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INTRODUCTION

The accumulation of large amounts of pollutants in
soils, including heavy metals, became unavoidable
(Datsko et al., 2024). It is because of increasing anthro-
pogenic pressure, especially amid Russia’s invasion of
Ukraine and intensive industrialisation The problem
is particularly acute in regions affected by hostilities.
Destruction of industrial facilities, the use of military
equipment and the deployment of ammunition lead to
the large-scale release of toxic elements into the en-
vironment. Once accumulated in the soil profile, these
elements alter its physicochemical properties, suppress
soil microflora and enter food chains. It is necessary to
define the natural geochemical background of metals
clearly for an accurate assessment of technogenic pol-
lution and the selection of appropriate clean-up strate-
gies (Lopushniak et al., 2022).

Ukrainian and international researchers widely
study the monitoring of soil ecosystem degradation
and the determination of background elemental con-
centrations. O. Tonkha et al. (2025) carried out a com-
prehensive assessment of soil contamination levels in
southern Ukrainian regions directly affected by hostili-
ties, focusing on southern low-humus chernozems. The
study recorded substantial deviations from environ-
mental standards. In particular, the concentration coef-
ficient for copper ranged from 8.2 to 81.19. In affected
areas containing fragments of molten metal, the indi-
vidual ecological risk for cadmium rose to 1,228, while
the total risk index reached 1,805. V. Zatserkovnyi et
al. (2025) proposed a different approach to solving
agrochemical problems through automation. The au-
thors developed an information technology for preci-
sion agriculture aimed at improving the monitoring of
agricultural land conditions.

International experience in determining the natu-
ral content of elements shows considerable variation
in regional approaches. According to M.R. Alfaro et
al. (2015), an assessment of the geochemical back-
ground in Cuba found that natural nickel and chromi-
um Llevels in local soils were substantially higher than
global averages. This was linked to the specific compo-
sition of parent rocks. The reference soil quality values
developed by the authors reached 170 mg/kg for nickel
and 153 mg/kg for chromium, indicating pronounced
natural geochemical enrichment. Meanwhile, the anal-
ysis of fractional composition showed low bioavailabil-
ity of copper, nickel, chromium, antimony, and arsenic.
This reduces the risk of the intensive transfer into plant
products. Y. Sun et al. (2019), in turn, conducted a sys-
tematic review of the evolution of soil quality standards
in China and compared these standards with regulatory
approaches in the United Kingdom. The authors under-
lined the importance of background differentiation. The
researchers noted that China’s first environmental soil
quality standards, approved in 1995, applied uniform
limit values for eight heavy metals across the entire
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country. Such an approach did not reflect geographi-
cal heterogeneity, soil type diversity or integrated en-
vironmental factors. As a result, individual provinces,
including Hunan, later had to develop the pragmatic
remediation targets. A major step in the evolution of
the regulatory framework came in 2018, when updat-
ed standards replaced the previous system. The new
framework introduced a two-level assessment model
based on environmental screening values and risk in-
tervention values. These modern limits rely on human
health risk assessment procedures, vary depending on
pH and clearly distinguish between land-use catego-
ries, including agricultural land and construction land.
Despite the large amount of experimental data on
pollution levels, current scientific literature still lacks an
integrated systematisation of methods for differentiat-
ing the natural geochemical background and assessing
the bioavailability of elements. This gap is especially
noticeable for territories exposed to combined military
and industrial pressure. The purpose of the present ar-
ticle was to summarise global scientific approaches to
establishing reference values for heavy metal content
in the Earth’s crust and soils. The study also aimed to
provide a critical analysis of existing remediation strat-
egies for agroecosystems. Analysis, critical synthesis
and systematisation of scientific sources and current
regulatory documents underlay the methodology of the
present review. The work was performed in several con-
secutive stages. At the first stage, a targeted search for
relevant materials was conducted in leading interna-
tional and national scientometric databases, including
Scopus, Web of Science and Google Scholar. The search
used combinations of keywords such as ‘geochemical
background concentrations”, “natural metal content in
soil”, “heavy metal bioavailability”, “soil remediation”
and “soil and military actions” in Ukrainian and Eng-
lish. Clear source selection criteria were applied to cre-
ate an objective sample. The analysis comprised only
peer-reviewed studies published mainly in 2020-2025.
Non-peer-reviewed publications, articles outside the
research topic and outdated monitoring data were ex-
cluded.The collected information was structured by sev-
eral thematic areas at the stage of critical analysis and
synthesis. These areas encompassed sources of toxicant
input, methods for assessing total metal content, bio-
logical availability within the “soil-plant” chain, and the
ecological and economic effectiveness of physicochem-
ical and biological remediation methods. A separate
analytical component of the study was the systematic
examination of the provisions of Order of the Ministry
of Health of Ukraine No. 368 (2013). The final compar-
ative analysis, which compared international data with
national regulatory instruments, made it possible to
summarise existing approaches, identify research gaps
in the study of poorly investigated element migration
and justify optimal strategies for land remediation.




