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Abstract: The impact of the active hostilities associated with Russia’s large-scale armed invasion of
the territory of Ukraine on soil degradation as a result of military actions has resulted in soil damage
due to heavy military armored vehicles. Debris from destroyed military equipment, ammunition, and
fuel remnants lead to multi-factor damage to the soil system, causing local and global pollution and
losses of soil resources. In all the studied cases, mechanical, chemical, and physical soil degradation
were observed. This was manifested in changes in granulometric fractions at explosion sites, burning
areas, and locations with heavy-metal contamination. Equipment incineration has resulted in an
increase in the sand fraction (2.0–0.05 mm) by 1.2–1.8 times and a decrease in the clay fraction
(<0.002 mm) by 1.1–1.2 times. The soil contamination levels with regard to heavy metals 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. Explosions
and the pyrolysis of armored vehicles have a significant impact on soil mesobiota and plants. The
results indicate the existence of complex interactions between various factors in the soil environment
post-explosion, significantly affecting soil health.

Keywords: environmental degradation; soil; microbiome; armed conflict; heavy metals

1. Introduction

Armed conflicts induce disruptions of ecosystems [1–4] and contribute to the devel-
opment of degradation processes [5], the loss of biodiversity [6,7], and the pollution of
soil [8,9] and water resources [10–12], negatively impacting the climate system [13–15].
Increasing attention is being devoted to the carbon footprint because of warfare and
militarization. Specifically, the Russian–Ukrainian war is exacerbating environmental de-
terioration, causing an increase in the carbon footprint over time in both countries, with
Ukraine experiencing the greatest environmental impact [16]. Over the past century, more
than 30 wars have occurred worldwide, significantly impacting not only societal develop-
ment but also the planet as a whole [17–20]. All these instances have collectively hindered
the achievement of the Sustainable Development Goals [21] and Food and Agriculture
Organization goals regarding the conservation and sustainable use of soil resources for
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food security [22–26] and entail various temporally undefined adverse phenomena for
the economic and social sectors. The deployment of various types of weaponry releases
numerous chemical compounds and gases, metallic fragments from projectiles and de-
stroyed military equipment, and fuel and lubricant materials, which, directly or through
chemical reactions with environmental elements, induce various degradation processes.
Therefore, areas of military operations, military training zones, and shooting ranges, as
well as sites of explosive material production and utilization, are considered major sources
of contamination for terrestrial ecosystems and have an impact on human health [27,28].
These areas require monitoring studies for the development of rehabilitation measures and
the mitigation of negative environmental consequences.

Recently, the number of publications devoted to the ecological consequences of military
actions in Ukraine has increased significantly, including their impact on the soil system and
the determination of economic losses inflicted on the land by armed aggression [3,9,29–33].
The actual consequences of modern large-scale wars, such as the Russian–Ukrainian war,
have an impact on almost all components of nature [34]. A proposal has been made to
introduce a new type of soil degradation—degradation caused by armed aggression—
which encompasses mechanical, physical, chemical, physico-chemical, and biological
degradation [9]. Despite the relevance and importance of the impact of armed conflicts
and their consequences for ecosystems, there is currently insufficient scientific research
and publications related to the multifaceted influence of armed conflicts on soil resources,
particularly with respect to destroyed military equipment.

Soil bears the brunt of armed conflicts, experiencing the most significant contamination,
and it preserves the consequences of war for an extended period. Therefore, assessing
the degree of soil destruction and contamination allows the evaluation of environmental
risks, future adverse consequences for terrestrial ecosystems, and the loss of ecosystem
services [35–38]. Researchers primarily focus on the mechanical destruction of soil cover,
alterations in the physico-chemical properties of soils after military actions, contamination
with toxicants (heavy metals, organic compounds, etc.) and their migration, and the
determination of potential adverse impacts and soil restoration methods [8,39,40].

One of the most prevalent hazardous consequences during armed conflicts and caused
by the use of weaponry is the chemical contamination of the soil [8,27,41–45]. Specifically,
during combat, a range of toxic compounds present in various calibers of ammunition,
products of the destruction and burning of heavy machinery, fuel from fuel spills, technical
lubricants, organic solvents, etc., enter the soil. The behavior of most of these compounds
in Ukrainian soils is inadequately researched, and there are no established regulatory limits
for their concentrations in soils [9]. Meanwhile, an increasing number of research findings
are confirming that potential sources of emissions of various potentially toxic substances
into the natural environment are related to military activities and pollution with heavy
metals and determining the pathways of their migration and the associated risks for human
health and biota [43,46].

It has been established that soils within the territory of military facilities remain
significantly contaminated with toxic compounds from ammunition and their residues for
many decades, containing harmful substances, including antimony (Sb), lead (Pb), uranium
(U), 2,4-dinitrotoluene, 2,4,6-trinitrotoluene (TNT), 1,3,5-trinitro-1,3,5-triazacyclohexane
(RDX), and others [8,28,43,47,48]. Most of these compounds are resistant to biological
degradation or treatment and thus persist in the biosphere and become a source of pollution,
potentially harming human health and the environment due to their toxic impact [43,48,49].

The release of heavy metals into the natural environment during ground combat and
bombings is precipitated by weapon residues containing Pb, Cu, Cd, Sb, Cr, Ni, and Zn,
which subsequently migrate into water sources, thereby increasing the risk of a human
impact. Biomonitoring studies have shown the accumulation of heavy metals in plants,
invertebrates, and vertebrate species [28,50–53].

It is known that catastrophic concentrations of chemical elements and various com-
pounds resulting from the use of explosive weapons lead to disruptions in physiological
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and biochemical processes in living organisms. For instance, elevated levels of heavy
metals in the soil not only have a direct toxic effect but also indirectly negatively impact
the reproduction and bioproduction of soil microorganisms [54–57].

When assessing the impact of potentially toxic substances on the soil system due to
various military actions, attention is primarily paid to the study of bacterial communities,
with less focus on archaea [58]. The main research efforts are dedicated to identifying active
microorganisms for conducting bioremediation on contaminated soils [59–63].

It has been determined that chemical compound type, soil pH, and moisture content
are critical factors influencing bacterial communities in contaminated military sites. These
factors significantly alter bacterial diversity and community structure at military–industrial
sites and ammunition disposal areas [64–66].

