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INTRODUCTION

The modern use of land resources in Ukraine is charac-
terised by intensity and does not meet the requirements
of rational use of natural resources. Land resources lose
their fertility and degrade due to crop rotation irregu-
larity, ploughing soils on slopes, applying high rates of
mineral fertilisers and pesticides, and over-compaction
with machinery [1]. One of the defining agroecological
problems of agriculture in Ukraine is the high degree
of ploughness of agricultural soils. The ploughness
of soils in Ukraine is one of the largest in the world
and accounts for 57% of the country's territory, and the
ploughness of agricultural land reaches 80%. Intensive
ploughing of lands, including inclined ones, leads to a
decrease in soil fertility due to their over-compaction,
deterioration of the structural condition, reduction of
water permeability, aeration, and contamination with
toxic substances [2].

In Ukraine, the following degradation processes
in soils are most widespread: dehumidification and re-
duction of the content of nutrients, physical degradation
(over-compaction), erosion, pollution, etc. [2]. Especially
dangerous for soils is erosion, which has significantly
accelerated with the introduction of intensive farming
technologies and significant ploughing of protected
land on the slopes. Due to the development of erosion
processes caused by anthropogenic activity, the soil is
washed away, which leads to a decrease in its fertility
and contamination with toxic substances [2].

Accelerated erosion is estimated by the volume of
soil washout per year: weakly washed soils - 0.5-1.0 t/ha;
medium-washed soils - 1.0-5.0 t/ha; heavily washed
soils - 5-10 t/ha; very strongly washed soils — more
than 10 t/ha [3]. In Ukraine, the area of eroded and ero-
sive soils is approximately 17 million hectares. Most of
the washed-off soils were found in Luhanska, Vinnytska,
Dnipropetrovska, and Odeska oblasts, where the share
of washed-off soils reaches 53-66% of the total arable
land area [4]. The number of polluted and unproductive
soils on the territory of Ukraine reaches 15 million hect-
ares, while over the past 130 years their number has in-
creased significantly, which is also affected by a decrease
in the humus content in the soil. On such soils, along
with the problem of acidification, pollution with heavy
metals, radionuclides, pesticide residues, and salts is
growing. Data from the Institute of Soil Science and Ag-
rochemistry show that 20% of the soil area in Ukraine
is contaminated with heavy metals [4], which requires
their constant agroecological monitoring.

Studies by E.Ya. Zhovinsky, A.l. Samchuk [5], and
A.l. Fateev [6] are devoted to the issues of heavy metal
contamination of the soil cover. Considerable attention of
researchers is focused on the study of issues of landscape
ecogeochemistry in agrogenesis zones: T.M. Myslyva [7],
O.l. Trunova [8]. Part of the research concerns the fea-
tures of migration and accumulation of certain chemi-
cals in the soil. Study by Yu.M. Dmytruk [9] is aimed at
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investigating the features of the movement of copper
and zinc in the soil thickness of the Carpathian region,
A.l.Melnyk [10] - migration and accumulation of heavy
metals in the soils of the Chernihivska Oblast, S.S. Rudenko
and S.S. Kostyshin - in the soils of agricultural land of
the Chernivetska Oblast [11; 12]. Features of distribution
of Zn in agricultural soils of the Kharkivska Oblast are
considered by M.M. Miroshnichenko and A.l. Fateev [13],
the nature of migration and accumulation of heavy
metals in the soils of protected areas - by A.l. Samchuk
and E.Ya. Zhovinsky [5], agro-cultural landscapes -
T.M. Myslyva [7]. A small amount of research papers
concerns the study of the horizontal movement of toxic
substances and their accumulation in the soil. There are
almost no data on the horizontal redistribution of toxi-
cants in soils undergoing erosion.

Considering the above, the purpose of the study
is to establish the features of horizontal migration and
accumulation of heavy metals, some trace elements
and radionuclides under conditions of varying degrees
of washout of soils due to the development of erosion
processes.

