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The article examines the problem of post-war soil restoration in Ukraine under conditions of
large-scale contamination and physical damage caused by hostilities. The relevance of the topic
is determined by the fact that the war has affected extensive areas of agricultural land through
UXO and explosive contamination, localized chemical pollution, petroleum products, munition
fragments, combustion residues from destroyed military equipment and direct mechanical
disturbance of the soil profile. For Ukraine, this issue has a special significance because the high
share of agricultural land in the national territory directly links soil condition with food security,
economic recovery, the stability of rural areas and environmental safety. The article summarizes
international and Ukrainian data on the scale of land contamination and reviews field studies
that recorded elevated concentrations of heavy metals in soils collected from war-affected sites.
1t is shown that humanitarian demining is a necessary but insufficient condition for returning
land to safe use. Even after explosive hazards and UXO have been removed, some plots may
remain only partially suitable because of explosive residues, petroleum products and structural
degradation of the soil. The article proposes a staged approach to land restoration, icluding
the identification and mapping of damaged areas, agrochemical and toxicological testing, risk
based zoning, the choice of suitable remediation methods, and follow up monitoring after the
works are performed. Further research could focus on the development of matrix based field
survey schemes for damaged land, criteria for classifying soil suitability and practical models for
choosing between local remediation, phytoremediation and temporary or permanent withdrawal
of land from agricultural use.

Key words: soils, soil contamination, post-war restoration, remediation, phytoremediation,
agricultural land, humanitarian demining.

Menvnuuenko B.B. Ilicnaeocnne 6ionognenns rpynmie ¢ YKpaiuni: nepcnekmueu ma
GUKIUKU