The high toxicity of explosive compounds [67,68], coupled with the stability of their
chemical structures and their ability to bind to organic matter in the soil, prevents and
significantly hinders soil restoration efforts [69]. Explosive substances have a significant
impact on plants, and their concentration is directly proportional to consequences such as
delayed seed germination, reduced plant biomass, fertility, anatomical and morphological
aberrations, disruption of biological rhythms, and more [68,70]. Increased sporadic devel-
opment of teratogenesis also occurs, leading to anomalies in photosynthesis processes and
overall organism functioning [71,72].

The soil mesofauna is equally susceptible to the influence of explosive substances and,
in some cases, serves as a better, more indicative biomarker. These organisms accumulate
xenobiotics by directly consuming nutrient substrates and absorbing them through their
surface coverings. Research indicates that Eisenia andrei [73], Enchytraeus crypticus, and
Folsomia candida [74] are sensitive to explosive contamination, with LC50 concentrations
ranging from 143 to 365 mg kg−1, depending on the soil type [75]. Explosive substances
such as trinitrotoluene, hexogen, octogen, and others are not lethal to earthworms; however,
they are known to reduce earthworm biomass and reproductive capacity (leading to
reductions in the number of cocoons and young worms) [74,76,77].

Therefore, the aim of this study is to assess the potential environmental risks to ecosys-
tems arising from soil contamination due to the use of weapons in armed conflicts. Many
aspects of the consequences of military actions still require attention. Specifically, research
is needed on the impact on physical parameters (the granulometric state), chemical param-
eters (concentrations of heavy metals), and biological parameters (the soil microbiome and
mesofauna) in soil systems disrupted by military equipment, which remains on battlefields
in substantial quantities (thousands of tons) and enters ecosystems.

2. Materials and Methods
2.1. Experimental Site and Investigation Design

This study was conducted in the territory of Bohodukhivskyi district, Kharkiv Oblast,
Ukraine, where areas impacted by heavy armored vehicles were identified following
combat operations, located at the following coordinates: a—50◦15′25.2′′ N, 36◦02′12.6′′ E;
b—50◦09′32.0′′ N, 36◦10′46.0′′ E; c—50◦16′58.8′′ N, 36◦04′15.8′′ E (Figure 1). The general
appearances of the fragments of the destroyed vehicles, a T72B3 tank, a T80 tank, and a
thermobaric rocket launcher, i.e., the TOS-1 “Solntsepek”, are depicted in Figure 1a, b, and
c, respectively.
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Figure 1. Map of the studied area (Bogodukhiv district, Kharkiv region, Ukraine) presented as a 
satellite image from Google Earth [78], its location on a map of Ukraine (insert), and images of the 
sample collection places: fragments of a T-72B3 tank (a), a T-80 tank (b) that exploded due to the 
detonation of the ammunition, and a TOS-1 “Solntsepek” thermobaric rocket launcher (c) after the 
detonation of the ammunition due to the impact of cassette ammunition. Red triangles show the 
sampling localities. 

2.2. Description of Sites and Soil Sampling 
Soil sampling was performed according to the standardized methods of the State 

Standard of Ukraine ISO 10381 series [79–89] after each tank fragment was examined sep-
arately. The general approach consisted of collecting soil samples at the explosion sites 
and control samples in an undamaged area (at least 50 m from the epicenter). However, 

Figure 1. Map of the studied area (Bogodukhiv district, Kharkiv region, Ukraine) presented as a
satellite image from Google Earth [78], its location on a map of Ukraine (insert), and images of the
sample collection places: fragments of a T-72B3 tank (a), a T-80 tank (b) that exploded due to the
detonation of the ammunition, and a TOS-1 “Solntsepek” thermobaric rocket launcher (c) after the
detonation of the ammunition due to the impact of cassette ammunition. Red triangles show the
sampling localities.

2.2. Description of Sites and Soil Sampling

Soil sampling was performed according to the standardized methods of the State
Standard of Ukraine ISO 10381 series [79–89] after each tank fragment was examined
separately. The general approach consisted of collecting soil samples at the explosion sites
and control samples in an undamaged area (at least 50 m from the epicenter). However,
there are common features of sample collection in these cases. The most important feature,
in our opinion, is determining where the armored vehicle was detonated. In the area of
the most significant explosion, the largest soil damage areas were visually identified (via
changes in soil color and structure, odor) even after a year of the fragments being in the
detonation site.
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In the detonation areas, vehicles and armor fragments typically have a crater and
are bent towards the detonation site (Figures 2 and 3). An exception was the thermobaric
rocket launcher based on the TOS-1, where fuel tanks were damaged by subsequent rocket
detonation (Figure 3b).
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Figure 3. Images of the damaged transport-loading vehicles: the points of impact on the TOS-1
“Solntsepek” on the upper part of the hull on the left (a) and right (b) sides (the fuel tanks).

Based on these facts about the damage to the vehicles, soil samples were collected
precisely at the points of explosions, which, in our opinion, are the most contaminated
and suffered the greatest damage. Soil sampling was carried out at a depth of 0–20 cm.
As controls (which, in relation to these research samples, are referred to as Controls 1, 2,
and 3), soil samples were taken at no more than 50 m from each object, considering the
local topography.

The investigated soils are classified as Chernic Phaeozems according to the WRB
classification (Table 1).

Table 1. Agrochemical characteristics of the soil in the research area (at a depth of 0–20 cm).

Type of Soil pH Humus, %
Content, mg·kg−1 of Soil

Hydrolysable Nitrogen Active Phosphorus Exchangeable Potassium

Chernic Phaeozems 5.7–6.1 3.4–4.7 35–45 150–200 120–170
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2.3. Soil Sample Characterization
2.3.1. Soil Sample Preparation

The collected soil samples were processed in a laboratory by removing plant residues
and non-natural debris. They were dried in ovens at temperatures not exceeding 40 ◦C.
During the drying process, large clumps were manually broken down [83]. The air-dried
sample was thoroughly mixed, and a portion of the sample was taken for physical analysis
using the quartering method, while the rest was allocated for chemical analysis. For the
determination of mobile compounds of phosphorus, potassium, sulfur, and pH, the samples
were ground and sieved through a sieve with a 1 mm aperture. For the determination
of organic matter carbon, the samples were ground and sieved through a sieve with a
0.25 mm aperture.