THEORETICAL OVERVIEW

According to the degree of mobility, all heavy metal
compounds in the soil are divided into stationary, po-
tentially mobile, and mobile components. Among them,
heavy metals in mobile form have the most negative
effect on living organisms, including humans. Agrochem-
ical properties of soils significantly affect the mobility
of heavy metals: in soils with low buffering, the number
of mobile forms of heavy metals will be significantly
higher than in soils with high buffering with the same
other characteristics: the background content of heavy
metals, the level of anthropogenic pollution,and others.
Based on this, “the buffer capacity directly determines
the protective properties of soils, so to determine the
actual danger of heavy metals, it is necessary to moni-
tor the content of their mobile forms. The value of the
gross content of heavy metals should be used only to
establish the general characteristics of soil contamination
and identify their potential danger”[14].

It was found that the transfer of heavy metals from
landscapes located above the landform leads to an in-
crease in the content of Pb in the lowlands by 4.5 times,
Sr-by1.7,Ag - by 2.2,Cu - by 1.7,Zn - by 2.5, Ga - by
1.5,Sn - by 1.6 and Yb - by 1.5 times [15]. Admittedly,
the reaction of the soil environment also directly af-
fects the mobility of chemical elements. In an acidic
environment, most cationic elements (Cd, Hg, Pb, Ni, Co,
Mn, Zn, Cu, etc.) easily migrate, and an increase in PH
leads to a sharp decrease in the intensity of migration
processes due to the generation of poorly soluble com-
pounds of these substances.

An important factor in the intensity of movement
of heavy metals in the soil is its redox properties. Heavy
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metals are the least mobile in the soil under highly re-
ducing conditions (50-150 mV), and Co, Cd, Mn, Fe, Ni,
and Zn are the most mobile at the reducing properties
of soils of 400 mV,and Cu - at 700-800 mV [16]. However,
since the redox potential of soils is a very dynamic Value,
its study is rarely conducted.

A significant part of heavy metals is bound in the
soil by the organic matter of humus - humic and fulvic
acids. Fertile soils with a high humus content are able
to retain high concentrations of heavy metals compared
to sandy or humus-poor soils [17]. At the same time, the
long-term supply of heavy metals to the soil, even in
low concentrations, causes their significant accumulation
in the soil [18]. The toxic effect of heavy metals in heavy
soils with a high humus content is less than in light and
humus-poor soils. This can be explained by the property
of clay particles and organic matter of humus to transfer
heavy metals to a bound and sedentary state.

When pollutants enter the soil, its structure is
destroyed, which leads to preconsolidation of the soil. The
consequences of this are a decrease in water permeability,
the generation of a soil crust, and the deterioration of
the water-air regime. When heavy metals accumulate
in the soil, its physical and chemical properties dete-
riorate: the mobility of the clay fraction increases, the
acid reaction of the soil environment changes, the con-
centration of calcium and magnesium exchange com-
pounds decreases, compounds of carbonates and iron
hydroxides are destroyed, the quantitative composition
of humus decreases, and the mobility of humic acids of
humus increases [19].

MATERIALS AND METHODS

The study was conducted during 2017-2020 based on
processing materials for monitoring and ecological and
agrochemical certification of agricultural land of the
farm “Avgust VA’ in the village of Markovka, Tomashpol
district, Vinnytska Oblast, which were developed by the
Vinnytsia branch of the state institution “Institute of soil
protection of Ukraine”[20]. The soil of the experimental
site is podzolic heavy loamy chernozem with varying
degrees of washout: non-eroded, slightly washed, me-
dium washed. The following ecological and agrochem-
ical parameters of the soil were analyzed: the content
of mobile forms of heavy metals: lead (Pb), cadmium (Cd),
copper (Cu) and zinc (Zn) - by spectrophotometric method;
the content of trace elements:boron (B) - by colorimetric
method,manganese (Mn) - by spectrophotometric method;
the density of radioactive contamination: Caesium -
137 (Cs) - by gamma spectrometer, strontium-90 (Sr) -
by radiochemical method [20].