Natural content and comparative geochemical analysis
of heavy metals in soil ecosystems

Evaluating changes in the elemental composition of
soils under anthropogenic pollution requires a clear
distinction between natural elemental fractions and
technogenic inputs. P. Madejon (2013) showed that the
natural content of barium in the Earth’s crust varied
considerably, ranging from 425 to 668 mg/kg. In spite of
playing no major role in the physiological development
of plants, the distribution and accumulation of the
above element deserve detailed attention. Barium en-
ters plant organisms mainly from natural sources. This
can be explained with the fact that chemical analysis
of fertilisers confirmed the absence of high concentra-
tions of this metal in industrial fertilisers.

D.T. Lamb et al. (2013) and LK. Wang et al. (2018)
described the mechanism of bioaccumulation in detail.
In line with findings provided by aforementioned au-
thors, barium was actively absorbed by the root system
and then transported to assimilatory organs. However,
its translocation was less efficient than the translo-
cation of potassium. Plant residues decomposed. This
process formed a specific geochemical cycle after this.
This cycle enriched the upper soil horizons. L.K. Choud-
hary & A. Kumar (2024) reported that the biological
effect of barium had a dual, dose-dependent character.
It sometimes took part in certain metabolic reactions
at very low concentrations. It acted as a dangerous tox-
icant at elevated levels, especially above 500 mg/kg.
It disrupted nutrient uptake, slowed the development
of roots and above-ground organs, and induced intense
oxidative stress in plant cells. L.K. Choudhary & A. Ku-
mar (2025) confirmed this assumption to the full ex-
tent in later research. The effects of barium were clearly
differentiated using wheat as an example. The authors
proved that low barium doses, up to 10 pg/g, had a pro-
moting effect. Such doses stimulated chlorophyll accu-
mulation and biomass growth. Critical concentrations,
from 100 to 1000 ug/g, produced acute toxicity. The
above-mentioned concentrations caused a sharp reduc-
tion in root length, a decrease in leaf surface area and a
fall in overall seed productivity by more than 40%.

Unlike barium, zirconium is relatively more wide-
spread in the lithosphere. Nevertheless, its biological
role for phytocoenoses remains minimal. Pursuant to
S. Ghosh et al. (1992), the average zirconium content
in the lithosphere is around 300 mg/kg. Its concentra-
tion in soils ranges from 32 to 850 mg/kg. TA. Hayes
and M.E. Kassner (2006), M. Shahid et al. (2013), found
that zirconium shows low mobility in the natural envi-
ronment. This is due to its intense adsorption on solid
surfaces of the soil absorption complex. The conse-
quence is that the element accumulates mainly in the
underground biomass of plants. The scientific debate
on zirconium phytotoxicity remained open. A. Hbika et
al. (2025) recorded a negative effect of zirconium on
certain metabolic processes, but these results were
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isolated and required further verification. However, the
almost complete immobility of zirconium and its resist-
ance to weathering represent its main value in modern
geochemical studies. M. Chen et al. (2024) demonstrat-
ed that zirconium serves as an ideal natural marker, or
reference element because of its stability. Comparing
the concentrations of mobile toxicants with the content
of immobile zirconium enables researchers to calculate
soil enrichment factors accurately. This is crucial for en-
vironmental monitoring, since it makes it possible to
distinguish the natural lithogenic background of soil
from artificial anthropogenic pollution,including pollu-
tion of military origin. I. Martinez-del-Pozo et al. (2026)
supported further the unique status of zirconium as a
reference element. The authors showed that zirconium
demonstrated the highest measurement stability and
accuracy among all trace elements during large-scale
assessment of geochemical background using portable
X-ray fluorescence analysers. This metal is strongly re-
lated to parent rock and does not depend on external
factors, its spatial distribution acts as a reliable indi-
cator. In field conditions, this marker helps define the
natural boundaries of soil layers quickly and separate
these layers from areas of artificial technogenic or mil-
itary contamination.

