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Environmental damage to Ukraine from the full-scale aggression of the Russian Federation
amounts to almost 2 trillion. hryvnias, some of the natural resources have been lost forever,
the Minister of Environmental Protection and Natural Resources of Ukraine. In 2021, about
2 tons of toxic substances were released into the atmosphere. During the six months of the war in
Ukraine in 2022, emissions into the atmosphere will amount to 46 million tons. The war poisoned
a large part of the Ukrainian land. The damage caused by soil pollution is estimated at 18 billion
dollars. According to the UN, Ukraine is one of the most mined countries in the world (almost
15% of the total area). Demining of this territory or detonation of mines will also lead to soil
and groundwater contamination. During the explosion, fragments of projectiles containing
impurities of cast iron, iron, carbon, sulfur and copper enter the environment and can lead to
soil and underground water pollution. Mining of agricultural lands is a separate danger — soil
contamination can lead to the fact that it will not be possible to grow anything in these territories
for some time. And since we are an agrarian country and we are quite dependent on cultivation on
our lands, this will also affect the food security of Ukraine and the world. Significant territories
of Ukraine are polluted with organic substances in the composition of petroleum products,
solvents, antifreeze, etc. These include paraffins, naphthenes, aromatic compounds (benzene,
toluene, ethylbenzene, xylene), polycyclic hydrocarbons (naphthalene, perylene), halogenated
hydrocarbons, dichloroethane, chloroform, chlorobenzene, organic solvents, surfactants, synthetic
phenols, dioxins, and others. This happens during repairs, refueling of military equipment in
the field, in places where fuel and lubricants are stored, during bursts of oil pipelines, hitting oil
depots. Getting into the soil, these substances disrupt its structure and gas exchange processes,
prevent the absorption of moisture, creating conditions unsuitable for the life of plants, animals,
and microorganisms.
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Ilapaxuenxo B.I., 3aooposcna O.M., Jlaxosecoka H.O., bnazononyuna A.I. Exonoziuna
OUiHKa XIMIUHO020 3a0PYOHEnHA 2PDYHMIE 6HACTIOOK GIllHU

Exonociuni 30umku  Yxpainu 6i0 noswomacwumadbnoi acpecii P® cmanosnsms mationce
2 mpan. 2pH., Hacmumny RPUPOOHUX PECYPCi6 6MPAYEHO HA3ABHCOU, NOGIOOMUE MIHICTP 3aXucty
006K Ma NPUPOOHUX pecypcie Yipainu. 3a 2021 pik 6 amzvzocd)epy BUKUHYIU OIUZLKO 2 MOHH
moxcuunux pevosun. 3a nispoxy eitnu 6 Yipaini y 2022 poyi uxuou 6 ammocgpepy cmanosisme
46 man moun. Bitina ompyina 3nauny yacmuny ykpaincokoi 3emai. [llkooa, 3aédana 3a6pyoHen-
HAM IpyHmis, oyinoemscs y 18 mapo.donapis. 3a oanumu OOH, Ykpaina € oouicio 3 nabinbus
3aMiHO8aHUX Kpain y ceimi (matiice 15% 3azanvnoi nnowi). Posminysanns yiei mepumopii abo
demoHayis MiH mexc 6yoe npuzeooumu 00 3a0pyOHeH s IPYHmMie i IpyHmosux 600. 1110 uac eubyxy
V 006KILIsL NOMPANIAIOMb VIAMKU CHAPAOI8, AKI MICMAmMb OOMIWKU YABYHY, 3ai3d, 8y2leylo,
CipKu ma mioi, i MOX*Cymb npu3600Ums 00 3a0PYOHEeHHs IPYHMOSUX i niozemHux 600. Okpemy
HeDe3neKy cmanosumy 3amMiHy8aHHs CiIbCbKO2OCNOOAPCHLKUX Y2i0b — 3a0pYOHEHHs 3eMli MOodice
npusgecmu 00 Mo2o, Wo 0eAKUU 4ac HA Yux mepumopisx He MOXCHA Oy0e HiY020 8UpPouysamu.
A OcKinbKu 6 HAC azpapHa Kpaina i Mu 00CUmy 3a1eXHCHI 8I0 GUPOULYBAHHS HA HAWUX 3eMSX, MO
ye maxodic byoe enausamu Ha npo0ogonvyy beznexky Yrkpainu ma ceimy. 3uauni mepumopii Yxpa-
iHU 3a6pYOHeHi OpeaHiUHUMU PEHOBUHAMU Y CKILAOT HADMONPOOYKMIE, CONbEEHMIB, AHMUPDPU3IE
mowjo. /o nux nanexcamo napaginu, Hagpmenu, apomamuyni cnoayku (0eH301, Moyon, emun-
Oen301, KCUNOT), NONIYUKTIUHI 8Y2Ne600HI (HaghmaiiH, nepuieH), 2ai02eHONOXiOHi 8y2e600Hi8
ouxnopeman, X10po@opm, Xi0poeH301, Op2aHiuHi po3HUHHUKU, NOBEPXHEBO-AKIMUBHI PEUOGUHU,
cunmemuyti Qpenonu, oiokcunu ma iHwi. Lle 8i06yeaemvcs nio yac pemMonny, 3anpasiants 8iii-
CbKOBOI MEXHIKU 8 NONLOBUX YMOBAX, 8 MICYAX 30epediCeHHs NATUBHO-MACTUTbHUX Mamepiais,
nio wac nopusie Hagmonpogoois, enyuanns 6 nagpmoobasu. [lompanisiouu 6 Ipynm, yi peyosuHu
NOPYWyIons 1020 CmpyKmypy i npoyecu 2a3000MiHy, NepeuiKoodlcaroms NOIUHAHHIO B0102U,
CMEOPIOIOUY YMOBU, WO HENPUOAMHI OIS HCUMMISL POCTUH, MEAPUH, MIKPOOP2AHIZMIE.

