0—
34.9 mg/kg, while XRF analyser detected copper in several
samples (20-22 mg/kg). The zinc concentration determined
by AAS is two times higher than measured by XRF analyser
— 80.0-90.9 ppm versus 31-46 mg/kg. The cadmium
content is below the detection limit of the XRF analyser.
However, AAS yielded Cd concentration around of 1.1—
1.4 mg/kg. Significant enrichment with cadmium is detected
only in one sample (2.1 mg/kg), which was not collected
near the crater.
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g. 2. Craters within the study site.

General view of the study site (A). Crater from a 152 mm ordnance (B); Crater from a 120 / 122 mm ordnance (C)

The chromium content (measured by XRF analyser)
ranges from 39 to 80 mg/kg and vanadium from 60 to
130 mg/kg and does not correlate with the location of the
craters. The screening revealed insignificant concentrations
of molybdenum, arsenic and tin in some samples. Only lead
showed elevated concentrations near craters from the whole
range of measured elements.

Discussion and conclusions

Soil contamination with heavy metals has been reported
at many sites affected by military operations worldwide
(Broomandi et al., 2020; Certini, Scalenghe, & Woods, 2013;
TeSan Tomi¢ etal.,, 2018; Vidosavljevic etal., 2013;
Williams, & Rintoul-Hynes, 2022; and others) and in Ukraine
(Solokha et al., 2022, 2024; Splodytel et al., 2023; Tonkha

et al., 2025; Zaitsev et al., 2022; and others). Most studies
have shown that they are not highly contaminated with
heavy metals (Bonchkovskyi etal., 2025; Bondar et al.,
2025; Datsko et al., 2024; Smirnova et al., 2024; Solokha
et al., 2022), despite initial findings of critical contamination
(Shebanina et al., 2024; Splodytel et al., 2023; Zaitsev et al.,
2022). The most considerable contamination with cadmium,
copper, zinc and lead has been reported by the cited authors
(Bonchkovskyi et al., 2025), collecting samples at different
distances from craters, showed that the content of heavy
metals decreases from crater to background, rarely showing
peaks at the crater rim. However, the average content of
heavy metals near the craters exceeded that in the
background sample by only 1.2—1.5 times.

Table 2

Comparison of trace elements content (ppm) determined by portable XRF analyser and AAS ContrA 800 D.

Sample Lead (Pb) Copper (Cu) Zinc (Zn) Cadmium (Cd)

number AAS XRF AAS XRF AAS XRF AAS XRF
1 12.07 15 32.01 - 82.55 45 1.101 -
3 9.67 18 32.39 22 85.83 42 1.141 -
6 13.63 13 34.85 20 90.91 35 1.208 -
12 16.91 16 32.70 - 79.95 36 1.325 -
15 18.59 22 34.26 - 86.33 46 2.056 -
21 12.22 14 32.61 - 82.7 31 1.354 -

The study site near the Stepova Dolyna did not reveal
significant contamination with heavy metals. Only cadmium
showed high concentration in one sample, therefore it can
be related to the local contamination, which is not associated
with the cratering. It is impossible to compare our results with
findings of Bulba et al. (2024) and Splodytel (2023), who
reported critical contamination with heavy metals. This is
due to the fact that Splodytel (2023) did not specify the
methodology of soil sampling, whereas Bulba et al. (2024)
did not specify the type of damage and soil typology and took
background samples far from the damaged areas.

Our study revealed that only lead shows a slight enrichment
near craters (Fig. 3). The concentrations of other heavy metals
are not associated with craters. On the other hand, this may be
a drawback of the incremental sampling protocol since it
represents the average elemental content within a plot.

The highest levels of contamination have been
independently recorded by researchers at the sites of military
equipment explosions (Bonchkovskyi etal., 2025; Solokha
et al., 2024; Zaitsev et al., 2022), where soils are contaminated
with various substances, including heavy metals, oil products,
polycyclic hydrocarbons, and even radioactive elements.
Tonkha etal. (2025) also found significant soil pollution at
military positions and fortifications. However, there are currently
no published results of geochemical analyses at the sites of
military equipment explosions in Mykolaiv region.

Datsko etal. (2024) proposed the use of X-ray
fluorescence analysis to accelerate of soil chemical survey
in the war-affected areas. Vanhoof, Corthouts, & Tirez,
(2004); Vanhoof et al. (2013) demonstrated that portable

ISSN 1728-3817

XRF systems are quite effective for preliminary assessment
of contaminated soils. Our results show that the efficiency of
a portable XRF analyser depends on the element and its
detection limit. Very good agreement between the portable
XRF analyser and the AAS was found for lead content. The
zinc content measured by the AAS is constantly twice than
that determined by the XRF analyser, which may be a result
of the analyser settings. Due to the low concentrations of
copper, cadmium and arsenic in the soil, the XRF analyser
cannot measure them. However, the XRF system can
accurately identify areas contaminated with Cu, Cd and As.
On the other hand, we believe that the technical parameters
and setting of specific portable XRF systems determine the
accuracy of the measurement. Thus, portable XRF systems
are very useful for screening soil contamination with heavy
metals, notably when sample preparation is performed.
However, accurate measurements of heavy metal
concentrations require precise laboratory methods, such as
inductively coupled plasma spectrometry or atomic
absorption spectrometry.