A comparative analysis of alkaline earth met-
al distribution indicates the high migration capaci-
ty of strontium. In conformity with MJ. Chowdhury &
R. Blust (2011), strontium accounts for around 0.037%
of the Earth’s crust. Its vertical migration rate increased
substantially under conditions of higher moisture. The
authors pointed out that humic substances in the upper
horizons influenced the behaviour of this metal in two
ways. On the one hand, these substances stimulated the
formation of mobile organomineral complexes. Con-
versely, the substances bound strontium and prevented
its leaching from the soil profile under certain condi-
tions. Artificial application of calcium fertilisers or soil
liming is an effective way to reduce strontium toxicity
in agroecosystems due to this similarity. Saturating the
soil solution with calcium blocks passive strontium up-
take by the root system through ion antagonism (Gup-
ta et al., 2017). Modern plant physiology also revealed
the ability of strontium to act as an effective protective
barrier against other, more dangerous toxicants.J. Liu et
al.(2023) underscored that the presence of strontium in
the environment can substantially reduce the uptake of
highly toxic cadmium by the root system. Due to antag-
onism between these elements, strontium helps plants
maintain stable chlorophyll levels, activates intracel-
lular antioxidant defence and reduces biomass growth
inhibition in areas contaminated by several elements.

Lead and arsenic pose the highest level of environ-
mental danger and agronomic significance among the
analysed elements. Military and industrial emissions
exert influence over the background concentrations of
these elements. E. Steinnes (2013) and S.M. Mousavi et

Scientific Horizons, 2026, Vol. 29, No. 3

83



84

Background concentrations and remediation strategies...

al. (2022) found that lead exists in soil systems as frac-
tions with different degrees of mobility. The authors
stressed that water-soluble anions, including nitrates
and acetates, created the greatest threat to agroecosys-
tem stability. These compounds increased lead mobility
and raised the risk of its migration into groundwater.
H. Cui et al. (2024) made a significant contribution to
understanding lead dynamics in surface horizons. The
authors studied metal mobilisation under conditions of
intense atmospheric deposition. The researchers identi-
fied a critical scientific contradiction, which implies that
new atmospheric inputs of lead are much more dan-
gerous for the environment because 42.0-89.5% of the
total lead in atmospheric deposits occurs in bioavail-
able and mobile forms. The same study experimental-
ly showed that continuous atmospheric input of fresh
lead can completely neutralise or substantially weaken
the fixing effect of widely used chemical amendments
such as lime. Newly deposited metal fractions rapid-
ly increase mobile pools of the element in the upper
0-5 cm layer of the soil profile. Within the framework of
the molecular level, the critical danger of lead entering
plant tissues lies in the development of severe oxida-
tive stress. N. Kumar & A.K.Jha (2024) noted that lead
accumulation in cells induces excessive formation of
reactive oxygen species. These compounds destroy the
lipid layer of cell membranes and damage chloroplast
structure. Lead causes irreversible disruption of the
photosynthetic apparatus of crops by blocking intra-
cellular antioxidant enzymes. This appears visually as
inhibited biomass growth and reduced overall agroeco-
system productivity. Arsenic contamination is similarly
complex because of its isomorphic similarity to phos-
phorus. E. Moreno-Jiménez et al. (2012) and M. Aide et
al.(2016) showed that typical natural arsenic content in
soils ranged from 5 to 7.5 mg/kg. In ammunition dispos-
al zones, however, arsenic oxides quickly transformed
into toxic salts, namely arsenates and arsenites. This
inhibited plant cellular respiration through competitive
replacement of phosphate ions. The particular danger
of arsenic for agroecosystems lies in its specific mech-
anism of entry into plant tissues. D. Sinha et al. (2023)
described this process in detail. In the form of arsenate,
this metalloid chemically imitates phosphate ions, so
the root system passively absorbs it through nutrient
channels. Inside the cell, arsenic replaces phosphorus
in ATP molecules. This blocks energy metabolism, dam-
ages chloroplast cellular structure and slows photo-
synthesis. Most of the metalloid is usually deposited in
the roots. However, more mobile pools can move into
above-ground biomass through aquaporin proteins.
This causes deep toxic stress and marked inhibition of
crop development.