Knwouogi cnosa: ximiune 3a6pyonents, ekoio2is, IpyHmu, 6itiHa.

Relevance of the topic of research. As the war continues to rage across the coun-
try, soil and waterway contamination is a major concern for environmental activists.
Ukraine is one of the most industrialized countries in Europe, with an estimated 6 billion
tons of liquid waste generated by coal mines, chemical plants, and other heavy indus-
tries. Over the past six months, such extremely sensitive objects have been constantly
subjected to Russian shelling.

During the detonation of military missiles, artillery shells, mines, a number of chem-
ical compounds are formed: carbon monoxide, carbon dioxide, water vapor, brown gas,
nitrogen, etc. In addition, a large amount of toxic organic matter is formed, the sur-
rounding soils, wood, and structures are oxidized. There are also a number of toxic
elements, such as oxides of sulfur and nitrogen, which during oxidation can lead to acid
rain. They can change the pH of the soil, cause burns of plants, mucous tissues of the
respiratory organs of humans, birds, and mammals [1].

As a result, shelling can pollute not only air and soil, but also groundwater. Since
agricultural products can be grown on the soil, and groundwater can be used as a source
of drinking water, all these elements can enter food chains. And if they get into the
human body, it can lead to significant health problems in the future.

According to the UN, Ukraine is one of the most mined countries in the world.
Almost 15% of the total area is mined. This will directly affect soil pollution. Demining
of this territory or detonation of mines will also lead to heavy metal contamination of
soil and groundwater. In addition to oxidation during the explosion, projectile fragments
that enter the environment are dangerous. They have impurities of cast iron, iron, car-
bon, sulfur and copper, which can lead to soil and underground water pollution [2].

A separate danger is the mining of fields — soil contamination can lead to the fact that
it will not be possible to grow anything in these territories for some time. Since we are
an agrarian country, and we are quite dependent on cultivation on our lands, this will
also affect the food security of Ukraine and the world. The final scale of the impact of
military operations and mining on agricultural land cannot yet be established.
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The purpose of research is to analyze the scale of chemical pollution and eco-
logical damage caused to the environment of Ukraine during the year of the full-scale
war. Such data are made public by the State Environmental Inspection, the Ministry of
Environmental Protection and Natural Resources of Ukraine, and the Ecodia Center
for Environmental Initiatives. They contain information about the sources of toxic sub-
stances entering the soil.

Literature Review. The chemical impact of military measures leads to a change in
the natural parameters of the ground cover under the influence of pollutants produced
as a result of the use of weapon systems and military equipment. Long-term military
activity leads to the formation of local military-technogenic geochemical anomalies
with a different spectrum of explosive and other toxic substances, which can impose
an indefinite ban on the use of land. Chemical pollution of military and technogenic
origin includes: vehicle fuel, lubricants, solvents, galvanic production waste, explosives
residues, decontamination substances, heavy metals and their compounds, radioac-
tive substances [3]. Dangerous substances of the physico-chemical type are explosive
materials. When shooting, ammunition with a different composition of gunpowder and
explosives is used, the combustion of which produces such substances as nitrogen, soot,
hydrocarbons, lead, manganese dioxide and other derivatives, which negatively affect
human health and the natural environment. Thus, during the explosion of one 115 mm
high-explosive munition equipped with hexane, about 4,000 liters of gas is formed,
which contains the combustion products of this explosive substance. Up to 30% of gases
are dispersed in the air, and most of them (heavy fractions and heavy metals) settle on
the soil [5].