Cmamms npucesuena npoobnemi nicia80€HHO20 BIOHOBNEHHs IPYHMIE 6 YKpaini 6 ymoeax
UWUPOKOMACUUMAOHO020 3a0PYOHEHHS M (PI3UUHO20 NOWKOONCEHHSL 3eMelb, CHPUHUHEHUX OO0lo-
suUMU OIsIMU. AKMYATbHICIb MeMU 3yMOBIeHA MUM, W0 8HACIIOOK BIUHU 3HAYUHI NIOWI CLIbCHKO-
20CN00apCcbKUX y2iob ONUHUAUCS N0 8NIUBOM MIHHO20 Ma 6UOYXOHeDe3NeuHo20 3a0pYOHEeHH s,
JIOKAIbHUX 0CEPEOKi6 XIMIUHO20 YPANCEHHS, HADMONPOOYKMIE, VIAMKI6 BOENPUNACis, NPOOYKMIi6
320PSAHHSL BIICLKOBOI MEXHIKU MA MEXAHIYHO20 NOPYULeHHS IPYHMo8020 npo@inio. [{ns Ykpainu
Ys npobnemMa mMae ocoonuse 3HA4eH s, OCKIIbKU BUCOKA YACMKA CLIbCOKOZOCNOOAPCHKUX 3eMeilb
y cmpyKkmypi mepumopii Kpainu npsamo noe’si3ye cmaw IPYHmI6 i3 NpoooBOIbYOK 0E3neKor,
BIOHOBIIEHHAM €KOHOMIKUY, CMAOINIbHICMIO CIbCLKUX MEPUMOopiil ma eKono2iuHOo 0e3neKoio.
Y emammi yzazanvneno oami MiscHapoOHux i yKpaincoKux 0dcepein ujooo mMacuimadis 3a6pyo-
HeHHsl 3eMellb, A MAKOIC NPOAHANi308aHO Pe3YIbMamu OKPemMux noIbo8UX 00CAIONCEHb, ) AKUX
3a@ixcosano nepesuyenis (POHOBUX 3HAUEHb 3a EMICTNOM GUIICKUX MEeMAanie y IpYHmax na mepu-
mopisax, wjo 3a3Hanu 60106020 énausy. Ilokazano, wo cymanimapue posminy8anus € HeooXio-
HOMW, ane HedOCMAMmHbOI0 YMOB0K Oisl NOBEPHEHHA 3eMl y be3neune sukopucmanns. Hasimo
nics GUIYYeH s 6UOYXOHeDe3neuHUX npedmMemie OLIAHKI MONCYMb 3ATUUAMUCT 0OMENCEHO NpU-
oamuumMu uepe3 HAAGHICb 3ANUWKIE 6UOYX0GUX peuosuH i HAMONPOOYKMIE, a MaKodic yepes
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cmpykmypry 0ezpadayiro tpyHmy. OBIpYHMOBAHO OOYLIbHICb NOEMAnHo20 nioxody 00 6i0HO6-
JIeHHL 3eMeilb, AKUL nepedbayae KapmysanHs HOUKOOMCEHUX OLIAHOK, a2poXimMiuHe Ul MOKCUKOO-
2iuHe 0OCmedCcen s, 30HY8aHHS PU3UKIE, 8UDIP mexHoLo02ll pemediayii ma nooaibuull MOHImMo-
pune. Okpemy yeazy npuoineHo gimopemediayii ik 0OHOMY 3 IHCMPYMEHMIB BIOHOBNEHHS Tl MUX
OLAHOK, O€ PieHb 3a6PYOHEH sl 03680I5€ 3ACMOCO8Y8AMU eKONOSIUHO Oe3NeUHi ma eKOHOMIUHO
peanicmuuni Memoou ovuweHHs. B cmammi 3pobneno ucnogox, wjo egpekmugna cucmema nic-
JISIBOEHHO20 GIOHOBNCHHS [PYHIMIE MAE NOECOHYSAMU Pe3Vbmamu NPOMUMIHHOL OIIbHOCMI, OaHi
1a00pamopHo20 KOHMPOII0, HAYKOBULL CYRpOoGio i Mexanizmu oepicasnoo ynpaeninus. Ilepcnex-
TMUBHUM HANPAMOM NOOANLUUUX OOCTIOHNCEHb 80AUAEMBCA PO3POONIEHHA MAMPULUHUX CXEM NONbO-
6020 0OCMEINCEHHS. NOULKOOIICEHUX 3eMellb, Kpumepiie Kiacugikayii npuoamuocmi ipyHmis ma
NPaAkKmuyHux mooeneti UOOPY MidXC T0KAIbHOIW pemediayicto, ghimopemediayicio i mumiacosum
BUBCOCHHSAM 3eMeNb 3 20CNOOAPCHLKO20 0012Y.

Knrwwuosi cnosa: tpynmu, 3a0pyOHeHHs TPYHMIS, NICIA60EHHE BIOHOBIIEHHA, pemediayis,
@imopemediayis, CitbCbKO2OCNOOAPCHKT 3eMIL, 2YMAHIMApPHe PO3MIHY8ANHSL.

Problem statement. The full-scale war has caused a long term land use problem in
Ukraine. Its visible part is mine contamination and explosive remnants of war. Its less
visible part is the deterioration of soil quality after explosions, burning military equip-
ment, debris deposition, fuel spills, repeated shelling and severe mechanical disturbance
of the surface layer. These processes affect the possibility of safe agricultural use even
after a site has been cleared of explosive hazards through demining.

The scale of the problem is considerable. According to the ACAPS thematic report
on the humanitarian implications of mine and UXO contamination in Ukraine, ten per-
cent of agricultural land was contaminated, which prevented the sowing of about five
million hectares [1, p. 1]. The rapid damage and needs assessment for Ukraine states that
around 174,000 km? of territory may be contaminated by explosive ordnance [3, p. 182].
For Ukraine where agricultural land occupies 70.5% of the territory and arable land
reaches 57%, with higher shares in some regions, the issue of soil restoration goes far
beyond environmental policy and directly concerns food production, export capacity,
rural employment and local budget recovery [2, p. 7].

In this context, post-war soil restoration should be seen as a practical priority, not as
a secondary aspect of demining.

