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Based on the primary results of comprehensive field and laboratory studies within selected territorial hro-
madas of the Kyivska, Chernihivska, and Zhytomyrska oblasts, certain aspects of the state of soil cover
damaged as a result of the 2022 military actions are highlighted. A methodology for indexing and sampling
deposits within bombturbation zones is proposed that considers the spatial and morphological character-
istics of the objects of study to assess potential contamination by harmful substances. Detailed results of
field studies at five key sites near the settlements of Hoholiv, Shestovytsia, Yablunivka, Lypivka-Makariv, and
Vorzel are presented, along with laboratory test results for the content of heavy metals (20) and biogenic ele-
ments (59). It has been established that explosions cause not only mechanical disturbances of the soil profile
but also noticeable chemical changes, particularly a local increase in the concentrations of Fe, Cu, Ni, Zn,
and Pb, which are most frequently observed in samples from the bottoms and rims of craters. The content
of biogenic elements also occasionally exhibits distinct spatial differences within individual craters studied
(Hoholiv, Shestovytsia, Yablunivka). Most often, exceedances (relative to background values) of phosphorus,
potassium, iron, and sulfur are recorded, occurring in samples from both the bottoms and rims of craters
and from the surrounding area. However, it is worth noting that there are cases (Makariv-Lypivka, Vorzel)
where it is not possible to establish direct links between increased concentrations of the studied elements
and bombturbations. Furthermore, at none of the studied objects were exceedances of the concentrations
of the studied elements recorded that would be harmful to human health. The identified spatial distribution
patterns of disturbed soil masses, heavy metals, and biogenic elements enable assessment of the redistribu-
tion of natural and technogenic substances resulting from military impacts. The research results highlight
the necessity of monitoring contamination and assessing long-term environmental consequences for lands
affected by combat operations.

Keywords: soil contamination, bombturbation, heavy metals, biogenic elements, environmental impact of war,
Russian invasion of Ukraine.
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Relevance of the research topic

Full-scale combat operations in Ukraine cause sig-
nificant destruction of infrastructure and substantial
changes to the natural components of the environ-
ment, among which the soil cover is one of the most
important. Explosions of munitions cause mechan-
ical disturbances to the soil cover, changes in the
structure of genetic profiles, active movement of
soil masses, and likely chemical contamination with
heavy metals and other technogenic impurities. In
the scientific literature, there is a limited number of
comprehensive studies based on systematic field and
laboratory observations of such processes. Therefore,
the issues of assessing the actual scale of military im-
pact on soils, the degree of soil contamination, iden-
tifying patterns of pollutant transport and accumula-
tion, and substantiating potential environmental and
economic consequences remain extremely relevant.
The data obtained in this direction are necessary to
develop scientifically based proposals for monitoring,
restoration, and safe-use programs for lands affected
by combat operations.

Current state of research

International studies in various regions of the world,
including Croatia, Kosovo, Spain, France, the USA,
Canada, Syria, Iraq, Kuwait, Vietnam, Brazil, and
other countries, record a significant impact of mil-
itary actions on the soils of individual territories
affected by armed conflicts or located within the
impact zones of military training grounds [I-8,
et al.]. Regarding the development of approach-
es to assessing the impact of military actions on
soil conditions in Ukraine, a significant number
of studies have already been devoted to this issue
[9-16, et al.]. Assessment of the impact of military
actions on the state of soils focuses on three groups
of changes: physical or morphological (compaction,
destruction of structure, formation of explosion cra-
ters, erosion); chemical (contamination with heavy
metals, residues of explosive substances, petroleum
products, combustion products, depleted uranium,
etc.); biological (transformations of the state of soil
biota, disruption of ecosystem functions of soils in
biogeocenoses, etc.).

We see the task of our work as presenting and
analyzing new factual materials on the content of
heavy metals and individual biogenic elements in
objects affected by military actions on the territory
of Ukraine. The studies conducted are in line with
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the global trend in research on similar topics [2, 5,
7-8 et al.].

The aim and methods of the research

The aim of the research is to assess the extent of
damage and contamination of soils in the Kyiv Pry-
dniprovia resulting from military actions, based on
comprehensive field and analytical data on the con-
tent of heavy metals and several biogenic elements.
The publication uses methods of analysis, synthe-
sis, and interpretation of analytical materials and
literary sources, summarizes the results of specific
field studies, and propose theoretical developments
regarding the methodology for soil sampling from
bombturbation zones for laboratory studies (a new
author’s approach); laboratory studies on the content
of heavy metals and a number of biogenic elements
in soil deposits were conducted to assess the impact
of military actions on the state of the soil cover.

To assess the degree of soil damage and contam-
ination by military actions, monitoring of the cur-
rent environmental conditions was carried out, and
laboratory geochemical studies of soil samples were
conducted within selected territorial hromadas of
the Kyiv Prydniprovia (Fig. 1). For these territories,
spatial identification of bombturbation sites was per-
formed using remote sensing data, totaling 17.362
units. The results obtained were used to create a se-
ries of map schemes [17-19], which were adapted
for field research using the QField application.

The selection of key study sites within specific
hromadas is due to the fact that their territories
were the scene of intense combat at the beginning
of the full-scale aggression of the rf, and they are
currently de-occupied, which provides the oppor-
tunity for full-scale field research. In particular, in
September—October 2024 (2.5 years after the de-oc-
cupation of the territories), routes were identified
and established to 48 objects of bombturbation
zones (craters, shell holes), their precise geoloca-
tion was performed, monitoring of their current
state was carried out, along with photo and video
documentation at the time of the study, a detailed
landscape description of the objects and the sur-
rounding area was completed, and samples of soil
deposits were taken for various types of analysis
(183 samples in total).

In this publication, the results of soil-geochem-
ical studies of only five bombturbation objects
near the settlements of Hoholiv (Kyivska oblast),
Shestovytsia (Chernihivska oblast), Vorzel, Lypiv-
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Fig. 2. Scheme of sampling and indexing of soil material samples during field studies of bombturbations: A - cross-section of
the studied crater from north to south; B — sampling scheme around the object of study, top view.
e —sampling locations; 3 m — distance from the crater wall to the sampling locations; [l — crater bottom;
BN — northern side of the crater rim; BS — southern side of the crater rim; BE — eastern side of the crater rim;
BW — western side of the crater rim; MN — northern side of the area around the crater; MS — southern side of the area;
ME — eastern side of the area; MW — western side of the area; ® — background sample.
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ka-Makariv (Kyivska oblast), and Yablunivka (Zhy-
tomyrska oblast) are presented. This selection is
because they are located in different physical-geo-
graphical conditions, are geographically distant
from each other, and are clearly identifiable on the
ground.