Copper and zinc have similar geochemical charac-
teristics. Both elements are essential trace elements,
yet copper and zinc become toxic when background
levels are exceeded. Pursuant to K. Oorts (2013), copper
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concentration in the lithosphere was around 60 mg/
kg, while its accumulation in the arable layer occurred
extremely slowly. Precise monitoring of copper con-
centrations is essential because the boundary between
copper as a micronutrient and copper as a dangerous
toxicant is very narrow. Copper bioavailability depends
strongly on environmental acidity because the ion-
ic form, Cu?, dominates in acidic soils. In response to
such contamination, plants change the composition of
root exudates and release phenolic compounds to bind
the metal directly in the rhizosphere. Meanwhile, ex-
cess copper acts as an antagonist of mineral nutrition
and strongly blocks plant uptake of phosphorus, calci-
um, and manganese (Trentin et al., 2022). FJ.R. Cruz et
al. (2022) noted that the physiological norm of copper
content for higher plants ranges from 2 to 20 mg/kg of
dry matter. Exceeding this threshold triggers a cascade
of biochemical disturbances. These disturbances dam-
age iron-copper clusters in cells, block redox reactions
and inhibit biomass growth. J. Mertens and E. Smold-
ers (2013), together with C. Noulas et al. (2018), showed
that the background content of zinc usually ranged
from 10 to 100 mg/kg and depended strongly on the
genesis of the parent rock. Excess zinc presents a se-
rious threat because it is more mobile and bioavaila-
ble in the soil solution than many other heavy metals.
H. Kaur et al. (2024) noted that critical zinc concentra-
tions cause phytotoxicity through destruction of chlo-
roplast ultrastructure and induction of oxidative stress.
This leads to chlorosis and leaf necrosis. Excessive up-
take of the element also triggers secondary iron and
magnesium deficiency because zinc competes strongly
with these nutrients for common transport channels on
cell membranes.

Nickel occupies a separate place among the an-
alysed elements. AV. Barker and DJ. Pilbeam (2006)
pointed out that its average content in European soils
ranged from 3 to 48 mg/kg. The authors showed that
exceeding the critical nickel threshold of 100 mg/kg of
dry matter caused profound disturbances in stomatal
conductance, slowed seed germination and led to gen-
eralised chlorosis. J. Kovacik & M. Vydra (2024) summa-
rised data showing that excess nickel provokes deep
oxidative stress. It causes prolonged hydrogen peroxide
accumulation, destruction of protein molecules and a
decline in photosynthetic pigment content. Neverthe-
less, plant physiological response differs strongly be-
tween species. Dicotyledonous crops show much high-
er tolerance to nickel excess than monocotyledonous
crops. Such crops respond to stress by intensively accu-
mulating protective amino acids, particularly proline, as
a mechanism of cellular adaptation.

To provide a comprehensive understanding of the
risks posed by heavy metal accumulation in agroeco-
systems, the study summarised the circulation scheme
(Fig. 1). Primary metal input caused by hostilities or in-
dustrial emissions undergoes transformation in the soil




profile. The mobility of elements is controlled by the
physicochemical parameters of the environment. The
next stage involves the transfer of bioavailable frac-
tions through the root system into plant tissues, fol-
lowed by the translocation to assimilatory organs. The

Anthropogenic and
military factors
(infrastructure

emissions, munition

residues)

Soil profile (effect of
pH, humus content,
and the absorption
capacity of the soil
medium)

Plant root system
(passive and active
uptake, rhizosphere
barrier)
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greatest risk arises when these elements reach the final
links of the food chain. In addition to it, the migration
of chemical elements into plant tissues can negatively
affect crop development and produce pronounced phy-
totoxic effects.

Above-ground organs
(translocation of
toxicants into leaves,
stems, and grain)

Food chain (animal
feed, food products,
human body)

Figure 1. Scheme of heavy metal migration and transformation in the soil-plant-food chain system
Source: developed by the autho

The scheme above shows why the content of chem-
ical elements in agricultural land requires careful con-
trol. Even components usually regarded as essential
trace elements can cause damage when crops accumu-
late these components in excessive amounts. In such
cases, these elements may harm the environment and
enter the trophic chain.