Agrochemical survey of the soils was carried out
on a total area of 740.5 hectares. Sampling was carried
out inaccordance with the guidelines for large-scale ag-
rochemical survey of soils in the agrochemical service of
Ukraine. The study was conducted on two adjacent soil
areas with different degrees of washout: non-eroded
and slightly washed soil and slightly washed and me-
dium-washed soil. On the experimental non-eroded
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podzolic heavy loamy chernozems by mechanical com-
position, the humus content was 2.94%. On slightly
washed soils, the humus content was 12.9% lower. The
content of easily hydrolysed nitrogen on non-eroded
soils was 113 mg/kg, and on slightly washed soils -
13.3% less. The content of mobile forms of phosphorus
on non-eroded soils was 137 mg/kg, and on slightly
washed soils - decreased by 51.1%. The content of mo-
bile potassium on non-eroded podzolic heavy loamy
chernozems was 152 mg/kg. This was 34.9% more than
on lightly washed soil.

Observation of a section of podzolic heavy loamy
chernozem with a weak and medium-washed degree
showed that the humus content on slightly washed soil
was 2.94%, and on medium-washed soil it decreased
by 8.8%. The content of lightly hydrolysed nitrogen
on lightly washed podzolic heavy loamy chernozem
was 112 mg/kg, and on medium-washed - decreased
by 14.3%. The content of mobile forms of phosphorus
on lightly washed soil was 50 mg/kg, and on medi-
um-washed soil - increased by 15.3%. The content of
mobile forms of potassium on lightly washed podzolic
heavy loamy chernozems was 89 mg/kg, and on heavily
washed - increased by 42.9%.

The hydrolytic acidity of non-eroded soil was
2.34 mg-eq/100 g, and slightly washed - increased by
4.9%. The reaction of the soil solution on unwashed
soil was 5.5 pH, and on slightly washed soil - increased
by 1.8%. The sum of the absorbed bases of non-eroded
podzolic heavy loamy chernozem was 25.6 mg-eq/100 g,
and slightly washed - increased by 11.4%.

Observations of the acidity indicators of another
soil area, where the degree of washout was higher,
revealed the hydrolytic acidity of slightly washed soil
of 1.72 mg-eq/100 g. Medium-washed podzolic heavy
loamy chernozem had a hydrolytic acidity of 11.3% higher.
The reaction of the soil solution of slightly washed soil
was 5.8 pH, and the reaction of medium-washed soil
was 1.7% less. The sum of the absorbed bases of weakly
and medium-washed soils was the same and amounted
to 29.2 mg - eq/100 g.

RESULTS AND DISCUSSION

The main toxic substances in soils that can negatively
affect plant growth and development are heavy metals,
radionuclides, pesticide residues, salts and acids. At high
concentrations in soils, trace elements can also be toxic
to plants.

Among the group of heavy metals, lead and cad-
mium are the most dangerous. At the same time, cop-
per and zinc can act in soils, depending on their con-
centration, as heavy metals, and microelements useful
for plants. In this study, the influence of the degree of
washout of podzolic heavy loamy chernozem on the
concentration of mobile forms of heavy metals in it was
revealed. In particular, on non-eroded soil, the content
of mobile forms of lead was 1.13 mg/kg, and on lightly
washed soil, it increased by 6.6% and amounted to
1.21 mg/kg (Table 1).
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Table 1. Intensity of soil contamination with heavy metals depending on the degree of its washout, mg/kg