From each crater, 9 soil deposit samples were
collected using a soil sampler for laboratory studies.
To identify the spatial attribution of the samples,
the following indexing system was developed: from
the bottom of the crater (index [I); from the four
cardinal points of the crater walls (indices BN—
northern side; BS—southern side; BE—eastern
side, and BW—western side); from the four cardi-
nal points at a distance of at least 3 m from the
edges of the crater (the so-called “area” around the
crater, indices MN—northern side; MS—southern
side; ME—eastern side, and MW—western side).
Another tenth sample (and sometimes more) was
taken from the background soil, at a distance of at
least 20 m from the bombturbations, on an identi-
cal landform (index @) (Fig. 2). Background sam-
ples were taken from a depth of 0.2-0.3 m.

The proposed scheme for sampling soil samples
according to the cardinal points around the studied
bombturbations, in our opinion, firstly, provides in-
formation on the characteristics of the spatial dis-
tribution of the studied substances, and secondly,
ensures higher reliability of the results obtained
due to an increased sample size and repeatability of
laboratory analyses of soil material samples taken
under similar conditions that were or could have
been affected by military actions. At the same time,
it is worth noting that the author’s scheme consid-
ered the relevant regulatory legal act regarding the
procedure for soil sampling on agricultural lands
cleared of explosive objects [20].

Laboratory studies of heavy metal content (20
samples) were performed in the laboratory of the
Department of Chemistry and Expertise of Food
Products of the Educational and Scientific Insti-
tute of Biology, Chemistry, and Bioresources of
the Yuriy Fedkovych Chernivtsi National Univer-
sity. Soil samples were previously dried to an air-
dry state and crushed using an agate mortar. For
heavy metal extraction, acid leaching of soils with
a mixture of concentrated hydrochloric and nitric
acids was performed under two-stage heating to
165°C for 30 min in a Multiwave 5000 microwave
oven (Anton Paar, Austria). After decomposition,
the samples were brought to a final volume of
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25 ml with a 1 M nitric acid solution (extra-pure
grade) and filtered through a “blue ribbon” paper
filter. Measurements were performed by atomic
absorption spectroscopy (AAS) using an S-115M
flame spectrophotometer. For the measurements,
an “acetylene-air” flame in absorption mode was
used. Four samples taken from the crater rims (as
well as four from the area around the craters) were
combined into a single average sample for labora-
tory studies.

Analysis of soil for biogenic element content (59
samples) was conducted in the allelopathy scientif-
ic department of the M. M. Gryshko National Bo-
tanical Garden of the NAS of Ukraine. Laboratory
studies were performed according to the method
of H. Ya. Rinkis on an ICAP 6300 DUO inductive-
ly coupled plasma spectrometer (Thermo Fisher
Scientific, USA). For the extraction of macro- and
microelements, methods of agrophysical and agro-
chemical soil analysis were used [21].

In assessing the potential contamination of
soils within bombturbation zones, we correlated
the laboratory results with official documents and
the literature. Regarding exceedances of maximum
permissible concentrations of hazardous sub-
stances in soils, according to the Resolution of the
Cabinet of Ministers of Ukraine dated December
15, 2021, No. 1325 “On approval of standards for
maximum permissible concentrations of hazard-
ous substances in soils, as well as the list of such
substances” [22], they are as follows, mg/kg of soil,
considering the background (clarke): Copper (mo-
bile form — 3); Manganese (total content — 1500 /
mobile form — 140); Nickel (mobile form — 4);
Zinc (total content — 23); Lead (total content —
32 / mobile form — 6); Cadmium (total content —
3 / mobile form — 0.7); Cobalt (mobile form — 5);
Nitrates (by NO;) (total content — 130); Sulfates
(by SO,) (total content — 160); Phosphorus (by
P,0O;) (total content — 200); Potassium chloride
(total content — 560). Regarding the content of
biogenic elements in soils, the study also consid-
ered that, according to literature data, the follow-
ing indicators are optimal for agricultural crops on
the territory of Ukraine [23], mg/l: NH4 — 10-15;
NO; — 90-120; P — 110-130; K — 210-250; Ca —
3200-4000; Mg — 70-90; Fe — 50-80; S — 20-30;
Mn — 15-20. According to the reaction of the me-
dium, the soil cover can be acidic (pH < 7.0), neu-
tral (pH = 7), or alkaline (pH > 8.0). The humus
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7

Fig. 3. Field studies of bombturbation zones within individual hromadas of the Kyiv Prydniprovia (author’s photos):
a — crater (id 3564) to the north of the village of Hoholiv (Velyka Dymerka hromada);
b — soil profile in the north-western wall of the crater (id 3564);
¢ — soil profile in the northern wall of a defensive fortifications trench;

d — crater (id 2708) to the north of the village of Shestovytsia (Kyinska hromada);
e — crater (id 6-63) to the east of the village of Yablunivka (Malynska hromada);
f— crater (id 3289) to the south of the village of Lypivka (Makarivska hromada);

g — crater (id 1009) to the north of the village of Vorzel (Buchanska hromada).

content in soils depends on the genetic soil types
and the nature of economic use.

Presentation of the main material
with substantiation of the obtained
scientific results

Results of field and laboratory studies of the
crater near the village of Hoholiv (id 3564)

The crater is located on the northern outskirts of
the village of Hoholiv of the Velykodymerka ter-
ritorial hromada (coordinates 50.54425, 31.0348)
(Fig. 3a). The depth of the crater is 1.4 m, and the
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diameter from north to south is 5.5 m. Field stud-
ies date: September 16, 2024. Nine deposit samples
(No. 30-38) were taken from the crater for labora-
tory analysis; one background soil sample (No. 39)
was also taken, and four more samples (No. 40-43)
were collected from the genetic horizons of the soil
profile cleared in the north-western wall of the cra-
ter (Fig. 3 b).

