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SUMMARY

The ongoing war in Ukraine has led to severe environmental and technological consequences.
Major challenges include soil degradation in agricultural regions, contamination with heavy
metals and other organic and inorganic substances, and the search for optimal demining
methods. Currently, magnetic studies have been conducted in former battlefields and missile
strike zones in the Kyiv, Kharkiv, and Mykolaiv regions. Areas affected by military actions
undergo significant transformations in both landscape structure and soil chemical
composition. An analysis of heavy metal content in soil samples collected from different
zones of the caponier revealed varying levels of contamination depending on the type of
impurities and the soil's chemical composition. The correlation coefficient between lead (Pb)
concentration and magnetic susceptibility is 0.76, indicating a strong relationship for this
dataset. This confirms that magnetic parameters can serve as a proxy for identifying heavy
metal pollution hotspots in war-affected soils.
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Introduction

The current war in Ukraine, unfortunately, generates a huge amount of dangerous environmental and
technogenic impacts. From the other hand, the scientists need to develop or adopt new methodology
to resolve the most important problems. The great challenges are related to the soil loss in agrarian
regions, soil pollution with heavy metals and other organic and non-organic matter, and finally
searching for the optimal methods of demining. All mentioned challenges have been started to be
investigated and more or less eliminated in Ukraine with different approaches: remote sensing and
GIS based analyzes, soils science agrichemical studies, demining provided by prime international
companies. Bonchkovskyi et al. (2025) applied the methodology combining the analysis of remote
sensing data, soil mapping and subsequent soil modelling, field research and laboratory
measurements. The paper also discusses the feasibility of combining data from soil physical
disturbances with land use change in order to assess the risk of landmines and the presence of
unexploded ordnance, environmental effect of which is remain unclear in Ukraine. Solokha et al.
(2024) concluded, that the soil contamination levels with regard to heavy metals impact of the active
hostilities significantly surpass health standards, with the highest pollution levels observed for Pb, Zn,
and Cd. Across all affected areas, changes occurred in the microbiome structure (a 20.5-fold increase
in the proportion of mycelial organisms), microbiological process activity was suppressed (a 1.2-fold
decrease), microbial biomass (a 2.1-fold decrease) was reduced, and high soil toxicity (99.8%) was
observed. The worst military technogenic load on landscapes is characteristic of the Luhansk (North
Luhansk), Severodonetsk-Lysychansk and Toretsk-Horlivsk-Yenakiev industrial agglomerations
(Yakymchuk, Balanda, & Bzowska-Bakalarz, 2024).At the same time high efficiency demonstrated
the magnetic methods for soil pollution assessment. Previously this method was involved to study the
urbanized areas and agglomerations (Bondar et al., 2024; Delbecque et al., 2022; Janas, Magiera, &
Szumiata, 2022). In war time, the magnetic method is valuable instrument to detect soil pollution with
heavy metals, redistribution of genetic horizons and possible loss of fertile soil, to find the unexploded
mines, missiles, etc. (Menshov et al., 2024).

Study site

For now, we obtained results of the magnetic studies at the areas of the former battle fields or missiles
attacks in Kyiv, Kharkiv, and Mykolaiv regions (see Fig. 1). The studied area in Kyiv region is
located about 30 km northern Kyiv city along the left and right parts of flat valley of the Irpin River
and related to the Polissya Forest zone of Ukraine. The predominant soils in this region are mostly
Umbric Albeluvisols Abruptic in WRB classification (WRB. 1. W. G., 2014). The study in Kharkiv
region focused on Balaklia, former battle fields at the villages Pryshyb and Verbivka at the border of
Ukraine Forest-Steppe and Steppe agroclimatic zones. Soils are ordinary chernozems with middle
humus (organic matter) content. Mykolaiv region is located in the south of Ukraine in the basin of the
lower course of the Southern Bug River at the Steppe zone. The study site located near the village of
Kyselivka, the soil is southern low-humus chernozem, which is typical for this region.

Methods

Measurements of the magnetic susceptibility were performed using an MFK1-FB Kappabridge at
low-frequency (976 Hz, yIf) and high-frequency (15616 Hz, yhf) at the laboratory of the Institute of
Geophysics, NAS of Ukraine. The mass-specific magnetic susceptibility (y) was determined by
normalizing ylf to mass. Magnetic mineralogy was inferred based on Curie temperatures (Tc) and
phase transitions observed during thermal dependence measurements of magnetic susceptibility ¢(T).
These measurements were carried out with a KLY-5 Kappabridge equipped with a CS-L cryostat and
CS-furnace at the Institute of Geophysics PAN in Warsaw. Poland. The concentrations of mobile
elements Mn, Zn, Cd, Cr, Cu, Ni, and Pb in buffered acetate-ammonium extracts were analysed via
atomic absorption spectrometry in the laboratory of the National University of Life and
Environmental Sciences of Ukraine. Part of the samples was studied with the XRF analysis by
Elvatech.
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Figure 1 Study sites in Kyiv, Kharkiv, and Mykolaiv regions of Ukraine. Red — currently occupied
areas, blue — deoccupied areas.