2.3.2. Determination of Soil Agrochemical Indicators and Contents of Microelements and
Heavy Metals (HMs)

The pH of the water extract was determined by extracting water-soluble salts from
10 g of air-dried soil (previously ground and sieved through a 1 mm sieve) with 50 cm3 of
distilled water [84]. The suspension was stirred for 5 min, and the pH was measured using
a pH meter after 5 h of settling.

The soil organic matter (SOM) content determination was carried out using the ox-
idometric method [85]. Air-dried soil (0.2 g) samples were crushed and sieved (using a
pore diameter of 0.25 mm) and then treated with 10 cm3 of a chromic mixture for 20 min at
150–160 ◦C. Titration was carried out with a Mohr salt solution in the presence of a 0.2%
solution of phenylanthranilic acid. The organic matter content in the soil was calculated by
multiplying the organic carbon content by a conversion factor of 1.97.

The content of P2O5 and K2O in the soil was determined via spectrophotometry after
extracting phosphorus and potassium mobile compounds from the soil with a solution of
ammonium bicarbonate [86]. The content of potassium was determined using flame atomic
emission spectroscopy.

Mobile sulfur determination was carried out by extracting sulfur compounds from
the air-dried soil sample, weighing 30 g (previously crushed and sieved through a sieve
with a pore diameter of 1 mm), with 75 mL of 1 mol dm−3 of potassium chloride solution;
precipitating sulfates with a precipitating solution (containing 20 g of barium chloride,
60 mL of 1 mol dm−3 hydrochloric acid solution, and 5 g of starch per 1 dm3); and
measuring the optical density of the suspension using a spectrophotometer at a wavelength
of 520 nm [87].

The content of trace elements and heavy metals (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn)
was determined according to a previously published method [88] in a buffered ammonium
acetate extract with a pH of 4.8 using the atomic absorption spectrophotometry method via
a SATURN-4 spectrophotometer (Ukraine).

2.3.3. Determination of the Granulometric Composition of the Soil

To determine the soil’s granulometric composition, at least 100 g of each soil sample
was ground and sieved through a 1 mm hole sieve (considering the methodological aspects
of DSTU 4730-2007) [89] and measured using a Malvern Instruments Mastersizer 3000E
instrument (Westborough, MA, USA). Carbonates were removed with 0.2 mol dm−3 of
hydrochloric acid. Disaggregation was carried out by using 1 mol dm−3 of sodium hydrox-
ide solution. The determination of the particle size of the soil was carried out using the
laser diffraction method via a Mastersizer 3000E particle analyzer produced by Malvern
Instruments (USA) with a HydroEV liquid dispersion module, using the following param-
eters: dispersant–distilled water with a refractive index of 1.33; stirrer speed, 2250 rpm;
background and sample measurement time, 15 s; number of measurements, 6; and mathe-
matical calculation model: Mie theory with a refractive index of 1.40 and an absorption
of 0.01.
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2.3.4. Microbiological Studies of Soil and Emission of CO2

Microbiological Study of Soil Microorganisms

For the microbiological analyses, we selected the soil samples from each variant of
the experiment and an abandoned field in a test with 5-fold replication and prepared an
average sample. Batches of 10 g each were put on sterile mortar, and then the microor-
ganisms were separated from the soil particles using a previously published method [90].
Tenfold solutions of the soil suspensions were prepared, which were used for inoculations
in the media selected for each ecological-trophic or taxonomic group of microorganisms.
The quantitative amounts of the microorganisms of the main ecological-trophic and taxo-
nomic groups in soil were as determined using a method consisting of inoculating the soil
suspension with standard growth media, which is generally accepted in soil microbiology
and described as follows: all the microorganisms were inoculated on peptone–glucose
agar (PGA) with soil extraction, bacteria that use organic nitrogen (Norg) were inoculated
onto meat infusion agar (MIA), streptomyces and bacteria that use mineral nitrogen (Nmin)
were inoculated on starch-and-ammonia agar (SAA), all pedotrophs were inoculated on
soil agar (SA), nitrogen-fixing microorganisms were inoculated on the non-nitrogenous
media developed by Ashby and Vinogradsky, oligotrophs were inoculated on purified agar
(PA), and micromycetes were inoculated on Czapek–Dox agar. After the inoculation of the
media, the bacteria were incubated at a temperature of 28 ◦C for 5–14 days. The colonies
that grew in these media were counted under the assumption that each colony originated
from a single viable cell. The number of microorganisms grown on the nutrient media was
expressed in Colony-Forming Units (CFU) per gram of dry soil. For this purpose, we deter-
mined the moisture of the soil samples for the experiments using thermostat-gravimetric
analysis and recalculated the obtained number of colonies, taking into consideration the
coefficient of moisture and the solution of the soil suspension. The inoculations were
repeated three times, and the resulting data were analyzed using statistical methods. A
confidence interval was calculated for the number of microorganisms to ensure the results
were reliable and accurate.

The taxonomic structures of the microbial communities were determined as a percent-
age of taxa: bacteria, streptomyces, and micromycetes [91,92].

Direction of the Soil Microbiological Process

The direction of microbiological processes in the soil was determined using the appro-
priate coefficients [92] (Equations (1)–(4)):

− The coefficient of mineralization (Kmin) was calculated using the ratio

Kmin =
CSAA
CMIA

, (1)

where CSAA is number of microorganisms immobilizing the mineral forms of nitrogen, and
CMIA is the number of organotrophs;

− The coefficient of oligotrophity (Kol) was calculated as the ratio

Kol =
CPA

CSAA + CMIA
, (2)

where CPA is the number of microorganisms that are able to absorb nutrients from very
rarefied solutions over the total number of eutrophic microorganisms, CSAA and CMIA;

− The coefficient of pedotrophity (Kped) was calculated as the ratio

Kped =
CSA

CMIA
, (3)

where CSA is the number of pedotrophic microorganisms and CMIA is the number of
microorganisms using organic nitrogen;
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− The coefficient of the transformation of organic matter (Ktom) was calculated using
the following equation:

Ktom = (CMIA + CSAA)×
CMIA
CSAA

. (4)

Diversity of Soil Microbiomes

The diversity of soil microbiocenosis was calculated according to the Shannon index
and the Simpson index (Shannon index, Simpson’s index) [93].