Within the genetic soil profile cleared in the
north-western wall of the crater, five genetic
horizons were identified: HP (0.0-0.2 m), H(e)
(0.2-0.5 m), Hpi (0.5-0.85 m), Phk (0.85-1.05 m),
and Pk (1.05-1.2 m). From the last four genetic
horizons, as already mentioned, samples were taken
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for laboratory studies. No sample was taken from
the surface horizon (HP), which is an analog of the
crater rim (from which four other samples had al-
ready been taken).

A brief morphogenetic description of the ge-
netic horizons of the soil profile cleared in the
north-western wall of the crater is as follows: HP
(0.0-0.2 m) — a surface horizon newly formed
as a result of the explosion, bluish-light-grey
(10YR/6/2)? loose, permeated with fine roots of
herbaceous plants, sandy loam-light loamy, weakly
carbonate — barely perceptibly effervesces with a
10% hydrochloric acid solution; H(e) (0.2-0.5 m) —
the darkest-colored light loamy horizon in the
soil profile (10YR/4/1), loose, light loamy, with a
blocky-granular structure, in some places lightened
areas with hidden SiO, dusting appear, does not ef-
fervesce with a 10% hydrochloric acid solution; Hpi
(0.5-0.85 m) — greyish-light-brown (10YR/6/3)
sandy light-medium loam, the most compacted
compared to the horizons above and below, with
a nut-like structure, leached of carbonates, hetero-
geneous, with brown spots of iron accumulation
and humus spots and streaks along vertical cracks
between structural units; Phk (0.85-1.05 m) —
greyish-pale (10YR/5/2) light loam, loose, het-
erogeneous, with spots of iron accumulation and
humus, effervesces with a 10% hydrochloric acid
solution; Pk (1.05-1.2 m) — bluish-greyish-pale
(10YR/6/4) sandy loam-light loam, crumbly-loose,
actively effervesces with a hydrochloric acid solu-
tion. It is worth noting that, in general, the profile
of the soil studied in the crater does not appear typ-
ical, undisturbed, or solid. Signs of mass loosening
and disruption of soil structure are noticeable, and
morphons with different (at least in color) soil ma-
terial are present in the genetic horizons.

A similar soil profile is observed 300 m to the
south-east of the crater, in the trenches of defensive
fortifications (coordinates 50.5426, 31.0383), like-
ly constructed during combat operations (Fig. 3c),
thereby confirming the distribution of this genet-
ic soil type in this area. A comparison of the two
soil profiles provides an opportunity to identify the
thickness of the soil masses that ended up on the
surface after the explosion. For instance, in the de-
fensive trench, in the upper part of the soil profile,
lightened light loamy-sandy loam deposits with
a thickness of about 35-38 c¢m are clearly distin-

2
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guished, which overlay the dark-colored natural
chernozem material and reached the surface as a
result of the construction of defensive fortifications.
In the soil profile of the crater, we also observe a
20-25 cm layer of lightened deposits, which, as a
result of the explosion, formed the so-called crater
rim and covered the natural surface soil horizon.
Differences in the structure of genetic horizons
are also noticeable. While the soils in the trench
have a clearly defined horizontal layering, the soil
profile from the crater is characterized by a more
mosaic structure (the presence of humus-colored
morphons in the structure of the middle and
lower genetic horizons), which, however, is not
necessarily a consequence of explosive activity but
may be a natural feature caused by the activity of
soil fauna. This issue requires further clarification.
In the sample taken from the bottom of the crater
near the village of Hoholiv (id 3564), according to
the data of laboratory studies on the content of heavy
metals (Table 1), relatively increased (compared
to values from other samples) indicators of Cu
(10.77 mg/kg), Fe (13625 mg/kg), Ni (27.94 mg/kg),
Zn (42.16 mg/kg), and Pb (53.56 mg/kg) are recorded.
High lead indicators were also recorded in the
average sample of the area (36.59 mg/kg).
According to the results of the analysis of
biogenic element content in soil samples from
the crater near the village of Hoholiv (id 3564)
(Table 2), exceedances (compared to the background
soil sample) of phosphorus (P) content were recorded
in samples from the bottom and the rim of the crater,
as well as in the sample from the northern part of
the area. The highest values (109 mg/kg) were found
in the southern and western parts of the crater rim.
The potassium (K) content in all studied samples
from the crater is higher than the background
level (by 2-3 or more times). The highest values,
exceeding 100 mg/kg, were recorded in deposits
from the crater bottom, from the northern and
eastern crater rims, and the northern area. A high
(84 mg/kg) relative K content was also found in
samples taken from the southern and western
sides of the crater rim. In general, the average K
content in the area samples is lower than in the
crater samples, but it is 2 or more times higher than
the background. A tendency toward a decrease in
potassium content with increasing distance from
the crater center was observed.

Here and hereafter, soil color was determined visually using the Munsell Soil Color Charts (Munsell Color, 1990/2010).
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Table 1. Heavy metal content in soil samples from the crater
near the village of Hoholiv (id 3564)*

Metal content, mg/kg
Sample Sample | Molsture, Soll, Cu Fe Mn Ni In Pb d* Co*
weight, g % g
1-6-3564- | 0301 8.13 0277 10.77 13625 109.75 27.94 #.16 <05 <05
1-6-3564-6 | 0308 295 0.299 7.12 10971 141.89 870 3082 <20 <05 <05
1-6-3564-M | 0302 346 0292 6.17 9570 148.80 11.28 3212 <05 <05
16-3564-0 | 0303 483 0.290 6.5 13422 24579 17.98 3142 <20 <05 <05
* — values below the detection limit.
Table 2. Biogenic element content in soil samples from the crater
near the village of Hoholiv (id 3564)
Element 300 316N 3265 33 BE 345W 35MN 36 MS 37 ME 38 MW 390
NH, 25 25 30 2 30 30 20 2 2 30
N, 0 0 0 0 0 0 0 0 0 0
P 82 545 109 215 109 545 215 2715 275 275
K 110 1026 84 102.6 84 1026 56.1 747 65.4 372
o I s 43316 48314 71638 43316 38318 28322 56644 56644
Mg 9144 812.8 609.6 508 7112 9144 7112 609.6 1625.6 8128
Fe 562.5 250 125 137 250 124 125 125 250 250
5 625 125 375 125 125 125 125 125 125 2
Mn 140 120 100 100 140 140 100 70 270 180
pH 749 74 691 7 7.4 707 6.89 6.56 72 719
C % humus 16 21 31 11 11 21 16 16 21 16
EC 33 148 ) 27 236 327 33 293 03 350
Heo, 032 0.16 0.18 044 048 048 0.64 058 0.42 032