Comparative analysis of phytoremediation strategies

and regulatory control of heavy metal content

The practical implementation of soil clean-up meas-
ures directly relies on the specific features of national
hygienic regulation. This system actually shows a cer-
tain imbalance. An analysis of the provisions of Order
of the Ministry of Health of Ukraine No. 368 (2013)
showed that the content of barium, zirconium, stron-
tium, zinc, copper, and nickel in agricultural products
is not currently regulated. This creates considerable
environmental risks and calls for the development of
preventive biological methods for land remediation.
By contrast, strict legal limits exist for lead and arse-
nic. Pursuant to the same regulatory act, the maximum
permissible lead content must not exceed 0.2 mg/kg
in cereals and 0.10 mg/kg in vegetable crops. Arsenic
content is also strictly limited in rice fields, with values
ranging from 0.10 to 0.25 mg/kg depending on the in-
tended use of the product.

The efficiency of metal removal through phytore-
mediation varies greatly. It depends on the biological
characteristics of the plants used as remediators and
on the selected strategy, whether phytostabilisation
or phytoextraction. A comparison of findings from
different authors makes it possible to define several key
patterns in metal uptake. PR.C.D.C. Ribeiro et al. (2018)

compared in experiments the potential of Typha domin-
gensis and Cyperus papyrus during the clean-up of mod-
el ecosystems contaminated with barium. The results
revealed a clear difference in remediation mechanisms.
Cattail concentrated most of the barium in its roots and
followed a phytostabilisation strategy. Papyrus, in con-
trast, ensured intensive translocation of the metal into
above-ground organs. Indian mustard (Brassica juncea)
showed a similar phytoextraction potential for bari-
um and nickel. According to V.M. Yatsenko et al. (2024),
barium uptake by mustard during the flowering stage
was statistically significant. N. Syam (2022) confirmed
that the use of compost additives increased nickel ac-
cumulation in mustard plants to 425-455 mg/kg of dry
weight by stimulating biomass growth.

Wild-growing and industrial crops proved effec-
tive for the remediation of land contaminated with
strontium and lead. S. Ali et al. (2022) reported that
cucumber showed features of a hyperaccumulator of
the stable strontium isotope. In the context of lead re-
mediation, G. Testa et al. (2023) substantiated the high
resistance of industrial hemp varieties, including Futu-
ra 75 and Kc Dora. E. Acuna et al. (2021) demonstrated
that the shrub Atriplex halimus was suitable mainly for
lead phytostabilisation. Even when citric and fulvic ac-
ids increased metal mobility, lead remained locked in
the root system and did not move sufficiently into the
above-ground biomass.

The remediation of soils contaminated with arse-
nic, zinc, and copper also depends on soil and climat-
ic conditions, as well as on the ecological specificity
of the plants used. T. Mehmood et al. (2021) showed
that maize (Zea mays L.) effectively absorbed arse-
nic. The researchers also identified a critical pattern:
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accumulation was much higher in sandy loam sub-
strates than in heavy clay soils, where the metal was
fixed by iron oxides. This conclusion corresponds with
the findings of C. Picchi et al. (2022). The authors re-
corded a stable decline in hemp and mustard biomass
under stress caused by arsenic contamination. During
the remediation of zinc anomalies, E. Soares et al. (2021)
confirmed the reliability of sunflower (Helianthus annu-
us), which immobilised zinc in the roots. Nevertheless,
K.I. Paredes-Paliz et al. (2024) showed that the grass

Cortaderia nitida actively transported zinc into the leaves.
This made it more suitable for complete phytoextrac-
tion. J. Widmer and L. Norgrove (2023) recommended
Plantago lanceolata L. and Ricinus communis L. for cop-
per removal. These plants exceeded the accumulation
threshold of 1,000 mg/kg. T. Luo et al. (2024) recorded
similarly high results for rapeseed (Brassica napus L.).
For a clearer comparison of the geochemical parame-
ters and biological properties of the analysed elements,
a summary comparative table is presented below.