An agricultural field can be physically accessible and formally cleared, but still
remain unsafe or economically unsuitable for agricultural use because of soil chemical
contamination or severe local degradation.

Analysis of recent research and publications. Existing publications on war-related
environmental damage in Ukraine can formally be divided into three groups:

— mine action and the humanitarian consequences of contamination;

— environmental losses caused by the war, including damage to land resources;

— field studies that document soil pollution and specific changes in affected
territories.

International analytical materials already confirm that land contamination has become
one of the central constraints on the recovery of rural areas. The ACAPS report connects
mine contamination with disrupted access to agricultural land and reduced production
[1, p. 1]. The RDNAS3 report frames UXO contamination as a nationwide challenge with
long-term consequences for recovery planning [3, p. 182-184]. The report on the envi-
ronmental consequences of the war in Ukraine also outlines the substantial weight of
agricultural land in the national land-bank structure, which means that the degradation
of'soils has consequences for the whole economy, not only for local ecosystems [2, p. 7].

At the level of direct soil studies, the article by Yu. O. Zaitsev et al, deserves par-
ticular attention. The authors investigated soils from the Sumy and Okhtyrka districts
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of Sumy region and found significant exceedances above background values for a num-
ber of heavy metals, especially at sites affected by explosions and destroyed military
equipment [4, p. 136, 142, 147]. These results are consistent with the earlier OSCE-sup-
ported assessment of eastern Ukraine, where shelling sites demonstrated concentrations
of some heavy metals above background values and where crater zones were identified
as local points of intensified soil disturbance [7, p. 13; 7, p. 35].

At the same time, the literature available so far does not adequately cover this issue.
Many articles describe contamination as a fact, but much fewer propose an operational
sequence that begins after demining and leads to a reasoned decision on whether a field
can be returned to agricultural use, on what terms and after which treatment.

Under the current conditions in Ukraine, several practical issues still require further
development. There is still no widely adopted algorithm that links the completion of
humanitarian demining with mandatory agrochemical and toxicological assessment. In
the same time damaged agricultural land is rarely classified by degrees of suitability in
a way that would help land users and public authorities decide between immediate culti-
vation, limited use, remediation, or temporary withdrawal. The selection of remediation
methods is often discussed in general terms, while field conditions can vary considerably
even within a single plot. A field can include crater bottoms, crater rims, burned vehicle
locations, tracks of heavy equipment, debris accumulation zones and areas that appear
visually intact. Standard agricultural sampling may miss local peaks of contamination if it
is not adapted to the geometry of war-related disturbance. This raises the need for matrix-
based or zone-based field survey schemes that are tied to the types of visible damage.

The management side is also not sufficiently developed. Mine action data, lab data
and land use decisions are often stored and processed in separate institutional systems.
Without an integrated chain from clearance to environmental assessment and land status
assignment, the recovery process remains slow and ineffective.

Purpose of the study. The purpose of the study is to summarize the main challenges
of post-war soil restoration in Ukraine and to identify the principal forms of soil damage
and contamination caused by war while substantiating a practical sequence of actions
for assessing and restoring agricultural land after hostilities.

Materials and methods of research. This study is based on an analytical and inter-
disciplinary approach to assessing the problem of post-war soil remediation in Ukraine.
The research combines methods of environmental analysis, comparative review, sys-
tematization of scientific sources and synthesis of available empirical data on war-re-
lated soil contamination.

The material base of the study includes analytical reports of international organi-
zations, official documents of Ukrainian state agencies and institutions, strategic doc-
uments in the field of mine action and published scientific papers devoted to soil con-
tamination caused by military-related activity. Particular attention was given to sources
providing empirical data on the scale of land contamination, the impact of explosive
remnants of war on agricultural areas and the recorded presence of heavy metals and
petroleum products in soils.