Content of Total Microbial Biomass (Cmic)

The content of general microbial biomass (Cmic) in the soil was determined using
the rehydration method through the gentle drying of soil samples at a temperature of
65–70 ◦C over 24 h with further extraction with 0.5 mol dm−3 K2SO4 solution [94,95].
The content of carbon of the organic compounds in the soil (Corg) was calculated with
consideration of humus content using a 1.724 coefficient, accepting that humus is 58%
carbon on average [85].

Emission of CO2

Determination of the production of CO2 by the soil was carried out under laboratory
conditions (temperature, 24–25 ◦C; moisture, 60% of total capacity; incubation time, 24 h)
using the adsorption method (after alkaline adsorption) and the titration method with an
HCl solution [96,97].

2.3.5. Soil Toxicity

The toxicity of the soil was determined under laboratory conditions using test cultures,
namely, Raphanus sativus and Lepidium sativum [98]. This study was conducted six months
after combat had taken place. Only untreated seeds with germination abilities greater
than 90% were used in this test. Twenty seeds were sown in each pot (containing 10 g of
soil). The soil was watered with distilled water; the soil moisture level was determined
to be 40%. Each sample was prepared in five replicates. This experiment was carried out
in a plant growth chamber at a temperature of 21 ◦C/18 ◦C (day/night). Air humidity
in the chamber was kept at 80%; light intensity was 25,000 lm m−2 surface in an hourly
cycle of 14/10 (day/night). Seven days after the beginning of the test, germinated seeds
were counted in each sample. Subsequently, the five most representative seedlings in each
sample were selected, and the remaining seedlings were removed. After 14 days, plants
were collected, the lengths of shoots and roots were measured, and the biomass of fresh
shoots was weighed.

Acute earthworm toxicity tests were conducted according to standard DSTU ISO
11268-1:2003 Soil quality [99]. Effects of pollutants were tested on earthworms (Eisenia
fetida). Plastic pots were filled with 500 g of contaminated soil, and the moisture level was
maintained at 40% using a manure-and-water solution (with manure serving as food for
the earthworms). Control samples, which were not spiked, consisted of soil with manure
and water solutions. Each sample was prepared in five replicates. Ten washed earthworms
were introduced into each container, which were then covered with gauze to prevent the
earthworms from escaping.

The test was conducted for 10 days at room temperature and in stable soil mois-
ture conditions. After 10 days, living organisms were counted (constituting a mortality
assessment) and weighed (to determine the effect of chemicals on the biomass).

Toxicity endpoints such as LC50 were calculated using the linear regression best-fitting
model. Statistically significant differences between the results were evaluated based on
determining the standard deviation (p ≤ 0.05).

2.3.6. Statistical Analysis of Data

The experimental results were statistically analyzed using Statistica 10 software. The
tests were performed in 5 repetitions. Mean values (x) and their standard deviations (SDs)
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were calculated. The level of significance selected for the study was p < 0.05. Dispersion
analysis and the Tukey test were used to compare the averages of the independent samples.

3. Results and Discussion
3.1. Destroyed Heavy Armored Vehicles Act as a Factor Influencing Soil Ecosystems

During military operations, a significant amount of military and special equipment, as
well as the remnants of ammunition, including unexploded ordnance, are left on the battle-
field. According to current data from WarSpotting [100], hundreds of units of destroyed
military equipment remain in combat zones and liberated territories, posing environmental
hazards [6,9,12,101,102]. Current statistics indicate that the armed forces of Russia and
Ukraine use tens of thousands of projectiles daily, resulting in the destruction of military
equipment and military and civilian objects and generating a large amount of solid/liquid
waste derived from ammunition in cultivated soil systems [103,104]. The Ministry of
Defense of Ukraine is gradually removing these fragments from the battle sites without
documenting the impact locations, creating a future risk for the agricultural sector.

The cumulative impact of fragments from destroyed military equipment, ammuni-
tion residues, and fuel and lubricant materials, along with the burning processes, inflicts
multifaceted damage to the soil system, directly and indirectly leading to local and global
pollution and a loss of soil resources [32,105].

Based on an analysis of available scientific publications and the authors’ extensive
experience, a cause-and-effect diagram of the impact of destroyed heavy armored vehi-
cles on the soil has been developed, illustrating potential global ecological consequences
(Figure 4).
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3.2. Effects on Soil Chemistry

The results indicate changes in the chemical properties of the soil in the areas in which
detonation has occurred and where military equipment debris is present (Table 2).

Table 2. Agrichemical indicators of soil in the zones of detonation and burning of heavy armored
vehicles.

Samples pH Organic Carbon, % Humus, %
Content, mg·kg−1 of Soil

P2O5 K2O S

Control 1
(for T72B3 tank) 7.19 4.34 2.52 24.27 171.11 0.50

Fragments of T72B3
(bottom) 7.00 4.70 2.73 18.09 337.40 14.17

Tank T72B3
(stern) 6.46 5.06 2.94 55.88 301.25 32.50

Control 2
(for tank T80) 7.14 4.70 2.73 41.45 277.15 2.83

Fragments of T80
(bottom) 7.47 4.29 2.49 24.50 180.75 158.46

Control 3
(TOS-1 “Solntsepek”) 8.07 3.86 2.24 19.01 207.26 3.41

Fragments of
TOS-1 “Solntsepek” 7.46 14.27 8.28 45.11 277.15 56.18

Note: Data are statistically significant (p < 0.05).

Changes in the content of phosphorus and potassium were detected (Table 2). Upon
comparing Control 1 (T72B3) with the site of the soil affected by the fragments of a T72B3
(bottom), it was observed that phosphorus levels decreased 1.34-fold, and potassium levels
increased 0.5-fold. Similar changes occurred at the site of the impact on the T72B3 tank
(stern) at the location of the engine and transmission: phosphorus levels increased 0.43-fold,
and those of potassium increased 0.56-fold. Another object of study, the T80 tank, shows
a 1.69-fold decrease in phosphorous and a 1.53-fold decrease in potassium compared to
Control 2. The fragments of the TOS-1 “Solntsepek” indicated a 0.42-fold increase in
phosphorus and a 0.74-fold increase in potassium.