Explosives also play a significant role in the release of metals into the soil envi-
ronment. Particles ejected from artillery strikes have been found to contain high levels
of lead (Pb) and copper (Cu), which may belong to artillery shells and gun barrels.
Explosive grenades were also considered a significant source of high concentrations
of lead (Pb). Modern explosives or energetic materials are nitrogen-containing organic
compounds with a high potential for self-oxidation to small gaseous molecules (N,, H,O
and CO,). Explosives are classified as primary or secondary depending on their suscep-
tibility to initiation. Primary explosives are often used to ignite secondary explosives
such as TNT, Hexogen, Octogen and Tetryl [6].

A significant place in soil pollution is occupied by heavy metals. According to
research [7] in the area of the anti-terrorist operation (Donetsk and Luhansk regions)
during 2016-2020, a high content of lead, copper, arsenic, zinc, chromium, cadmium,
molybdenum, barium, potassium, magnesium and tungsten was found in the soil. The
above-mentioned elements characterize the dominant spectrum of military-technogenic
pollution and are leading indicators for forecasting changes in the ecological state of
territories with contaminated soils and territories adjacent to them.

During maintenance and repair of samples of weapons and military equipment in
field camps, the soil is contaminated with fuel and lubricants, used oils, antifreezes and
organic solvents. The highest concentration of petroleum products is noted in places
where fuel and lubricants are stored, and where military equipment is maintained. Most
often, in the places of significant spills of oil products in field filling stations, due to
changes in the chemical composition of the soil, an important property of the soil — the
ability to self-recovery — is violated, and the biological activity of the soil decreases [8].

Contamination can be caused by the detonation of explosives in the soil or the leakage
of hydraulic fluids and fuel that may occur during the refueling of demining machines.
Pollution of hydrocarbon origin can be represented by both oil products and components
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of oil and oil products — paraffins, naphthenes, aromatic hydrocarbons, their deriva-
tives — benzene, toluene, as well as polycyclic hydrocarbons (naphthalene, perylene).
A separate group consists of chlorohydrocarbon compounds — dichloroethane, trichlo-
roethane, chlorobenzene, etc. They, like toluene and other homologues of benzene, rep-
resent the majority of solvents. Trichloroethane pollution is also associated with rocket
fuel residues. Soils contaminated with hydrocarbons are a source of airborne toxic gases
and dusts that have acute toxic effects on soil biodiversity [9].

Benzene, toluene, ethylbenzene, and xylene released from freshly contaminated
soils can cause chronic effects on public health. After entering the soil, hydrocarbons
can completely or partially occupy the pore space of the soil, blocking the flow of air
and water. This affects the respiration of plant roots, soil microorganisms, and the pro-
vision of moisture to these biota. The use of white phosphorus in the use of incendiary
bombs poses a threat to the productive use of soils over a long period of time. Over time,
phosphorus acts as a fertilizer, although it tends to precipitate as apatite in neutral and
alkaline soils or as Fe and Al phosphates in acidic soils. A wide set of such xenobiotics
also includes heavy metals, organic solvents, surfactants, synthetic phenols, cyanides,
dioxins, radionuclides [10]. The harmful effects of some of them on plants and organ-
isms living in the soil can last relatively long.

Materials and Methods. In the article, we use the following research methods:
deduction, induction, analysis, synthesis, explanation.

Results and Discussion. Damage to the soil as a result of military operations can be
mechanical, physical and chemical. Each of these influences is critical in its own way
and causes destruction of the earth's structure and functions. The mechanical impact
deforms the soil cover, which leads to a violation of the soil structure during the move-
ment of military equipment, the movement of troops, the construction of protective
structures, bombing sites, and demining of territories. The consequence of this impact is
compaction, waterlogging, and soiling of the territory with products of combat activity.

The main mechanical impact on the soil is compaction with damage to the humus
layer, which has direct negative consequences, such as disturbing the water balance of
the soil, and causes the development of wind and water erosion. The destruction of the
soil structure occurs as a result of the displacement of the particles of one layer relative
to another under the influence of military-technogenic load [11].

According to the Ukrainian nature protection group, there are areas where experts
have estimated approximately 2,052 funnels from various projectiles on just one square
kilometer of the field, which means 50 tons of iron, a ton of sulfur compounds, and
almost 2.5 tons of copper in terms of pollution for the soil.