The methodological basis of the article based on several interconnected methods:

1. The method of analysis and generalization, which was used to identify the main
types of war-related impacts on soils, including mechanical disturbance, chemical con-
tamination and long-term ecological degradation.\

2. The comparative method, which was applied to compare different groups of
sources, including policy documents, field-based environmental assessments and scien-
tific studies of contaminated agricultural lands in Ukraine.
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3. The system approach, which was used to examine post-war soil restoration as
a sequence of interrelated stages that includes site identification, demining, environ-
mental assessment, sampling, risk zoning and selection of remediation measures and
monitoring of remediated land.

The study also applies an element of qualitative risk-oriented assessment. Within
this approach, war-affected land is considered not as a homogeneous object, but as a
spatially differentiated system where the degree and type of damage may vary within
the same land plot. This makes it possible to justify the need for differentiated sam-
pling, local assessment of contamination areas and the selection of remediation actions
according to the actual condition of the soil.

The method of conceptual modelling allowed to suggest structured framework for
post-war soil restoration, which bridges humanitarian demining with subsequent agro-
chemical, toxicological and ecological assessment. Such an approach allows the resto-
ration process to be considered not only as a technical response, but also as a broader
environmental and land-management policy.

Presentation of the main research material. War affects soils through several
mechanisms that often act simultaneously. One of them and the most common is a
mechanism of mechanical disturbance. Explosions create craters, mix soil horizons,
destroy aggregate structure, change local drainage and remove part of the humus-rich
topsoil. The movement of heavy military equipment compacts the soil, reduces porosity,
worsens aeration and can create long strips of degraded land that remain visible after
the end of active hostilities. These impacts reduce water infiltration and root penetration
and may lower the productive capacity of the field even where chemical contamination
levels are not substantial.

Another mechanism is chemical contamination. Explosions and combustion release
residues of energetic materials, hydrocarbons, metals, soot, products of incomplete
burning and its mixes. Destroyed vehicles and machinery add wide range of petroleum
products, lubricants, plastics and metals to the site. As a result, the agricultural field
becomes not just a mined area, but also a chemically polluted environment. In the study
from Sumy region, three soil samples were taken from bomb craters and seven from
sites with destroyed heavy armored vehicles. The authors recorded exceedances above
background values for lead, copper, zinc and manganese. Lead showed the most visible
increase and the highest levels of disturbance were associated with burned or destroyed
military equipment [4, p. 136, 142, 147]. Available assessment materials for eastern
Ukraine also showed systematic exceedances above background values for a number
of elements and indicated that crater areas can accumulate heavier contamination loads
[7,p-13;7,p.25; 7, p. 35].

There is also another mechanism that plays an important role in assessing ecological
degradation resulting from the interaction of physical and chemical factors. Soil biota
responds to the presence of toxic elements and hydrocarbons, while plant growth is
limited by compaction, altered aeration and local toxicity. This means that the same
plot may show both direct contamination and indirect loss of soil fertility. From a land
management perspective, this is important because agricultural suitability depends not
only on whether contamination exceeds a laboratory threshold, but also on whether the
soil is able to perform its productive and ecological functions.

These observations explain why post-war demining is only the first step. The National
Mine Action Strategy of Ukraine recognizes the need to minimize the environmental
effects of explosive ordnance contamination and to incorporate such risks into recovery
management [5, p. 23-24]. The current scale of work also shows the existing challenge.
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According to the report of the State Special Transport Service, 187,043 explosive ord-
nance items had been disposed of, and more than 128,265 hectares had been covered by
non-technical survey and clearance. The reported breakdown includes:

— 0.26 km? of water bodies;

— 914 km of automobile roads;

— 2,639 km of railways;

— 493 km of power lines;

— 82 km of pipelines;

— 374 ha of residential areas;

— 115,749 ha of agricultural land [6, p. 5].

These efforts are indispensable, but they do not provide a complete answer to the
question of whether a given agricultural site is ready for safe use. For this reason, post-
war soil restoration should be organized as a phased procedure;

First stage— damaged sites identification and mapping. This includes crater loca-
tions, burned vehicle positions, suspected zones of fuel leakage, debris concentration
and disturbed access routes. The result of this stage should not be a generic note that the
field was affected by hostilities, but a spatial scheme of likely risk points.