All these changes are not anomalous and are quite typical of soil properties, indi-
cating fluctuations in phosphorus from the average content (16–30 mg kg−1) or that for
the control for the T72B3 tank to a high phosphorus content (31–45 mg kg−1). Similar
conclusions can be arrived at for potassium, showing an increase from the average value of
the Control, 1–171.11 mg kg−1 (corresponding to an average content of 101–200), to a high
content of 337.4 mg kg−1 (corresponding to a high potassium compound content equal
to 301–400 mg kg−1). One can assume that based on indicators such as phosphorus and
potassium, the soil received such “fertilizers” and improved its condition.

Changes in organic matter in all the research samples practically did not occur and
fluctuated from elevated levels of 3.1–4.0% (Control 3) to high levels (4.1–5.0%) for the frag-
ments of the T72 (bottom, stern), the fragments of the T80 (bottom), and their controls. The
fragments of the TOS-1 “Solntsepek” represent an anomaly in these soil samples, wherein
the organic matter is 8.28%, which is practically never encountered in soils under natural
conditions in Ukraine. These changes and fluctuations indicate the different chemical
natures of the substances that were in these armored vehicles at the time of the explosion.

Significant changes in mobile sulfur content were observed for all the samples. In
the control samples, the mobile sulfur content did not exceed 3.4 mg kg−1, while in the
samples taken at the sites of armored vehicle explosions, it increased by 16.5–65.0-fold. In
the authors’ opinion, this increase in mobile sulfur content is associated with the acceler-
ation of mineralization due to the increase in soil temperature during the explosion and
burning of armored vehicles. Another source of sulfur is tank fuel, which contains sulfur-
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heterocycles [106]. The gross sulfur content in chernozem soils is 0.2–0.5% on average, so
this increase does not exceed the gross content. According to regulatory documents [107],
the maximum permissible concentration (MPC), considering the background (clarke) for
sulfur, is 160.0 mg kg−1. Thus, according to our data, there is no exceedance, but sulfur,
which is present in the products of burning technology, may be partially present in an insol-
uble state, and it is also present in fuel and lubricants (in organic form) and not determined
or considered when entering the soil. Therefore, over time, this “reserve” may lead to the
exceedance of permissible norms.

During the analysis of the collected samples for their content of microelements and
heavy metals, it was found that at the sampling site (bottom) for the T72B3, there was an
exceedance of MPC for elements such as Cd (8.5 times), Cu (4 times), Pb (38.9 times), and
Zn (7.4 times) (Table 3). There was also an increase in the background content, specifically
for the following elements: Cr, 2 times; Ni, 2.7 times; Fe, 151 times; and Co, 174 times. In
the soil at the site of the wreckage of the T72B3, there was no exceedance of the MPC, but
there was an increase in the background content: Cr, 4.6 times; Ni and Pb, 5.6 times; Fe,
10.5 times; Cu, 19 times; Co, 76 times; and Zn, 605.5 times.

Table 3. Reference values of concentrations of heavy metals in the studied soil (average values) for
the studied metals.

Samples
Concentrations of Heavy Metals, mg·kg−1

Cd Co Cr Cu Fe Mn Ni Pb Zn

Control 1 (for the T72B3) 0.44 0.01 0.86 0.01 1.00 13.64 0.65 0.80 0.02
Fragments of T72B3 (bottom) 5.95 0.87 1.74 13.13 151.08 132.29 1.76 233.22 170.43
T72B3 (stern) 0.35 0.38 4.01 0.19 10.47 234.68 0.19 4.46 12.11
Control 2 (for the T80) 1.10 1.26 0.50 0.53 3.77 26.12 1.43 4.76 1.63
Fragments of the T80 (bottom) 1.65 1.76 3.91 1.09 5.28 24.40 3.03 472.89 14.25
Control 3 (TOS-1 “Solntsepek”) 0.15 0.59 0.17 0.57 1.50 12.52 0.65 0.08 0.27
Fragments of the TOS-1 “Solntsepek” 0.22 4.88 0.31 0.74 31.31 142.30 0.90 4.35 33.34
Threshold limit value (TLV) 0.70 5.00 6.00 3.00 - 140.0 4.00 6.00 23.00

Note: Data are statistically significant (p < 0.05).

In the study of the soil samples from under the wreckage of the T80 tank, it was found
that the exceedance of MPC for Pb was equal to 78.8 times (Table 3), and there was also an
increase in background content for Fe and Co (1.4 times), Cd (1.5 times), Ni (2.1 times), Cr
(7.8 times), and Zn (8.7 times).

In the investigation of the soil under the wreckage of the TOS-1 “Solntsepek”, it was
found that the exceedance of MPC for Zn was 1.4 times the threshold, and there was
also an increase in the background content: Cu—1.3 times, Ni—1.4 times, Cd—1.5 times,
Cr—1.8 times, Co—8.3 times, Fe—20.9 times, and Pb—54.4 times (Table 3).

The highest level of soil contamination was noted for Pb, Zn, and Cd, with the highest
concentrations of cadmium, lead, and zinc being observed in the soil at the bottom of
the T72B3 tank. Based on the obtained data, the contamination impacts of the destroyed
vehicles (tanks) on the soil have the following distribution: Pb > Zn > Cd > Cu.

3.3. Changes in the Granulometric Composition of the Soil

When projectiles strike and armored vehicles are destroyed, mechanical and physical
damage to the soil occur. To determine the nature of mechanical damage to the soil, changes
in the granulometric composition of the soil were investigated (Table 4).
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Table 4. The granulometric composition of the soil.