Table 1. Geochemical parameters, legal limits and promising remediator plants for heavy metal soil clean-up

Chemical Background contentin  MPC in products according to Order of the Ministry Recommended remediator
element the Earth’s crust, mg/kg of Health of Ukraine No. 368 (2013), mg/kg plants (type of remediation)
. Cyperus papyrus (extraction),
Barium (Ba) 425-668 Not regulated Ii’/ﬁ}ssicapju%ycea ((extraction))
Zirconium (Zr) ~ 300 Not regulated L'rﬁﬁiﬂ:ﬁ;&éﬁﬁgg%ﬂ;'on
. Carduus nutans (extraction),
Strontium (Sr) ~ 370 Not regulated Cucumis sativus((extraction))
Cannabis sativa (extraction),
Lead (Pb) ~ 14 0.10 (vegetables) - 0.20 (cereals) Ariple bt ((Stabmsatio)n)
Arsenic (As) 1.5-5.0 0.10-0.25 (for rice) wiztiaalzg{gié_ﬁ(g?ggr;tézgt)
. N Cortaderia nitida (extraction),
Zinc (Zn) 70 Not regulated Helianthus annuus (stabilisation)
Brassica napus L. (extraction),
Copper (Cu) ~ 60 Not regulated Ricinus communis L.
(stabilisation)
Nickel (Ni) ~80 Not regulated Brassica juncea (extraction

with addition of compost)

Source: developed by the author

The above data show considerable heterogenei-
ty in the geochemical parameters and regulatory ap-
proaches applied to the studied chemical elements.
One issue deserves particular attention. Most metals,
including Ba, Zr, Sr,Zn, Cu and Ni, are not currently reg-
ulated in plant products under Order of the Ministry
of Health of Ukraine No. 368 (2013). This is the case
despite the high background content in the Earth’s
crust or the potential ecotoxicity. Strict legal regula-
tion applies only to lead and arsenic. The maximum
levels of these elements are clearly differentiated by
crop type, for instance from 0.10 mg/kg for vegetables
to 0.25 mg/kg for rice. Differentiated biological meth-
ods were proposed for the clean-up of contaminated
areas. These methods ranged from phytoextraction us-
ing hyperaccumulator plants to phytostabilisation with
organic amendments or compost.

CONCLUSIONS

To summarise the review, increasing anthropogenic and
military pressure on Ukraine’s agroecosystems creates
an urgent need for effective strategies to restore con-
taminated land. The study defined several gaps in the
Ukrainian regulatory framework. In particular, it pointed
to the need to develop comprehensive standards and
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maximum permissible concentrations for the elements
analysed in this review in agricultural products and an-
imal feed. The absence of clear regulation can create
direct risks for food security and the national economy.
The regional background concentrations of heavy met-
als in soils, identified through the literature analysis,
indicate that the migration behaviour and toxicity of el-
ements depend strongly on the “age” of contamination
and the acidity of the environment.

The analysis showed that phytoremediation is the
most promising, environmentally safe and economically
justified method of land reclamation. Nevertheless, its
effectiveness differs regarding the nature of the toxi-
cant. For mobile and highly bioavailable elements, such
as zinc and nickel, as well as for arsenic, which enters
cells through phosphate transporters, active phytoex-
traction turns out to be the most effective strategy. This
approach implies the removal of metalloids through
the accumulation in above-ground biomass. Phyto-
stabilisation is more appropriate for lead and copper.
These elements bind strongly to soil organic matter.
This strategy relies on the chemical immobilisation of
elements in the rhizosphere through the activation of
root exudates and the release of phenolic compounds.
The analysis also showed that elemental antagonism




plays a pivotal role in reducing phytotoxicity. In par-
ticular, the presence of strontium can act as a protec-
tive barrier. It blocks root uptake of the more dangerous

cadmium and stimulates cellular antioxidant defence.

Further research should focus on a deeper study of the
molecular mechanisms of oxidative stress in plants

under conditions of combined military contamination.

Special scientific value lies in the development of in-
tegrated technologies that combine the phytoremedi-

Lahovska

ACKNOWLEDGEMENTS
None.