Results

Territories affected by military actions undergo significant changes both in landscape structure and in
the chemical composition of soils. One of the main research areas for such territories is the
classification and monitoring of heavy metal pollution levels. This allows for the assessment of the
ecological condition of the land and the development of effective land reclamation measures. The
classification of territories involves categorizing the land based on the degree of damage and pollution
levels. For the illustration, we consider the case study from the Kyselivka former battle field in
Mykolaiv region. The main types of analysed areas include stronghold zones: locations of military
bases and fortification structures, such as caponiers. The results of studies on the content of heavy
metals in soil samples collected from different zones of the caponier show varying levels of
contamination depending on the type of impurities and the chemical composition of the soil. The data
interpretation makes it possible to assess the ecological risk and potential impact on the environment
(see Table 1).
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Table 1 The content of mobile forms of heavy metals in military-contaminated southern chernozem
inside the caponier, extracted using an acetate-ammonium buffer solution (pH 4.8), mg/kg

Caponier Mn Cu Zn cd Pb Ni Cr
Maximum permissible
concentration 140.00 3.00 23.00 0.70 6.00 4.00 6.00
Group of samples inside 34.13 24.49 8.30 155.73 2.40 4.00
e aponier, satuated (b) why | HLEOM T o | | b
Group of samples inside 48.05 132.14 13.30 177.34 4.60 6.20
th ier, without . : 49 98 (vh * * * :
e e (b) why [EEBOD o v | m | o
Group of samples inside 113.00 242.54 62.71 175.00 8.80 | 15.90
th ier, with pi : : === | 24,55 (vh - = -
e caponier Mipieess | (m) (vh) (h [2BOD T 0 | w
glroup ofsampl,i}slinzigsh 104.40 24356 | 5 1q (vh) 25.09 188.70 8.10 9.40
€ caponier, with readis: . .
clay impuritics, ehuvial (m) (vhy | (vh) (vh) (i | (b
horizon. 14.70 18.92 41.75 4.10 86.09 2.80 | 15.20
(b) (vh) (vh) (vh) (vh) (w) (w)

b — background; vh — very high; i — increased; m — moderate; w — weak

In the group of samples saturated with oil, the concentrations of manganese (34.13 mg/kg) and
chromium (4.00 mg/kg) were found to be at background levels, indicating their natural origin. Copper
(24.49 mg/kg), zinc (44.16 mg/kg), cadmium (8.30 mg/kg), and lead (155.73 mg/kg) were within
permissible limits, but lead exceeded environmental standards several times, making it a critical
pollution factor. Nickel showed a low contamination level (2.40 mg/kg), suggesting limited
anthropogenic influence. In soil samples from the caponier zone without signs of hydrocarbons, there
was an increase in copper (132.14 mg/kg) and lead (177.34 mg/kg), indicating metal accumulation
due to military activities or industrial pollutants. Nickel (4.60 mg/kg) exceeded background levels,
showing moderate contamination. The group of soil samples containing pieces of molten metal
showed a significant increase in manganese (113.00 mg/kg) and copper (242.54 mg/kg), indicating
strong anthropogenic impact. Lead (175.00 mg/kg) remained at a high level, while nickel (8.80
mg/kg) and chromium (15.90 mg/kg) exceeded natural background levels, posing a risk of long-term
soil and water contamination. The analysis of soil samples with reddish clay impurities confirmed that
manganese (104.40 mg/kg) and nickel (8.10 mg/kg) exceeded normal levels, indicating a moderate
level of contamination. Lead (188.70 mg/kg) and cadmium (25.09 mg/kg) were present in high
concentrations, confirming the significant impact of heavy metals on the ecosystem. Chromium (9.40
mg/kg) remained at background levels. The correlation between Pb and magnetic susceptibility is
presented in Fig. 2. The correlation coefficient is 0.76, which is significant for this set of samples.
This confirm that magnetic parameters could be accepted as the proxy for searching hot-spots of the
heavy metal pollution in soil impacted by war.

Conclusions

The primary difference between three studies sites is soil types, their relation to the agroclimatic zone
of Ukraine, and as a result — initial natural magnetic properties. Other essential point of the
interpretation is the type of the armour, and the sources of the pollution. Soils of the Kyiv region are
slightly magnetic, soils of the Kharkiv region are magnetically rich (magnetic susceptibility is
approximately 10 times higher), and soils of the Mykolaiv region are highly magnetic (magnetic
susceptibility up to 20 times higher comparing with Kyiv region). The places of the mines or up to
152 mm caliber explosion didn’t demonstrate the visible increase of the magnetic susceptibility. At
the same time, magnetic mineralogical analysis, as well as XRF, ICP, or atomic adsorption chemical
studies, demonstrated anomalous zones within the distance of the blast impact. Fundamentally,
different characteristics was registered at the places of the continuous destruction of explosives,
places of the location, burning.
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Figure 2 Correlation between Pb concentration and magnetic susceptibility.
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