Samples
The Content of Particle Size Fractions, %

Class of Soil
2.0–0.05 mm 0.05–0.002 mm <0.002 mm

Control 1 (for T72B3 tank) 8.39 41.75 49.86

Silty clayMin/Max 7.98/8.80 41.12/42.38 49.14/50.58
SD, ± 0.41 0.63 0.72
Error, % 4.88 1.50 1.44

Fragments of T72B3 (bottom) 15.53 43.28 41.19

Silty clayMin/Max 14.8/16.26 42.64/43.92 40.44/41.94
SD, ± 0.73 0.64 0.75
Error, % 4.72 1.48 1.82

Tank T72B3 (stern) 10.73 46.69 42.58

Silty clayMin/Max 10.21/11.25 46.12/47.26 41.87/43.29
SD, ± 0.52 0.57 0.71
Error, % 4.89 1.23 1.66

Control 2 (for tank T80) 8.79 44.64 46.57

Silty clayMin/Max 8.37/9.21 43.94/45.34 46.05/47.09
SD, ± 0.42 0.7 0.52
Error, % 4.78 1.56 1.12

Fragments of T80 (bottom) 13.21 44.03 42.75

Silty clayMin/Max 12.57/13.85 43.34/44.72 42.13/43.37
SD, ± 0.64 0.69 0.62
Error, % 4.82 1.57 1.76

Control 3 (TOS-1 “Solntsepek”) 29.06 38.02 32.92

Clay loamMin/Max 27.67/30.45 36.98/39.06 31.95/33.89
SD, ± 1.39 1.04 0.97
Error, % 4.80 2.73 2.95

Fragments of TOS-1 “Solntsepek” 35.96 33.09 30.95

Clay loamMin/Max 34.84/37.08 32.42/33.76 30.33/31.57
SD, ± 1.12 0.67 0.62
Error, % 3.11 2.04 2.00

Note: Data are statistically significant (p < 0.05). SD—standard deviation.

In all the samples studied, there were slight changes in the granulometric fractions at
the sites of explosions and burning of the machinery. The burning of the machinery led to
an increase in the sand fraction (2.0–0.05 mm) by 1.2–1.8 times and a decrease in the clay
fraction (<0.002 mm) by 1.1–1.2 times. These changes did not result in a modification of
the soil class based on the granulometric composition, so they will not significantly impact
the soil’s air–water balance. In our opinion, the increase in the sand fraction (2.0–0.05 mm)
and the decrease in the clay fraction (<0.002 mm) are associated with the entry of fuel and
lubricants into the soil during the explosions, leading to the partial cementation of particles.

3.4. Changes in the Microbiological Status of the Soil

Research on the soil microbiome under the influence of military actions (regarding
various forms and types of turbulence, emissions of potentially toxic elements, pyrolysis,
etc.) is currently especially important, as soil microorganisms constitute a significant part
of any ecosystem and are highly sensitive to anthropogenic stress. The qualitative and
quantitative compositions of soil microorganisms are indicators of environmental pollution,
reflecting the ecological consequences of various factors, including military actions. Study-
ing soil microbial diversity, through the identification and counting of morphocultural
types of ecologically trophic groups in areas affected by military activities (in this case, due
to the burning and explosion of the ammunition of a T72B3 tank), revealed that such factors
contributed to changes in the structures of indigenous microbial communities, leading
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to significant alterations in their functioning. Conversely, significant fluctuations in the
structures of microbiocenoses in soils of natural ecosystems were not observed.

It was found that the number of ammonifiers in the soil samples significantly affected
by thermal, physical, and chemical factors increased demonstratively (by 10.3 times, on
average) compared to the control sample taken from an agroecosystem (the field was
not under cultivation during the military actions) (Table 5). This indicates the presence
of stressful conditions, such as contamination with various organic and inorganic toxic
compounds, and, as a result, the adaptation of microorganisms to these conditions and the
performance of the function of organic compound transformation.

Table 5. Total pool of microorganisms in soil.

Samples
Number of Microorganisms, ×106 CFU g−1 of Soil

Ammonifiers Streptomycetes Bacteria Utilizing
Mineral Nitrogen Oligotrophs Pedotrophs

Control 1 Natural
ecosystems (fallow land) 4.00 ± 0.01 0.67 ± 0.06 19.33 ± 0.72 204.00 ± 0.02 30.67 ± 0.10

Control 2 Agroecosystem
(arable soil) 19.00 ± 0.02 1.00 ± 0.01 42.67 ± 0.51 181.00 ± 0.43 58.67 ± 0.13

Tank T-72B3
(bottom) 56.00 ± 0.05 0.67 ± 0.06 28.00 ± 0.73 291.33 ± 1.21 91.33 ± 0.09

Tank T-72B3
(stern) 45.00 ± 0.04 4.33 ± 0.30 12.33 ± 0.24 298.00 ± 0.14 93.33 ± 0.11

Tank T-72B3
(stern + 3 m) 29.33 ± 0.04 5.00 ± 0.18 152.67 ± 1.59 301.33 ± 0.44 95.00 ± 0.29

Note: Data are statistically significant (p < 0.05); x ± SD, n = 10.

Alongside ammonifiers, with an increase in the distance from the epicenter of the
explosion and the destruction of heavy armored vehicles, a significant increase in the
number of actinomycetes was observed. Actinomycetes play an active role in the synthesis
of biologically active substances, indicating the soil ecosystem’s activity in self-regulation
and environmental purification with respect to toxic substances.

However, the presence of nitrogen-mineralizing bacteria was reduced in the soil
contaminated as a result of the explosion and subsequent pyrolysis of the T72B3 tank
and its ammunition. Their quantity was inversely proportional to their distance from the
explosion’s epicenter (r = 0.86), which can be explained by the significant changes in the
physical and chemical parameters of the soil (Table 5). Additionally, at a distance of 4 m
from the explosion’s epicenter, a high number of nitrogen-mineralizing bacteria were found.
Although the increase in this group of bacteria indicates their stability, the resilience of
the agroecosystem, and soil fertility, in this case, the presence of such a large number of
microorganisms in this group suggests that there are many sources of organic matter in
this area. Considering the near absence of plant cover, it can be assumed that xenobiotics
are the source of organic matter. There was also a significant increase in the number of
oligotrophs and pedotrophs, indicating the activation of self-regulation, self-reproduction,
and purification processes with respect to chemical substances.

Furthermore, it has been demonstrated that a significant change in the dominant
microbial species occurred in almost all the ecological-trophic groups. The dominant micro-
biota in the soil contaminated due to the pyrolysis of heavy armored vehicles along with
their ammunition included Proteobacteria (15.2–67.3%), Bacteroidetes (3.8–59.2%), Firmicutes
(1.0–25.8%), and Actinobacteria (0.2–11.5%).