Table 3. Legend for cell background coloring in tables of heavy metal and
biogenic element content in the analyzed samples

Background values

Exceed background values by:

Lower than background values by:

1.5-2 times 1.5-2 times
3 times 3 times
4 times 4 times

5 or more times

5 or more times

Table 4. Biogenic element content in samples from genetic horizons of the natural soil profile in the

north-western wall of the crater (id 3564) near the village of Hoholiv

Element 390 40 H(e) 41 Hpi 42 Phk 43 Pk
NH, 30 10 20 10 10
NO, 0 0 0 0 0

p 275 54.5 109 109 82
K 37.2 121.2 158.7
€] 5664.4 5331.2 3831.8
Mg 812.8 1422.4 1219.2
Fe 250 250 562.5 3125 137.5
S 25 125 25 50 50
Mn 180 120 50 0 0
pH 7.19 7.37 7.37 7.68 78
(% humus 1.6 1.6 1 1 1
EC 350 250 217 265 246
HCO, 0.32 0.34 0.48 0.8 0.88
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Table 5. Heavy metal content in soil samples from the crater
near the village of Hoholiv (id 3564)*

Metal content, mg/kg
Gy | SIS LESTG R Cu Fe Mn Ni In P aa o
weight, g % g
11-2708- 0.301 19.51 0.242 9.57 28735 125.56 28.88 33.29 <20 <05 <05
1lI-2708-b 0.306 11.05 0.272 9.79 27256 165.56 20.71 35.48 19.40 <05 <05
11I-2708-M 0.3 13.74 0.259 14.47 41435 278.30 24.93 4137 <20 <05 <05
11-2708-0 0.301 11.38 0.267 9.33 17592 37338 16.24 4.7 <20 <0.5 <0.5

* — values below the detection limit.

Table 6. Biogenic element content in soil samples from the crater
near the village of Shestovytsia (id 2708)

Element | 488 | 496N | 50BS | S1BE | S526W | 53MN | 54MS | SSME | SeMW | 57 58 59 600
NH, 10 2 20 2 10 10 2 15 10 20 15 15 2
NO 15 38 45 38 38 38 75 38 75 38 15 38 38

P 545 | 545 82 545 | 545 82 82 45 | s4s | s4s 544 | 545 | 545
K 625 | 79 78 607 | 104 | 18 | 161l | 133 | 713 64 %s | &3 84
(a | 46648 | 4998 | 63308 | 831 | 4165 | 4998 | 69972 | 51646 | 68306 | 31654 | 6664 | 12838 | 46648
Mg | 6096 | 6096 | 6096 | 1016 | 1016 | 1016 | 1016 | 508 | 9144 | 4064 | 2032 | 1016 | 7112
Fe 1500 | 1500 | 1500 | 1750 | 1500 | 750 | 2250 | 1500 | 2250 soo (SO 1500 500
5 50 375 2 35 | s | 318 375 35 | s | 318 50 75 | 315
Mn 100 100 140 120 80 100 270 100 160 100 140 120 140
ph 6.32 6.1 64 | 615 | 618 6. 6.1 669 | 632 | 655 6.53 7.1 68
Coohumus| 21 108 93 17 108 39 10 36 10 21 39 11 3
K 795 360 78 318 265 19 192 15 19 135 191 05 27
HO, | 024 | 048 | 048 | 048 | 048 | 034 | 034 | 056 | 024 | 03 | 034 08 0.56

Table 7. Heavy metal content in soil samples from the crater
near the village of Yablunivka (id 6-63)

Metal content, mg/kg
Sample Sa.mple Moisture, Soll, Cu Fe Mn Ni In Pb Cd* Co*
weight, g % g
A-6-63-11 0.301 9.59 0.272 12.07 6304 50.00 17.32 38.52 9.46 <05 <05
A-6-63-b 0.301 6.91 0.280 0.00 3025 70.38 13.61 22.79 <20 <05 <0.5
A-6-63-M 0.304 8.84 0.277 2.77 3055 155.96 15.78 24.76 <20 <05 <0.5
A-6-63-0 0.301 6.26 0.282 4.36 2927 156.14 9.76 22.06 <20 <05 <0.5

* — values below the detection limit.

Table 8. Biogenic element content in soil samples from the crater
near the village of Yablunivka (id 6-63)

Element 15214 153 BN 154 BS 155 BE 156 BW 157 MN 158 MS 159 ME 160 MW 1610
NH, 60 50 20 15 50 20 20 20 30 20
NO, 15 15 15 22.5 22.5 15 15 22.5 22,5 15

P 21.5 21.5 27.5 21.5 21.5 27.5 21.5 21.5 27.5 21.5
K 122.2 1514 1383 140.7 132.8 124.7 1073 1124 120.8 78.4
(€] 666.4 499.8 333.2 666.4 333.2 333.2 333.2 166 833 333.2
Mg 101.6 101.6 101.6 101.6 101.6 101.6 101.6 1524 101.6 101.6
Fe 375 1375 125 125 1375 250 250 250 250 125
S 375 25 125 125 125 125 125 125 125 125
Mn 60 80 60 70 100 80 80 120 120 90
pH 4.08 491 538 5.39 537 4.67 4.68 443 51 44
C% humus 0.8 1 0.8 1 1.6 1 1.6 1.6 1.6 1.6
EC 166 238 14 180 216 196 237 219 180 149
HCO, 0.08 0.08 0.08 0.12 0.12 0.08 0.08 0.08 0.08 0.08
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Table 9. Heavy metal content in soil samples from the crater
near the Makariv settlement — Lypivka village (id 3564)*

Metal content, mg/kg
Sample v::i:llrtl,eg Mmi/:ure, S‘;II' Cu Fe Mn Ni In Pb Cd* Co*