Mechanical Degree of

Heavy metals

Soil type composition washout Pb Cd Cu Zn
Content MPC Content MPC Content MPC Content MPC
Non-eroded 1.13 6.00 0.07 0.70 0.20 3.00 0.47 23.0
Podzolic
Heavy loam
chernozem Slightly
1.21 6.00 0.07 0.70 0.19 3.00 0.49 23.0
washed
5“9[‘1“(‘1’ 085 600 006 070 024 300 041 230
Podzolic washe
Heavy loam
chernozem Medium
1.03 6.00 0.06 0.70 0.24 3.00 0.47 23.0
washed

Notes: MPC - maximum permissible concentrations
Source: compiled based on [20]

The content of mobile forms of cadmium in the
soil did not depend on the degree of its washout and
amounted to 0.07 mg/kg on unwashed and slightly
washed soil. The concentration of mobile forms of copper
on unleaded podzolic chernozem was 0.20 mg/kg, and on
slightly washed chernozem it was 5% less and amounted
to 0.19 mg/kg. The content of mobile forms of zinc on
unwashed soil was 0.47 mg/kg, and on lightly washed
soil - increased by 4.1% and amounted to 0.49 mg/kg.

Comparison of indicators of the content of mo-
bile forms of heavy metals between lightly and medi-
um-washed podzolic heavy loamy chernozem revealed
an increase in lead concentration by 17.5% on medium-
washed soil: from 0.85 mg/kg on slightly washed - to
1.03 mg/kg on medium washed. The concentration of
mobile cadmium forms did not depend on the degree
of soil washout and was 0.06 mg/kg. In addition, there
was no effect of the degree of soil washout on the
content of mobile forms of copper in it - 0.24 mg/kg.
At the same time, the content of mobile forms of zinc
on slightly washed soil was 0.41 mg/kg, and on medi-
um-washed soil it increased by 12.8% and amounted to
0.47 mg/kg.

Analysis of indicators of the content of heavy
metals in soils of various degrees of washout showed
that the concentration of mobile forms of lead and zinc
increases from unwashed to medium-washed soil, and the
concentration of mobile forms of cadmium and copper

does not depend on the degree of its washout. At the
same time, the concentration of mobile forms of lead
and zinc in the soil increases three times more in-
tensively during the transition from slightly washed
to medium-washed than from unwashed to slightly
washed. This indicates a horizontal migration of lead
and zinc along the slope. Lead has a greater horizontal
migration in the soil compared to zinc. At the same time,
cadmium and copper migrate in a horizontal plane along
soil slopes less intensively. In particular, only copper mi-
gration was detected in slightly washed soil compared
to non-eroded soil, while such migration between slightly
and medium-washed soil was not detected.
Assessment of the content of heavy metals in ex-
perimental soils in comparison with maximum permis-
sible concentrations (MPC) did not detect that the per-
missible limits were exceeded. In particular, the content
of mobile forms of lead was 0.14-0.20 MPC, cadmium -
0.09-0.10 MPC, copper - 0.06-0.08 MPC, zinc - 0.02 MPC.
The study analysed changes in the concentration of trace
elements in the soil depending on the degree of its
washout. In particular, the content of mobile forms of
boron on unwashed soil was 0.84 mg/kg,and on lightly
washed soil - decreased by 9.5% and amounted to
0.76 mg/kg. The manganese content on non-eroded
soil was 35.80 mg/kg, and on lightly washed soil it de-
creased by 0.2% and amounted to 35.74 mg/kg (Table 2).

Table 2. Content of trace elements boron and manganese in the soil depending on the degree of its washout, mg/kg

Trace elements
. Mechanical Degree of
Soil type composition washout B Mn
Content Background Content MPC
Podzolic Non-eroded 0.84 6.0 35.80 700
h Heavy loam ]
chernozem Slightly washed 0.76 6.0 35.74 700
Podzolic Slightly washed 0.86 6.0 35.64 700
h Heavy loam
chernozem Medium-washed 0.78 6.0 36.84 700