Second stage— sampling and laboratory assessment. In war-affected fields, sampling
should be adapted to the morphology of damage. A rational design includes at least
the crater bottom, the crater wall or rim, a nearby surrounding zone and a background
point outside the visible damage contour. For burned equipment sites, separate samples
should be taken from the center of the burn zone, the runoff direction if visible and the
adjacent unaffected soil. Such differentiation is necessary because average field sam-
pling can smooth out local contamination peaks.

Third stage— site classification by degree of suitability. In practical terms it can be
categorized under four categories: land suitable for use without restrictions; land suita-
ble after local measures; land requiring medium-term remediation; and land temporarily
unsuitable for agricultural use. The logic of such classification is that it converts labora-
tory results into decisions that can be used by landowners, farmers, local authorities and
recovery programs operators.

Fourth stage— remediation methods selections. It should be considered that there
is no universal method for all cases. Where contamination is highly localized, local
excavation or isolation of the polluted layer may be applied. Where hydrocarbons dom-
inate, bioremediation may be effective. Where contamination levels are moderate and
large areas are involved, phytoremediation is seen as the most practical, effective and
cost-saving solution. It is slower than mechanical replacement of soil, but it is much
more realistic for broad agricultural territories.

It is worth mentioning that phytoremediation is appealing for a number of practical
reasons. It does not require aggressive disturbance of the soil body, it can be imple-
mented on large areas and it fits the logic of gradual ecological recovery. It is especially
relevant for sites where the contamination level does not justify full removal of soil, but
still prevents the immediate return of land to agricultural use and food production. At the
same time, phytoremediation should not be seen as a universal solution. This requires
the precise selection of a remediating plant species that, under the given conditions, can
most effectively extract contaminants from the soil, time, control over biomass handling
and repeated monitoring. In practice, it is best treated as one element within a combined
restoration program rather than as a stand-alone solution.

A separate issue concerns the institutional side of restoration. A land plot should
not move directly from the status of "cleared" to the status of "ready for cultivation"
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without an intermediate environmental check. The current gap between mine action
records, laboratory information and land management decisions creates a risk of prema-
ture return to use. A more rational system would include a sequence such as:

— completion of clearance;

— primary environmental screening;

— laboratory testing and confirmation;

— assignment of land suitability status;

— post-remediation monitoring;

This sequence would reduce uncertainty and support more defensible decisions both
for agricultural producers and at the level of public policy.

Conclusions and prospects for further research. The war in Ukraine has high-
lighted that the post-war soil restoration should be considered as a separate and urgent
field of practical work as well as incorporated into public policy. The core nature of
Practice shows that damage to agricultural land is usually multifaceted and is caused not
only by explosive hazards, but also by a combination of other factors, such as mechan-
ical disturbance, heavy metal contamination, combustion residues, petroleum prod-
ucts, and local functional degradation of the soil. Given the scale of agricultural land in
Ukraine, this problem directly affects food security, export capacity, rural recovery and
environmental safety [1, p. 1; 2, p. 7; 3, p. 182].

Available field data already show that war-affected soils may contain concentrations
of heavy metals above background values, especially in crater zones and at sites of
burned military equipment [4, p. 136, 142, 147; 7, p. 13; 7, p. 35]. This confirms the
assumption that humanitarian demining, while essential, does not by itself return land
to safe productive use. In view of the above, a scientifically grounded recovery model
should be based on a phased and standardized approach, allowing decisions to be made
on whether contaminated land should be restored or removed from agricultural use for
a specified period.

Considering the scale of the problem and the long-term consequences of soil con-
tamination, there is a clear need in Ukraine for a more coherent transition from mine
action to soil assessment and land-use decision-making. Matrix-based survey schemes
for damaged fields, criteria for classifying land suitability and applied models for choos-
ing between methods of rapid response appear to be the most important directions for
further research. Such work would strengthen the evidence base for post-war agricul-
tural recovery and would make the return of land to use safer and economically feasible.
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