Demining of territories also has a negative impact — the humus horizon is usually
destroyed, the physico-chemical properties of the soil are lost, and the granulometric
and aggregate state changes. For its part, this affects the fertility and water-holding
capacity of the soil.

The installation of mines in itself predicts soil turbulence in the future. Detona-
tion contaminates the ground with metal fragments and explosive remnants. Landmine
clearance operations are often complex and expensive, so in developing countries these
consequences can be interpreted as an absolute loss of soil resources [13].

Chemical influence changes the natural physical and chemical parameters of the
soil cover. First of all, pH, cation exchange and humus content. The concentration of
toxic and chemical substances also increases, and various local landscape and geo-
chemical anomalies may form. Therefore, these lands cannot be used in the long term.
Agents of chemical pollution include vehicle fuel, lubricants, solvents, electroplating
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waste, residues of explosives, decontamination substances, heavy metals and their com-
pounds, radioactive substances. Chemical micro-components of pollution are mainly
represented by heavy metals, such as cadmium, lead, zinc, copper. These elements are
indicators for changes in the ecological state of territories with contaminated soils and
territories adjacent to them [14].

Fig. 1. Satellite image of the agricultural territory of the Izyum district.
Photo from the website of the Ukrainian Nature Protection Group [12]

Physical impact involves changing the physical parameters of the soil as a result of
the use of weapons and military equipment. This refers to vibrational, radioactive and
thermal effects. The combination of various influencing factors leads to the emergence
of a cumulative negative effect. The consequences are the loss of the soil's buffering
capacity for recovery, the loss of humus and a decrease in natural fertility.

Each of the above-mentioned impacts leads to the destruction of vegetation, distur-
bance of soil cover, lack of natural moisture and desertification. As a result, the level of
biota is also sharply reduced.

A very negative point is that pollutants can move. This happens in two ways:

* horizontal — occurs immediately after the bombing, primarily due to air transport;

« vertical — it is associated with such factors as diffusion of ions, transfer with the
flow of moisture or plant root systems, activity of soil mesofauna, human economic
activity.

Most often, the migration of pollutants occurs through groundwater, which has the
ability to retain heavy metals through selective absorption (adsorption). Many factors
influence the proportion of heavy metals that migrate. In particular, the composition of
the soil, organic substances in it, humidity, microbiological activity, etc., are important.
The presence of plants also affects the mobility of explosives and heavy metals. If there
are plants on the affected field, heavy metals will remain there. The intake of heavy
metals in plants is influenced by several factors: species characteristics, soil type, con-
centration, form of presence of polluting elements, soil pH, granulometric composition.
They are mostly found in roots and reproductive organs (seeds and fruits) [16].
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Fig. 2. Behavior of compounds of explosive substances in soils* [15, 7]

*Note. The center icon represents unexploded ordnance, and the color behind it
represents contamination diffusion. Water is marked with light arrows, and the presence of
pollutants outside the central diffusion zone is marked with cultivated ones hexagons Plot
(A) represents microbial interaction and metabolism, (B) sorption by soil particles, and (C)
uptake andsequestration by above-ground and underground plant tissues

Pollution begins with the absorption of particles through the liquid solution present in
the porous soil matrix. The soil solution containing compounds of explosive substances
penetrates into the roots of the plant. Compounds of explosive substances inside the roots
move freely between the membranes, and eventually completely settle in the plant.

Regarding the accumulation of heavy metals, general patterns are observed among
agricultural crops. In particular, heavy metals are most actively consumed by silage
crops, the least by legumes, cereals, and technical crops.

Pollutants can also affect the state of the biota. For example, high concentrations of
hydrocarbons can cause symptoms of poisoning in earthworms.

Conclusions. The war in Ukraine caused enormous not only economic, but also
environmental damage. The State Environmental Inspection has already documented
more than 250 cases of ecocide for further lawsuits against the aggressor country. And,
although the war is still ongoing, Ukraine has already begun to restore the environment,
in particular thanks to the program of the President of Ukraine "Green Country", the cre-
ation of a new forest seed center and other projects. Due to the bursting of shells, mines
and bombs, the spillage of fuel and lubricants, the destruction of energy and industrial
infrastructure, many dangerous substances enter the soil. Land contaminated with heavy
metals such as lead, nickel, cadmium. strontium, titanium, iron, become unsuitable for
growing agricultural plants. As a result, there is a decrease in the production of crops
and livestock, economic losses borne by farmers and the state, and an increase in prices
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for food and other goods. Damages already caused by soil pollution amount to more
than 18 billion dollars.
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