ENVIRONMENTAL ASSESSMENT OF CHEMICAL POLLUTION OF
SOILS AS A RESULT OF THE WAR

Exonoriuni 30uTkn YkpaiHu Big moBHOMacmTaOHOI arpecii PD cTaHOBIATH
Maike 2 TpJH. TPH., YaCTUHY MPUPOJHUX PECYpCiB BTPAuEHO HA3aBXKIH, MOBIIOMUB
MIHICTp 3aXMCTy JMAOBKULIS Ta OpUPOIHUX pecypciB Ykpainu. 3a 2021 pik B
aTMocdepy BUKUHYJIH OJM3BKO 2 TOHH TOKCMYHUX PEUYOBUH. 3a MIBPOKY BIHHU B
VYkpaini y 2022 pori BUukuau B atMochepy cTaHOBISATH 46 MiIH TOHH. BiiiHa oTpyina
3HaYHy YacTUHY yKpaiHcbkoi 3emu. Illkona, 3aBnaHa 3a0pyAHEH- HSIM TPYHTIB,
omiHeThCs y 18 mupa.gonapis. 3a manumu OOH, Ykpaina € ojHi€r0 3 HaHOUIBII
3aMIHOBaHUX KpaiH y cBITI (Maibke 15% 3aranbHoi 1wionii). Po3MmiHyBaHHS Ii€i
TepUTOpii ab0 JETOHAIllsl MiH TeX OyJe MPU3BOAUTH 10 3a0pyAHEHHS TIPYHTIB 1
IpyHTOBUX BOA. Ilim wac BUOYXy y AOBKULIS MOTPAIUISIOTH yJIaMKH CHapsIiB, SKi
MICTSTh JOMIIIKH YaBYHY, 3aj1i3a, BYTJIELI0, CIPKHA Ta MiJll, 1 MOXXYTb IPU3BOAUTH 110
3a0pyJHEHHSI TPYHTOBUX 1 mig3eMHuX BoJ. Okpemy HeOe3NeKy CTaHOBUTh
3aMIHYBaHHS CUTbCHKOTOCIOJIAPCHKHUX YT1/1b — 3a0pyAHEHHS 3€MIIl MOYKE MPU3BECTH
710 TOTO, IO JESIKUM Yac Ha LUX TEPUTOPIAX HE MOKHA OyJ€ HIYOTO BUPOLIYBaTH. A
OCKUIbKM B HaC arpapHa KpaiHa 1 MM JOCHUTh 3aJ€KH1 Bl BUPOIIYBAaHHS Ha HaIIMX
3eMJIX, TO L€ TaKoX Oy/e BIUIMBATH Ha MPOJOBOJIbUY O€3MeKy YKpaiHU Ta CBITY.
3HauHi TeputTopili YKpa- iHM 3a0pyJHEHI OpraHiYHMMH pEYOBHMHAMHU Yy CKIIAJi
Ha(TONPOYKTIB, COJBBEHTIB, aHTHU(pHU3iB Tomo. Jlo HuUX Haiexarb mapadinu,
HadTeHH, apoMaTU4yHI CHoJyku (O€H30JI, TOJIyOJl, €TWJI- OEH30J, KCHUJION),
MOJIIIUKIIIYHI  BYIJIEBOJHI (HadTalmiH, MEpUJieH), TrajJoreHOMNOXIHI BYTJIEBOJHIB
TUXJIOpETaH, XJI0popopM, XJIOPOEH30JI, OpraHiuyHl PO3ZYMHHUKH, TOBEPXHEBO-aKTHUBHI
PEUYOBHMHHM, CHUHTETHYHI (peHoyim, miokcuHM Ta 1Hm. Ile BimOyBaeTbcs Immija dYac
PEMOHTY, 3ampaBlisiHHS Bili- CHKOBOI TEXHIKA B TMOJHOBUX YMOBaxX, B MICIIX
30epexeHHs] MaJTMBHO-MACTUIBHUX MaTepialiB, MiJ Yac MOPUBIB HAPTOMPOBOIIB,
BIy4aHHd B HadToOa3u. [loTpamisioun B IPYHT, Ll PEYOBHMHU MOPYIIYIOTh HOTO
CTPYKTYypy 1 TMpouecu Ta3000MiHy, TMEpPEeHIKOKaOTh TMOTJIMHAHHIO BOJIOTH,
CTBOPIOIOYM YMOBH, IO HEMPHUAATHI Ui SKUTTSI POCIWH, TBAPUH, MIKPOOPraHi3MiB.
KuirouoBi ciioBa: xiMiyHe 3a0pyJHEHHS, €KOJIOTis, IPYHTH, BllHA.

Relevance of the topic of research. As the war continues to rage across the
country, 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 industries. 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 chemical 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 surrounding 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, carbon, 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.

The purpose of research is to analyze the scale of chemical pollution and
ecological 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 substances 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, radioactive 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 environment. 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 (N2 , H20 and CO2).
Explosives are classified as primary or secondary depending on their susceptibility 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 of oil and oil products — paraffins, naphthenes, aromatic
hydrocarbons, their derivatives — benzene, toluene, as well as polycyclic
hydrocarbons  (naphthalene, perylene). A separate group consists of
chlorohydrocarbon compounds — dichloroethane, trichloroethane, chlorobenzene, etc.
They, like toluene and other homologues of benzene, represent 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 provision 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 organisms
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 movement 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. Detonation 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 geochemical anomalies may form. Therefore, these
lands cannot be used in the long term. Agents of chemical pollution include vehicle
fuel, lubricants, solvents, electroplating waste, residues of explosives,
decontamination substances, heavy metals and their compounds, 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,
disturbance 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, concentration, form of
presence of polluting elements, soil pH, granulometric composition. They are mostly
found in roots and reproductive organs (seeds and fruits) [16].

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 creation 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 for food and other goods.
Damages already caused by soil pollution amount to more than 18 billion dollars.
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