Source: compiled based on [20]
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During the transition of soil from slightly to
medium washed, the content of mobile forms of boron
decreased by 9.3% (from 0.86 to 0.78 mg/kg), and man-
ganese - increased by 3.3% (from 35.64 to 36.84 mg/kg).
The results of the conducted studies indicate that with
an increase in the degree of soil washout, the boron
content in it decreases - evenly between weakly and
medium-washed soil, but the manganese content in-
creases, especially in medium-washed soils. The back-
ground content of boron in the soils of the forest-steppe
of Right-Bank Ukraine is 6.0 mg/kg, which is significantly
higher than the actual content of boron in the soil of exper-
imental sites. The maximum permissible concentration

of mobile forms of manganese in the soil is 700 mg/kg,
and the actual content is 0.05 maximum permissible
concentration.

The influence of varying degrees of soil washout
on the content of radionuclides in it is revealed. In par-
ticular, the caesium content in the undisturbed soil was
0.37 Ki/km?2. On slightly washed soil, the caesium con-
tent decreased by 18.9% and amounted to 0.30 Ki/km?Z.
On medium-washed podzolic chernozem, the caesium
content also decreased by 16.7% (0.25 Ki/km? against
0.30 Ki/km?). The content of strontium in the studied soils
did not depend on the degree of its washout (Table 3).

Table 3. Intensity of changes in soil contamination with radionuclides
depending on the degree of its washout, Ki/km?

Trace elements
. Mechanical Degree of
Soil type com-position washout Cs S
content MPC content MPC
Podzolic Non-eroded 0.37 1.0 0.02 0.15
h Heavy loam
chernozem Slightly washed 0.30 1.0 0.02 0.15
Podzolic Slightly washed 0.30 1.0 - 0.15
h Heavy loam
chernozem Medium-washed 0.25 1.0 - 0.15

Source: compiled based on [20]

At the maximum permissible concentration of
caesium in the soil of 1.0 Ki/km?, its actual content at
the experimental sites was 0.3-0.4 MPC,and strontium -
0.1 MPC.

CONCLUSIONS

According to the study results, the migration ability of
toxic substances in the soil was revealed, depending on
the degree of its washout. A strong horizontal migra-
tion of mobile forms of lead in the soil was established,
which grows from non-eroded to medium-washed soil
with the highest lead content on medium-washed podzolic
heavy loamy chernozems, which is 24% more than on
non-eroded soil. A similar relationship was found in the
content of mobile forms of zinc in the soil, where its

concentration on medium-washed soil was 17% higher
than on non-eroded soil. The content of mobile forms
of copper decreases on slightly washed soils by 5%
compared to non-eroded ones, boron - by 18.8% from
non-eroded to medium-washed soils,and the content of
manganese increases from slightly to medium-washed
soil by 3.3%. A decrease in the concentration of caesium
was revealed on medium-washed soils compared to
non-eroded soils by 25.6%.

Prospects for further research are to investigate
the features of accumulation of toxic substances: heavy
metals, radionuclides, salts and acids in crop products
grown on soils with varying degrees of washout and
develop measures to reduce the horizontal migration
of such toxicants along soil slopes.
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IHTeHCUBHICTb 3a6pyAHEHHS FPYHTY TOKCUHMHUMM PEUYOBUHAMMU 3aJIEXKHO
Big CTyneHsa Moro aMUTOCTI

Onekcanpp Metposuu Tkauyk, Biktopis IropisHa Beprenic

BiHHMLbKMI HALiOHaNbHWI arpapHUi YHiBEpCUTET
21008, Byn. CoHa4Ha, 3, M. BiHHMuS, YkpaiHa