Thus, the soil contamination with heavy metals due to
explosion of artillery shells, MLRS and mortar is slight. No
heavy metal enrichment is observed near craters which can
indicate drawbacks of taking incremental samples in the
case of high-resolution studies. The portable XRF analyser
enables to rapidly test the war-damaged soils for heavy
metals and identify areas of heavy metal contamination.
However, more precise laboratory methods are required to
provide accurate data on heavy metal contamination.
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3ABPYOHEHHSA I'PYHTIB BAXXKUMU METAJTAMU BHACNIOQOK BEOEHHA BEOVOBUX AIN:
PE3YJNIbTATU 3 TECTOBOI ANMAHKA Y MUKOJIAIBCbKIUA OBJIACTI

B c Ty n. BiliHa e YKpaiHi ceplio3Ho ennueae Ha hi3uyHi, ximi4Hi ma 6ionozivyHi enacmuesocmi rpyHmie. XimiyHe 3a6pyOHeHHs
rpyHmie y 30Hax eedeHHs1 6oliogux 0ili € 00Hi€r0 3 Halibinbw AuckymoesaHUX meM, OCKifbKu 8 npoyeci demoHayii 36poi piaHo2o
muny e rpyHm nompanssie KoMmniekc 3abpyoHroeadie, ceped sIKUX OOHUM i3 HallmOKCUYHiwux € saxki memanu. 5k Hacnidok —
cghopmysanucsi npomusexHi OyMKU CMOCOBHO PieHs1 3a6pYyOHEHHS1 8aXKKUMU Memarnamu.
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M e T o a4 v. Bmicm eaxkux memanie Ha docnidxyeaHiti dinsiHyi nnouero 2000 m? (c. Cmenoea JonuHa) 6yno eumipsiHo 3a do-
NMOMO20l0 TopMamueHo20 peHmaeHogh/1yopecyeHmHo20 aHasnizamopa. [nisi eusHayeHocmi mo4YyHocmi peHmeaeHogsiyopecyeHm-
Ho20 aHanizy emicm eaxkux memanie (Cd, Zn, Pb, Cu, As) dodamkoeo eu3Ha4eHO 3a OOMOMO20l amoMHo-abcopbuyiliHoi
cnekmpomempii (ContrA 800 D).

Pe3ynbTaTu. [JocnidxeHHs namepansHoi MiHIueocmi emicmy pi3HUX eaXKux Memaisiie Ha mecmoeitl dinsaHuyi y Mukona-
fechbkili obsiacmi, cunbHO nocmpaxdanil eid apmunepilicbkux o6cmpinie y 2022 poyi, NPakKMu4HO He ausieus1uU 3abpyOHEeHHsI r'py-
HmMie eaXKumu Memasnamu (OKpiM kKaoOMito @ oOHOMYy 3pa3kKy). 30eb6inbuio20 emicm 8axKux Memarsie He noe's3aHull i3
po3maulyeaHHsIM Kpamepie (3a 8UHSIMKOM C8UHU0), KOHUeHmpauisi iko2o 3pocmae nobnu3y kpamepis. [ns emicmy ceuHyto su-
sienieHo Oyxe xopoule y3200)KeHHs1 MiXXK MopmamueHUM PeHMm2eHogIyopecyeHmMHUM aHasi3amopoM i amomMHo-a6copbyiliHoro
cnekmpomempietro. Yepe3 HU3bKi KOHUeHmpauii Midi, kadMito ma Muw'siky e rpyHmi peHmaeHogiyopecyeHmHuli aHasizamop He
Mae Moxksiueocmi 0o ix euMiprogaHHs.

BucHoBKMU. Ha docnidxyeaHil dinsHyi 3a6pyOHeHHsI I'pyHmMy aXKuMu Memasiamu eHacsiook eubyxie apmurnepilicbKux
cHapsidie, PC3B ma miHomemie € He3Ha4HuM. [To6nu3y kpamepie He npocslidkoeyembcsi 36a2avyeHHs] 8aXXKUMU MemanaMu, w0
Moxe ceidyumu npo Hedoniku eidbopy 3miwaHux nNpob y pasi npoeedeHHs1 00CNiOXeHb 3 8UCOKOI pPo30inbHo 30amHicmio. Bu-
KopucmaHHsi mfopmamueHo20 peHmaeHog1yopecyeHmHo20 aHasnizamopa dae 3Mo2y weudKo nepeeipumu nowkodxeHi 8iliHoto
rpyHmMu Ha eMicm 8a)KKux Memarsiie ma eusieumu mMicysi 3a6pyOHeHHsI 8aXKuMu Memanamu. OOHak OJ1s1 ompuMaHHsI MOYHUX OaHUX
npo 3abpyOHeHHs 8aAXXKUMU MemaJsiamu nompi6Hi 6inbw moy4Hi n1abopamopHi Memodu.

Knw4yoBi cnoBa: pocilickko-ykpaiHCbKa giliHa, FpyHmMu, eaxki Memanu, 3ab6pyOHeHHsI, mopmamueHull peHma2eHogJ1yo-
pecyeHmHull aHanizamop, amoMHo-abcopbuiliHa cnekmpomempisi.

ABTOpM 3aABNSAIOTb MPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu yyacTi B po3pobrneHHi AocniaxXeHHs; y 360pi, aHanisi un
iHTepnpeTauii AaHWX; y HanMcaHHi pykonucy; B pilleHHi Nnpo nybnikauito pesynbTarTis.
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