M-N-3289-f | 0302 1084 0.269 9.68 7187 33897 1241 2678 9.19 <05 <05

M-N-3289-6 | 0304 9.15 0.276 14.89 5779 259.03 047 36.11 <20 <05 <05

M-N-3289-M| 03 8.03 0276 679 6507 27238 16.08 26.66 <20 <05 <05

M-N-3289-0 | 0301 487 0286 7.9 8517 205.92 15.44 2543 5252 <05 <05

* — values below the detection limit.
Table 10. Biogenic element content in soil samples from the crater
near the Makariv settlement — Lypivka village (id 3289)

Element | 1237 124BN 12565 126 BE 1276W 128 MN 129 Ms 130 ME 131MW 1320
NH, 25 60 20 10 15 15 15 20 20 40
NO; 15 13 15 15 75 75 75 75 15 75

P 109 275 275 275 275 275 275 25 275 109
K 471 477 635 50.2 609 1124 1328 110 714 7338
@) 1999.2 1666 18326 21658 1499.4 1499.4 18326 18326 1166.2 18326
Mg 101.6 2032 3048 1016 101.6 101.6 4064 3048 101.6 2032
Fe 562.5 625 625 625 562.5 625 625 500 500 500
s 25 25 25 100 25 625 100 100 50 375
Mn 350 250 240 300 210 300 300 210 240 180
pH 6.64 5.72 571 6.21 571 541 5.87 629 6.04 498
C % humus 16 21 26 26 16 21 21 21 26 21
EC 270 170 208 391 139 165 175 233 164 104
HCo, 0.16 0.16 0.08 02 0.12 0.12 0.08 0.16 0.16 0.16
Table 11. Heavy metal content in soil samples from the crater
near the Vorzel settlement (id 2-1009)*
Metal content, mg/kg
Sample Sa_mple Moisture, Soll, Cu Fe Mn Ni In Pb d* Co*
weight, g % g

B-2-1009-f | 0302 6.44 0283 0.00 4495 113.23 816 1744 <20 <05 <05

B-2-1009-6 | 03 6.53 0280 823 3453 15415 12.08 2411 51,58 <05 <05

B-2-1009-M | 0306 581 0.288 21.89 4032 13745 17.79 36.76 <20 <05 <05

B-2-1009-0 | 03 398 0.288 8.14 497 167.39 1468 26.76 <20 <05 <05

* — values below the detection limit.
Table 12. Biogenic element content in soil samples from the crater
near the Vorzel settlement (id 2-1009)

Element | 921 936N | 94BS | 95BE | 966W | 97MN | 98MS | 99ME | 100MW (,,',,"_:ﬁ“, (o?f,fs?,,, (o?fif:,,,
NH, 30 40 40 30 30 30 30 40 35 30 20 20
N, 75 75 38 38 75 38 38 75 113 38 38 38

P 109 545 545 8 82 8 8 82 545 82 8 545
K 296.5 3406 2525 2827 3035 279 2677 2523 3153 256.5 263.1 469.2
G 13328 | 18326 | 18326 | 23324 | 19992 | 21658 | 21658 | 1999 1666 1666 999.6 833
Mg 1016 101.6 101.6 1016 3048 101.6 1016 2032 2032 508 101.6 1016
Fe 750 1000 875 1125 1250 1000 625 1250 875 1250 1000 375
5 375 25 375 25 25 375 375 25 375 375 375 25
Mn 120 180 160 270 180 240 160 210 210 240 120 120
pH 6.09 6.01 6.08 6.01 592 6.16 5.83 591 5.89 578 545 5.74
Co%humus| 1.1 15 16 21 16 21 21 16 21 11 11 1
EC 324 153 137 105 109 13 134 106 132 7 87 51
HCo, 0.16 0.16 0.16 0.16 0.08 0.16 0.16 0.16 0.08 0.08 0.08 0.16
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An exceedance of Fe and S content (by more
than 2 times) was detected at the bottom of the cra-
ter. Interestingly, a similar trend of increasing sul-
fur content with depth is observed in the soil pro-
file cleared in the north-western wall of the crater
(Fig. 3b). However, the iron content there decreases
with depth, also by approximately 2 times compared
to background values.

The distribution of Ca perfectly illustrates the
pattern of dispersal of carbonate deposits resulting
from the explosion. Thus, the highest values (almost
5 times higher than the background) are character-
istic of the crater bottom, which is understandable
given the presence of parent rocks in the form of
carbonate loess-like loams. All other indicators do
not differ significantly from the background; howev-
er, the Ca content in the area samples is clearly lower
than in the rim samples. Among the latter, samples
from the western and northern parts of the crater
rim stand out, with higher carbonate content than
in the background sample. This is explained by the
ejection of carbonate parent deposits from lower-ly-
ing horizons onto the soil surface by the explosion.

In the sediment samples taken from the genetic
horizons of the soil profile cleared in the north-west-
ern wall of the crater (id 3564) (Table 4), an in-
creased content (compared to background values) of
Phosphorus (by 2-4 times) and Potassium (by 2-4
times) is recorded throughout the entire soil profile,
as well as Sulfur (by 2 times) in the two lower ge-
netic horizons. A slightly increased iron content (up
to 562.5 mg/kg) was recorded in the Hpi horizon,
which, in principle, is in good agreement with the
natural properties and morphological appearance of
this genetic horizon.

The distribution graphs of calcium and iron
along the profile are generally consistent with the
natural features of grey forest soils (grey podzolic
soils). In particular, the exceedance of Ca and Mg
cations by ten or more times is quite characteristic
of parent loess-like loams, while an increase in Fe
cation content is typical for horizons with signs of
illuvial genesis, which were obviously diagnosed by
the nut-like structure in the subsurface soil hori-
zon from the defensive trench. The humus content
in the area and background samples ranges from
1.6% to 2.1%, which is generally typical for the
surface horizons of grey forest soils (Albic/Haplic
Luvisols) and correlates with the map of agro-in-
dustrial soil distribution of the Velykodymerska
hromada [23].
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Results of field and laboratory studies
of the crater near the village of Shestovytsia
(id 2708)
The investigated crater is located 1.5 km north
of the village of Shestovytsia, Kyinska territorial
hromada, Chernihivska oblast, 500 meters east
of the Kyinka-Shestovytsia highway (coordinates
51.4054, 31.1963) (Fig. 3d). Field experiments
were conducted on September 16, 2024. The depth
of the crater is 1.05 m, and the diameter from
north to south is 5.1 m. Nine sediment samples
(Nos. 48-56) were taken from the crater (id 2708)
for laboratory analysis; another three samples (Nos.
57-59) were taken from neighboring locations
within agricultural fields where remote sensing
data indicated former craters, along with one
background sample (No. 60).