It is important to emphasize that statistically significant increases in the quantity
of micromycetes in the soil at the epicenter of the explosion and subsequent burning
of the ammunition at a distance of 4.5 m were established: 20.5 times and 7.7 times,
respectively (Figure 5). The number of colony-forming units (CFUs) of micromycetes in the
soil at the explosion’s epicenter was 206.3 thousand CFU/g; at a distance of 2 m, it was
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114.3 thousand CFU/g; and at 4 m away, it was 77.3 thousand CFU/g. It should be noted
that in the control samples, the quantities ranged from 5.6 to 10.3 thousand CFU/g. Such a
significant increase in the number of micromycetes indicates the presence of a large amount
of organic matter, along with hydrocarbon metabolism, nutrient cycling, and interaction
with plants and other microorganisms.
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The research conducted on the biodiversity levels in the selected soil samples affected
by military actions indicates different levels of biodiversity depending on the type of the
studied object. The high Shannon index value for the control sample indicates significant
diversity in natural ecosystems, while lower values were observed in agrocenosis. Despite
the higher quantity of microorganisms, the biodiversity of soil affected by heavy armored
vehicles and the products of their combustion decreases. The Simpson index also indicates
the degree of species evenness, where low values signify higher diversity. We have proven
that despite the increase in the number of microorganisms in the soil due to the detonation
of heavy armored vehicles and the combustion of their products, there was a significant
reduction in the level of microbial species diversity (Table 6).

Table 6. Diversity of microbial communities in the soil.

Samples Shannon (H) Simpson (D)

Control 1 Natural ecosystems (fallow land) 5.45 ± 0.04 0.02 ± 0.005
Control 2 Agroecosystem (arable soil) 3.29 ± 0.05 0.15 ± 0.004
Tank T-72 (bottom) 1.9 ± 0.02 0.28 ± 0.009
Tank T-72 (stern) 2.1 ± 0.08 0.24 ± 0.004
Tank T-72 (stern + 3 m) 2.5 ± 0.06 0.21 ± 0.005

Note: Data are statistically significant (p < 0.05); x ± SD, n = 10.

The determination of the coefficients for the interaction of organic matter with soil and
its mineralization showed that the processes of organic matter’s decomposition and transi-
tion into a mineral form in the soil at the epicenter of the T72B3 tank and its ammunition
explosion were slower compared to that of the control sample. However, at a distance of 4
m from the epicenter, these processes occurred quite intensively and even surpassed the
levels of the same processes in the natural ecosystem (Table 7). Nevertheless, the level of
biological activity and the availability of nutrients in such soil (as shown by the oligotrophy
coefficient) were reduced, indicating that these soils lose their properties as living matter
and nutrients transition into a form that is inaccessible to living organisms.
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Table 7. Direction of microbiological processes in soil.

Samples
Coefficient of

Mineralization,
Kmin

Coefficient of
Oligotrophity,

Kol

Coefficient of
Pedotrophity,

Kped

Coefficient of
Transformation

of Organic
Matter, Ktom

Control 1 Natural ecosystems (fallow land) 4.83 8.74 1.59 112.7
Control 2 Agroecosystem (arable soil) 2.25 2.93 1.37 138.5
Tank T-72B3
(bottom) 0.50 3.47 3.26 42.0

Tank T-72B3
(stern) 0.27 5.20 7.56 15.7

Tank T-72B3
(stern + 3 m) 5.20 1.66 0.62 147.2

Note: Data are statistically significant (p < 0.05).

While investigating the pedotrophy coefficient, it was observed that the soil microor-
ganisms at the epicenter of the explosion and burning products, as well as those within a
radius of no more than 2 m, exhibited a relatively high level of activity and adaptation to
environmental conditions.

The coefficient of organic matter transformation indicates the efficiency of processes
transforming organic substances in soil. It was established that in the soils affected by the
explosion and burning products, the transformation of nutrients occurred at a slower pace,
which, in our opinion, was caused by the extensive contamination with toxic substances,
heavy metals, etc. The parallel accumulation of organic matter will likely contribute to the
development of various negative impacts on ecosystems in the future.

The burning of heavy armored vehicles, along with their ammunition, can have a
pronounced effect on the microbial biomass of the soil. However, the measurements did
not confirm significant changes in the control variant (agroecosystem) and in the presence
of military equipment at the explosion epicenter (Figure 6).
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Our research on soil carbon dioxide emission (Figure 7), influenced by the pyrolysis
of the T72B3 tank’s ammunition, demonstrates that CO2 emission is closely related to
the total soil microbial biomass. This is indicated by a significant directly proportional
correlation coefficient between these indicators in the soil of the natural ecosystem (Control
1, R = 0.82) and in the soil of the agroecosystem (Control 2, R = 0.95). However, in the soils
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that underwent pyrolysis with the release and transformation of various toxic elements, an
inversely proportional correlation between CO2 emissions and the total microbial biomass
was observed. This is evidenced by the R value of −0.79 at points distant from the epicenter
of the explosion and burning and of −0.93 at the epicenter. This inverse correlation
analysis suggests that a significant portion of CO2 emissions in such soil occurs not due
to the ecotrophic activity of microorganisms but rather through so-called “heterotrophic
respiration”, as confirmed by other researchers [69,108].
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ammunition on soil respiration.

We established that the pyrolysis of the T72B3 tank along with its ammunition stim-
ulated the release of carbon dioxide from the soil. However, it is currently not possible
to reliably determine whether heterotrophic or autotrophic respiration predominates at
this stage of soil functioning or which will prevail in the future. In our opinion, additional
research is needed to accurately determine the predominant mechanisms and interactions
between heterotrophic and autotrophic respiration under the influence of pyrolysis to
obtain a deeper understanding of soil self-renewal and self-regulation in the future.

3.5. Assessment of Soil Phytotoxicity and Changes in the Soil Mesofauna

Currently, phytotoxicity is assessed using various parameters, such as the seed germi-
nation rate, plant biomass, and root growth. Research on areas affected by heavy armored
vehicles, explosions, and the pyrolysis of both equipment and its ammunition, as well as
the introduction of colossal amounts of chemical substances into the soil, has revealed
significant areas of seed germination inhibition for both wild and cultivated plants in areas
affected by this technology. A similar phenomenon of high soil toxicity due to explosive
substances (TNT, RDX, and HMX) has been reported in previous studies [55,109]. Synergis-
tic effects of explosive mixtures have been identified, and it has been established that the
toxic effects depend not only on the concentration of explosive substances but also on the
soil type.