AHoTaUuif. 3HaYHWUIA CTYNiHb PO30PAHOCTI CiIbCbKOrOCNOAAPCHKMUX IPYHTIB YKpaiHU NpM3BiB A0 MOCUNEHHS epO3iiHMX
NpoLLeCiB Ta YTBOPEHHS FPYHTIB Pi3HOro CTyMeHs 3MUTOCTI, WO MPU3BOAMTb He TiNbkW A0 AeryMmidikauii, ane n
[0 33abpyAHEHHS IPYHTIB TOKCMYHUMM PEYOBMHAMWU. TOMY METOK [OCNiOXeHHS 6yno BCTaHOBMTM 0COBAMBOCTI
rOPU30HTaNbHOI MirpaLii Ta HAKOMMYEHHS BaXKKMX METasiB CBUHLID, KAAMItO, Mifi Ta LIMHKY, MiKpoeneMeHTiB bopy Ta
MapraHLo, pagioHyKNi4iB Le3ito i CTPOHLI0 Ha YOpHO3eMax ONiA30/1IeHUX BAXKOCYTNIMHKOBUX i3 Pi3HUM CTyMeHeM
3MUTOCTI: HE3MUTI, cnabo- Ta cepefHbO3MMUTI, 3yMOBNEHOI PO3BMTKOM epo3iliHUX npouecis. Mig Yac fLOCNioKEHHS
6yn0 BMKOPUCTAHO CMNEKTPOPOTOMETPUYHI, KONOPUMETPUYHI, raMMa-CNeKTPOMETPUYHI Ta paAioXiMiyHi MeToam
BM3HAY€HH$ BMiCTYy TOKCMYHUX PEYOBUH Y I'PYHTI. Pe3ynbTataMu focnigkeHb BUSIBIEHO, WO HA CNabo3MUTUX FPpyHTaxX
BMiCT rymycy Ha 12,9 % MeHwwuit, a3oTy nerkorigponizoBaHoro — Ha 13,3 %, pyxomux dopm docdopy - Ha 51,1 %,
PYXOMOrO0 Kanito — Ha 34,9 % MeHLWii, Hix Ha cnabo3MUTUX rpyHTax. BMicT rymycy Ha cepefHbO3MUTOMY IpyHTi 6yB
Ha 8,8 % MeHLUMM, HixX Ha C1labo3MUTOMY, a30Ty NErKoriAposi3oBaHoOro — Ha 14,3 % MeHLwuMm, pyxomoro docdopy - Ha
15,3 % 6inblunM, pyxoMoro kanito — Ha 42,9 % 6inblimm. BctaHOBNEHO CUNBbHY FOPU30HTANbHY MirpaLito pyxoMmnx hopMm
CBMHLIO Y YOPHO3EMi OMiA30MEHOMY BaXKKOCYTIMHKOBOMY 3MWUTOMY, LLO 3pPOCTAE i3 30ibLIEHHAM CTYNeHs 3MUTOCTI
PYHTY i3 BMiCTOM pyXoMux (OPM CBMHLIO Ha CEPEeAHbO3MUTOMY IPYHTI Ha 24 % BiNnbLIOMY, HiXX Ha HE3MUTOMY I'PYHTI.
Taka X 3aN1eXHiCTb BCTAHOB/IEHA 3@ BMICTOM Y PYHTI pyXOMUX GOPM LIMHKY, 3 iX MepeBaXaHHSM Ha CepefHbO3MUTOMY
rPYHTi Ha 17 %, NopiBHSAHO i3 He3MUTUM. BMicT pyxoMux GopMm Mifi MeHWMI Ha cNabo3MUTOMY IPYHTI, MOPiBHSHO i3
He3MUTUM Ha 5 %, 6opy — Ha 18,8 % MeHLWMIH Ha HE3MUTOMY I'PYHTI, MOPIBHSHO i3 CepeAHbO3MUTUM, @ BMiCT pyXOMMUX
dopM MapraHuto 36inblyeTbes Ha 3,3 % Big cnabo- 4O CepefHbO3MUTOrO IPYHTY. TaKOX BCTAHOB/IEHO 3HMXKEHHS
KOHLLeHTpaL,ii uesito Ha 25,6 % Ha cepefHbO3MUTUX I'PYHTAX, MOPIBHSHO i3 HE3MUTUMMU
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