The results of the analysis of heavy metal content in
samples from the crater near the village of Shestovytsia
(id 2708) (Table 5) record relatively uniform
Cu content indicators (9.33 mg/kg background
value, 9.57 and 9.79 mg/kg — copper content in
samples from the bottom and the rim of the crater,
respectively; a slightly increased content, at the level
of 14.47 mg/kg, was recorded in the average sample
of the area). The Fe content in the samples from
the crater and the surrounding area is higher than
the background value by 9,664-23,843 mg/kg. The
Ni content in samples from the crater bottom and the
surrounding area is also higher than the background
value by 4.47-12.64 mg/kg. At the same time, a
decrease in manganese content toward the bottom
of the crater is recorded. A relatively increased Pb
content (up to 19.40 mg/kg) was recorded in the
crater rim compared to the laboratory results of other
samples.

The results of laboratory studies on biogenic
element content (Table 6) show an increase (relative
to background values) in Fe content in all samples
taken from the crater (id 2708). It is also interesting
that in two out of three samples (Nos. 58 and 59)
taken from agricultural fields at locations where
craters were previously identified, the iron content is
also increased. Compared to background values, the
iron content is increased by 3-4 times and, in sample
No. 58, by more than 7 times.

The results of the analysis of K content appear
interesting. When comparing the K content at the
bottom and three parts of the crater rim (northern,
southern, and eastern), the indicators there are
slightly lower (by 6.0-13.3 mg/kg) compared to the
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background (84 mg/kg). At the same time, the K
content results around the crater, in samples 53 MN
and 54 MS, as well as from the crater rim (No. 52
BW), are higher than the background (by 74, 32.1,
and 45.4 mg/kg, respectively).

A slight increase in P content (by 17.5 mg/kg) was
recorded in samples taken from the southern part of
the crater rim and the northern and southern parts
of the area surrounding the crater. The P content
results in all other samples are identical to the
background, at the level of 54.5 mg/kg.

An increased (compared to background values)
phosphorus content of 12.5 mg/kg was detected at
the bottom of the crater, as well as in sample No. 58.

It is also worth noting the high humus content (up
to 11.7%) in the vast majority of samples from the
surface soil horizons, which is generally characteristic
of chernozem soils (Gleyic Chernic Phaeozems
(Pachic)) of meadow genesis and correlates with
the map of agro-industrial soil distribution of the
Kyinska hromada [23].

Results of field and laboratory studies
of the crater near the village of Yablunivka
(id 6-63)

The investigated crater (id 6-63) is located 150 m
east of the main street of the village of Yablunivka,
Malynska territorial hromada, Zhytomyrska oblast
(coordinates 50.8913, 29.3448) (Fig. 3e). Field
experiments were conducted on October 28, 2024.
The depth of the crater is 1.4 m, and the diameter
from north to south is 5.0 m. Nine sediment samples
(Nos. 152-160) and one background sample (No. 161)
were taken from the crater (id 6-63) for laboratory
analysis.

The results of the analysis of heavy metal
content in samples from the crater near the village
of Yablunivka (id 6-63) (Table 7) record increased
indicators (compared to background values) of
certain heavy metals in the sample from the crater
bottom:

Cu=12.07 mg/kg (with background values of
4.36 mg/kg);

Fe=6,304 mg/kg (with background values of
2,927 mg/kg);

Ni=17.32 mg/kg (with background values of
9.76 mg/kg);

Zn=38.52 mg/kg (with background values of
22.06 mg/kg);
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Pb = 9.46 mg/kg (with background values <2.0
mg/kg).

It is also worth noting that, compared to back-
ground indicators, the contents of Fe, Ni, and Zn
are relatively higher in samples from the rim and
around the crater.

The results of laboratory studies on biogenic
element content (Table 8) show an increase in K
content by 1.5-2 times over background values
(from 107.3 to 151.4 mg/l, with a background
content of 78.4 mg/l). It is worth noting that the K
content is generally higher in samples taken from
the crater bottom and rim.

A Fe and S content increased by 3 times was de-
tected in the samples taken from the crater bottom.

The Ca and Mg contents are low and approxi-
mately uniform across all investigated samples,
which is characteristic of natural podzolic soils.
The humus content fluctuates within the range of
0.8-1.6% and is generally lower within the crater
bottom and rim. The soil is classified as acidic, as
the pH of the investigated samples ranges from 4.08
at the crater bottom to 4.91-5.39 on the crater rims
and 4.43-5.11 in the surrounding area, with a back-
ground value of 4.41.

According to morphological and geochemical in-
dicators, the soils are weakly podzolic soils on flu-
vioglacial deposits (Albic Retisols), which correlates
with the map of agro-industrial soil distribution for
the Malyn hromada [23].

Results of field and laboratory studies
of the crater near the Makariv settlement —
Lypivka village (id 3289)

The investigated crater (id 3289) is located on
the southern outskirts of the village of Lypivka,
Makarivska territorial hromada, Kyivska oblast,
70 m east of the Makariv-Lypivka-Havronshchyna
road junction (coordinates 50.5004, 29.8246).
Field experiments were conducted on October 22,
2024. The crater is situated within an agricultural
field where corn was grown; at the time of the
study, the corn had been harvested. The crater is
partially plowed over, but it is obviously traceable
by microrelief features. Its depth is about 0.1 m, and
the diameter from north to south is 3.2 m (Fig. 3f).
Nine sediment samples (Nos. 123-131) and one
background sample (No. 132) were taken from the
crater for laboratory analysis.
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The results of the analysis of heavy metal content
in samples from the site of the former crater near
the Makariv settlement — Lypivka village (id 3289)
(Table 9) are rather indistinct. The highest content
of Cu (14.89 mg/kg), Ni (22.47 mg/kg), and Zn
(36.11 mg/kg) was recorded in samples from the
crater rim; Mn (338.97 mg/kg) was found at the
crater bottom; Fe (8,517 mg/kg) and Pb (52.52 mg/
kg) were recorded in the background sample.