In assessing the impact of contamination via the burning and explosion of the T72B3
tank’s ammunition on soil phytotoxicity, a zone of complete toxicity (100%) was identified
at a distance of 1.5 m from the center of impact. At a distance of 1.6–4.5 m from the
epicenter of the explosion, pioneer plant populations were observed after a six-month
recovery period, showing a patchy character. The phytotoxicity of this zone ranged from
96.2 to 81.5%. Only at a distance greater than 5 m was the absence of phytotoxicity observed,
with the colonization of agrocenoses by diverse types of vegetation (Figure 8).
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Samples of soil contaminated with explosive substances and those subjected to py-
rolysis processes were further investigated in regard to the inhibition processes of plant
bioindicators (Raphanus sativus and Lepidium sativum), their biomasses, and roots. It was
found that soil samples from the epicenter of the T72B3 tank were extremely toxic, as
neither Raphanus sativus nor Lepidium sativum germinated. The soil collected at a distance
of 2 m from the epicenter was characterized as inhibitory, as only 85.1% of Raphanus sativus
and 81.2% of Lepidium sativum germinated, with a significant loss of their biomasses and
root systems. Our results for the phytotoxicity assessment are consistent with the findings
of other researchers [55,68,69]. Additionally, it has been demonstrated that the particular
plant species also influences the sensitivity of soil to a complex of explosive substances [110].
Similar studies have been conducted on Lepidium sativum, Brassica rapa, Avena sativa [111],
Lolium perenne, and Medicago sativa [71].

The next stage of our work involved studying the response of soil biota (using Eisenia
fetida as an example) to the selected soil samples. The test was considered valid since
no mortality was observed in the control group (48 h), and the decrease in the average
body weights of the earthworms in the control group was 1.6%, which corresponds to
international standards [112]. Laboratory studies revealed that soil samples from the
epicenter of the explosion and its vicinity, up to a distance of 4.5 m, significantly affected the
activity and behavior of the worms. Out of the 50 individuals introduced into the substrate
for each repetition of the variant over 120 h (5 days), 94.9% mortality of Eisenia fetida was
observed. The surviving individuals showed signs of growth inhibition, confirmed by
statistical errors. It is also worth noting that Eisenia fetida exhibited signs of acute toxicity
upon contact with soil samples on the skin, manifesting physiological (loss of fluid, a
filamentous appearance, disruption of the clitellum) and behavioral changes (Table 8).

It is known that various toxic substances, as well as heavy metals (including Zn,
Cu, Pb, and Cr) [113], affect the growth, development, and reproductive function of
earthworms [114,115]. Lukkary et al. have demonstrated that there is a direct proportional
relationship between pollutant concentration and distance from the source. Key indicators
such as biomass, survival, and diversity are crucial for assessing toxicity [116].
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Table 8. The impact of burning and the explosion of the ammunition of the T72B3 tank on soil toxicity
as determined using the test object Eisenia fetida.

Time,
Hours

Number of Individuals

Control Epicenter of the
Explosion

2 m from the
Epicenter of

the Explosion

4 m from the
Epicenter of

the Explosion

24 49.5 2.6 3.1 5.6
48 49.2 1.5 2.9 5.6
72 49.2 1.1 2.9 5.6
96 49.2 0 2.5 5.6

120 49.0 0 0.5 5.5

Toxicity, % - 98.9 95.2 88.6
Note: Data are statistically significant (p < 0.05).

The entry of various toxic substances into the soil, even in the smallest concentrations,
induces various behavioral reactions in earthworms [114]. They demonstrate the ability to
detect and avoid contaminated areas and show various morphological changes (twisting,
slowing down and speeding up movements, spiralization, body shortening, and an in-
crease or reduction in preclitellar growth) [117]. Researchers have reported that an increase
in the content of Cu, Ni, and Cd in soil causes morphological changes (ulcers, vesicles,
segmentation, fragmentation, and swelling of cells) in A. chlorotica [118]. Some studies
showed that earthworms not only react to the influence of pollutants but also have the abil-
ity to develop protective mechanisms against adverse environmental conditions [118–120].
The entry of various toxic substances into soil, even in minimal concentrations, triggers
different behavioral reactions in earthworms [114]. Earthworms exhibit the ability to detect
and avoid contaminated areas, and they display a range of morphological changes such
as twisting, altering movement speed, spiralization, body shortening, and the swelling
or shrinking of the preclitellar region [117,121]. These responses highlight the potential
of earthworms as bioindicators for soil health and the importance of monitoring and
mitigating soil contamination.

4. Conclusions

It was established that the tanks with diesel engines, such as the T72B3 and the ther-
mobaric rocket launcher TOS-1 “Solntsepek”, cause the greatest contamination. The T-80
tank, featuring a gas turbine engine, has a relatively smaller impact on the soil. Considering
that the areas affected by armored vehicles are usually located on agricultural land, there is
a need for their mandatory monitoring and scientific support for further reclamation.

The highest soil pollution levels were noted for Pb, Zn, and Cd. According to the
obtained data, the contamination effects of tanks on soils have the following distribution:
Pb > Zn > Cd > Cu.

In all the studied samples, insignificant changes in granulometric fractions occurred at
the explosion and burning sites of the vehicles. Burning vehicles led to an increase in the
sand fraction (2.0–0.05 mm) by 1.2–1.8 times and a decrease in the clay fraction (<0.002 mm)
by 1.1–1.2 times. The impact of thermal, physical, and chemical effects on the soil ecosystem
caused by the explosion and pyrolysis of armored vehicles has been thoroughly studied.
The results of this study show a significant increase in the quantities of micromycetes,
pedotrophs, and oligotrophs, indicating contamination with various organic and inorganic
toxic compounds. These stress conditions led to the active adaptation of microorganisms
and their involvement in the transformation of organic residues.

It has been proven that explosions and pyrolysis of armored vehicles have a significant
impact on soil mesobiota (with toxicity for soil worms at a level of 94.9% mortality over 5
days) and plants (soil phytotoxicity—99.8%). Thus, the obtained results indicate there are
complex interactions between various factors in the soil environment after an explosion,
which can cause unpredictable changes in the structure and function of microbial commu-
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nities and mesofauna. Further research into these processes is crucial to attain a deeper
understanding of their impacts and potential consequences for the environment.
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