Since the crater near the Makariv settlement —
Lypivka village (id 3289) is almost completely
plowed over due to agricultural activities, the results
regarding biogenic element content (Table 10)
show little variation, and the gradients of changes
are generally insignificant. Only the S content in
samples from the surrounding area and the eastern
part of the crater rim is higher than the background,
reaching up to 3 times in certain samples (126 BE,
129 MS, and 130 ME). Conversely, the P and K
content is often lower. Compared to background
values, the phosphorus content in samples from the
rim and the area surrounding the crater is reduced
by a factor of 4. A slightly lower potassium content
was recorded in samples from the bottom and the
rim of the crater.

The humus content in the investigated soil
samples ranges from 1.6-2.6%. The Ca and Mg
content indicators range from 1,166.2-2,165.8 mg/l
and 101.6-304.8 mg/l, respectively. According to
morphological and geochemical indicators, the
soils are represented by sod-medium-podzolic soils
on fluvioglacial deposits (Albic Retisols), which
correlates with the map of agro-industrial soil
distribution of the Makarivska hromada [23].

Results of field and laboratory studies
of the crater near the Vorzel settlement
(id 2-1009)

The investigated crater (id 2-1009) is located 350
m south of the road junction between the villages
of Nemishaieve, Vorzel, and Myrotske, Buchanska
territorial hromada, Kyivska oblast (coordinates
50.5569, 30.1286) (Fig. 3g). Field experiments
were conducted on October 21, 2024. The depth of
the crater is 0.4 m, and the diameter from north
to south is 3.7 m. Nine sediment samples (Nos.
92-100) and three background soil samples from
depths of 0.1-0.2 m, 0.2-0.3 m, and 0.5-0.6 m (Nos.
101-103) were taken from the crater (id 2-1009) for
laboratory analysis.
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The results of the analysis of heavy metal content
in samples from the crater near the Vorzel settlement
(id 2-1009) (Table 11) are quite uniform, without a
clearly defined spatial distribution of increased heavy
metal content. In particular, the highest Fe content
(4,495 mg/kg) was recorded in samples from the
crater bottom (in general, iron content indicators
are fairly uniform); Pb (51.58 mg/kg) — from the
crater rim; Cu (21.89 mg/kg), Ni (17.79 mg/kg), and
Zn (36.76 mg/kg) — from the area surrounding the
crater; Mn (167.39 mg/kg) — in the background
sample.

The results of laboratory studies on biogenic
element content in crater id 2-1009 (Table 12)
do not record significant gradient changes in the
investigated indicators. Deviations from background
values are generally minimal, except for a slightly
increased P content at the bottom of the crater. The
humus content in the investigated soil samples
ranges from 1.1-2.1%. Calcium (Ca) content ranges
from 833-2,165.8 mg/l, and Magnesium (Mg) —
from 101.6-508 mg/1.

According to morphological and geochemical
indicators, the soils are represented by medium
podzolic soils on fluvioglacial deposits (Albic
Retisols), which correlates with the map of agro-
industrial soil distribution of the Bucha hromada
(Map..., 2018).

Conclusions

The studies conducted in September—October 2024
provided new data on the impact of military oper-
ations on soil cover in specific territorial hromadas
of the Kyiv Prydniprovia. These efforts aimed to di-
agnose and assess the degree of contamination of
damaged soils two and a half years after the start
of russia’s full-scale aggression against Ukraine.

To diagnose and assess potential contamination
with harmful substances, methodology for index-
ing and sampling sediments within bombturbation
zones was proposed. This methodology accounts for
the spatial and morphological characteristics of the
investigated objects.

In total, 183 samples were collected during the
2024 field studies. Of these, 59 samples from five key
sites near the settlements of Hoholiv, Shestovytsia,
Yablunivka, Lypivka—Makariv, and Vorzel were ana-
lyzed for heavy metal and biogenic element content.
The results demonstrate certain spatial differences
in the concentrations of heavy metals and biogenic
elements.
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In most of the investigated craters, a local in-
crease in Cu, Fe, Ni, Zn, and Pb concentrations is
observed, most frequently in samples from the cra-
ter bottoms and rims. This may indicate the influx
of these chemical components into the soil mass
resulting from munitions detonation. The most
pronounced spatial differentiation and exceedances
of background concentrations were recorded in the
craters near Hoholiv, Shestovytsia, and Yablunivka.

The content of biogenic elements also frequently
exhibits significant spatial gradients within indi-
vidual craters investigated (Hoholiv, Shestovytsia,
Yablunivka). Exceedances in phosphorus, potassi-
um, iron, and sulfur are most commonly recorded,
occurring in samples from the crater bottoms and
rims, as well as from the surrounding area. In sev-
eral cases, substantial propagation gradients from
the center of the explosion to the periphery were
recorded, enabling reconstruction of the move-
ment patterns of soil masses or individual elements.
However, it is worth noting that there are cases (Ma-
kariv-Lypivka, Vorzel) where direct links between
increased concentrations of the studied elements
and bombturbations could not be established. In
some cases, this is due to the wrapping of funnels
during agricultural work (Makariv-Lypivka), which,
in turn, leads to the mixing of sediments. In others,
it depends on the granulometric composition of the
soils that were damaged by explosions. For example,
in soils of sandy granulometric composition, the
spatial-morphological pattern of the distribution of
heavy metals and biogenic elements looks less clear
(Vorzel, Lypivka-Makariv), in contrast to more
loamy soils, which, due to the increased content of
colloidal particles, have a higher buffer capacity and
better retain pollutants in case they enter the soil
masses (Hoholiv, Shestovytsia).

Furthermore, no concentrations of the studied
elements exceeding levels harmful to human health
were recorded at any of the investigated sites. This
suggests that nature, through soil formation pro-

cesses, is quite successful at neutralizing substanc-
es harmful to human health—at least within the
scope of the studied objects (noting that samples
were collected 2.5 years after active hostilities). At
the same time, the issue of potential pollutant mi-
gration (including through groundwater) requires
further research.

The studies also indicated that explosions lead
to the active displacement of parent soil-forming
materials to the surface. This is traceable both mor-
phologically and through laboratory data, indicated
by a sharp increase in Ca and Mg concentrations
on the rims of craters formed in soils developed on
carbonate loess-like rocks (Hoholiv).

The results confirm that the impact of explo-
sions on the soil profile is not only mechanical
(disruption of genetic horizons, destruction of
primary microrelief, mixing of sediments) but al-
so chemical, as enrichment with technogenic com-
ponents was recorded in the analyzed samples. Si-
multaneously, it is important to note that excessive
heavy metal contamination was not detected at the
sites studied.

Thus, the conducted research demonstrates the
sensitivity of soils to military operations and high-
lights the necessity for systematic monitoring of
contamination. This is essential for assessing current
environmental risks and forecasting potential short-
and long-term consequences for the agricultural use
of affected lands.

The scientific novelty of the article lies in the
presentation and analysis of new empirical data
concerning the degree of soil damage and contam-
ination resulting from military operations. This is
based on comprehensive field and analytical data
on the content of heavy metals and a range of bio-
genic elements in soil sediments, derived from pri-
mary studies of five key sites within the Kyiv Pryd-
niprovia. Furthermore, the author’s methodology
for selecting soil samples from bombturbation sites
is proposed.
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! IHcTuTyT reorpadii HauioHanbHoi akagemii Hayk Ykpainu, Kuis
? YepHiBewbKkuii HaLioHanbHWii yHiBepcuTeT imeHi H0pia OefbkoBuya, YepHisui
3 HauioHanbHuii 6otaniunuii can imeHi M. M. Tpuiwka HauioHanbHoi akapemii Hayk Ykpaitu, Kuig

MoHiTopuHr reoximiuHoro craHy rpyHTiB y 30Hax 6om6Typ6auiit Kuiscbkoro lMpuaninpos’s
YK 631.4:355.47:54.05(477.41:282.247.32-192.2)(045)

Ha ocHOBI NepBUHHKX pe3ynbTaTiB KOMMIEKCHUX MOMbOBUX Ta N1abopaTOpHUX LOCNIAXKEHDb, B MeXaX OKpemux
TepuTopianbHux rpomMa KuiBcbkoi, YepHiriBcbkoi Ta »KUToMupcbKoi obnacTei, BUCBITNEHO AeAKi acnekTu cTaHy
FPYHTOBOrO MOKPUBY MOLIKOAMEHOTO BHACNIAOK BOEHHMX A 2022 p. 3anponoHOBaHO A0 BUKOPUCTAHHA MeTO-
UKy iHaeKcauii Ta Binbopy 3pa3sKiB Bigknagis B Mexax 30H 6om6TypbaLliii, AKa BpaxoBye NPOCTOPOBi Ta Mop¢o-
noriuHi 0cobnnBOCTi 06’€KTIB HOCNIAMKEHHA ANA OLUIHKN MOTEHUIHOrO 3abpyAHEeHHA WKIAANBUMY PeYOBUHAMM.
HaBepeHo petanbHi pesynbratyi NOMbOBUX JOCHIAKEHb ANA M'ATW KMIOYOBUX LINAHOK 6inA HaceneHnx nyHKTIB
loronis, WectoBuua, AbnyHiska, Jlnniska-Makapis, Bop3enb, a Takox pe3ynbtaTyi N1abopaTopHUX SOCNiAMKEHb
3pa3KiB Ha BMICT BaxKux MeTanis (20) Ta 6ioreHHux enemeHTiB (59). YcTaHOBNEHO, WO BUOYXM CNPUUUHAIOTL He
nnwe MexaHiuHi NopyLeHHsA rpyHToBOro npodinto, a M NOMITHI XiMiYHI 3MiHU, 30Kpema NnokasbHe NigBULLEHHSA
KoHueHTpauin Fe, Cu, Ni, Zn Ta Pb, aKki Haibinbw yacto crnocTepiraoTbcA y 3pa3kax i3 AHa Ta OpiBOK BOpO-
HOK. BMiCT 6GioreHH/X enemeHTiB TakoX iHOLi AEMOHCTPYE ACKPaBi NPOCTOPOBI BIAMIHHOCTI B MeXax oKpemux
JocnigkeHnx BopoHok (foronis, WectoBuua, AbnyHiBka). HaluyacTiwe peecTpyeTbcAa nepeBuileHHA (y nopis-
HAHHI i3 GOHOBMMM 3HaueHHAMKM) pocdopy, Kanito, 3aniza Ta CipKku, AKI NpUypoyeHi AK [O 3pa3KiB i3 AHa Ta
6piBOK BOPOHOK, TaK i A0 3pa3kiB 3 npunernoi micuesocTi. OfHaK, BapTo Bif3HAUNUTK, L0 3yCTPivaloTbCA BUMALKM
(Makapis-Jluniska, Bop3enb), konu He BLAE€TbCA 3adikcyBaTh NPAMI 3B'A3KM MiXK NiABULLEHUMY KOHLeHTpaLiaMm
JOCNigKeHNX enemMeHTiB Ta 6omOTypbauiamu. OKpiM LbOro, Ha XogHOMY i3 focnigKeHUXx 00'ekTiB He 3adikco-
BaHO LUKIANMBI ANA 300POB'A NIOAVHY NepeBULLEHHA KOHLIEHTPaLi AOCNiAXKYBaHUX enemMeHTiB. BuaBneHi 3akoHo-
MipHOCTi MPOCTOPOBOrO PO3MOBCIOAKEHHSA MOPYLUEHUX IPYHTOBUX MAC, BaXKKMX MeTasiB Ta 6ioreHHUX enemeHTiB
[03BONAITb OLHUTW CMPUYMHEHUI BOEHHVMI BMNAVBaMIU XapaKTep nepepo3nofiny NpuUpogHMX i TEXHOTeHHMX
peyoBurH. Pe3ynbtaTyi AOCNIAXKEHHA MiAKPeCTIoTb HEOOXILHICTD MOHITOPUHTY 3a0pyAHEHHA Ta OLiHKW AOBro-
CTPOKOBUX €KONOTYHMX HAciaKiB AnA 3emenb, WO 3a3Hanu BNavMBy 60M0BKX Lil.

Knioyoei cnoea: 3abpyoHeHHs rpyHmis, 6ombmypb6auii, 80€HHI Oii, 8axki Memanu, 6iozeHHi enemeHmu, enaus 8iliHu
Ha 008Kinss, 8mopzHeHHsA Pocii 8 YkpaiHy.
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