FUNDING

The present work was carried out with the support of
the Ministry of Education and Science of Ukraine within
the research grant “Scientific substantiation and devel-
opment of effective technologies for the remediation of
agricultural soils degraded as a result of anthropogenic

ation potential of industrial hemp, sunflower,and mac-  factors and military actions” (project No.0126U000500,

rophytes with the application of environmentally safe  2026-2028).
amendments, which encompass biochar and limestone
materials. Such approaches may optimise soil detoxifi- CONFLICT OF INTEREST
cation under changing climatic conditions. None.
REFERENCES

[1] Acuna, E., Castillo, B., Queupuan, M., Casanova, M., & Tapia, Y. (2021). Assisted phytoremediation of lead
contaminated soil using Atriplex halimus and its effect on some soil physical properties. International Journal
of Environmental Science and Technology, 18,1925-1938. doi: 10.1007/s13762-020-02978-5.

[2] Aide,M., Beighley,D., & Dunn, D. (2016). Arsenic in the soil environment: A soil chemistry review. International
Journal of Applied Agricultural Research, 11(1), 1-28.

[3] Alfaro, M.R., Montero, A., Ugarte, O.M., do Nascimento, CW.A., de Aguiar Accioly, A.M., Biondi, CM., & da
Silva, YJ.A.B. (2015). Background concentrations and reference values for heavy metals in soils of Cuba.
Environmental Monitoring and Assessment, 187(1), article number 4198. doi: 10.1007/s10661-014-4198-3.

[4] Al,S.,Wang,D.,Kaleri,A.R., Baloch, S.B., Brtnicky, M., Kucerik, J., & Mustafa, A. (2022). Physiological responses
and phytoremediation abilities of cucumber (Cucumis sativus L.) under cesium and strontium contaminated
soils. Agronomy, 12(6), article number 1311. doi: 10.3390/agronomy12061311.

[5] Barker, AV., & Pilbeam, DJ. (Eds.). (2006). Handbook of plant nutrition (1 ed.). Boca Raton: CRC Press.
doi: 10.1201/9781420014877.

[6] Chen, M., Li, X., Cao, X., Yang, W., Wu, P, Hao, H., Fei, Z., & Gao, Y. (2024). Soil-forming accumulation of heavy
metals in geological high background areas: Constraints of structure, lithology,and overlying soil geochemistry.
Journal of Geochemical Exploration, 263, article number 107518. doi: 10.1016/j.gexplo.2024.107518.

[7]1 Choudhary, LK., & Kumar, A. (2024). Geochemistry, distribution and toxicity of barium in terrestrial ecosystem.
Environmental Science Archives, 3(2), 140-148. doi: 10.5281/zenod0.14003257.

[8] Choudhary, L.K., & Kumar, A.(2025). Beneficial effects of barium on the growth, physiology and productivity of
wheat. Scientific Reports, 15, article number 33819. doi: 10.1038/s41598-025-02821-2.

[9] Chowdhury, MJ., & Blust, R. (2011). Strontium. In Fish physiology (Vol. 31; pp. 351-390). Amsterdam: Elsevier.
doi: 10.1016/51546-5098(11)31029-1.

[10] Cruz, FJR., et al. (2022). Copper toxicity in plants: Nutritional, physiological, and biochemical aspects. In
J.N.Kimatu (Ed.), Advances in plant defense mechanisms. London: IntechOpen. doi: 10.5772/intechopen.105212.

[11] Cui, H., Zhao, Y., Hu, K., Xia, R., Zhou, J., & Zhou, J. (2024). Impacts of atmospheric deposition on the heavy
metal mobilization and bioavailability in soils amended by lime. Science of the Total Environment, 914, article
number 170082. doi: 10.1016/j.scitotenv.2024.170082.

[12] Datsko,O.,Zakharchenko,E.,Butenko,Ye.,Melnyk, O.,Kovalenko, I.,Onychko, V., Ilchenko,V., & Solokha,M.(2024).
Ecological assessment of heavy metal content in Ukrainian soils.Journal of Ecological Engineering, 25(11), 100-
108.doi: 10.12911/22998993/192669.

[13] Ghosh, S., Sharma, A., & Talukder, G. (1992). Zirconium: An abnormal trace element in biology. Biological Trace
Element Research, 35(3), 247-271. doi: 10.1007/BF02783770.

[14] Gupta, D.K., Deb, U., Walther, C., & Chatterjee, S. (2017). Strontium in the ecosystem: Transfer in plants via root
system. In D.K. Gupta & C. Walther (Eds.), Behaviour of strontium in the environment (pp. 1-18). Cham: Springer.
doi: 10.1007/978-3-319-66574-0_1.

[15] Hayes, T.A., & Kassner, M.E. (2006). Creep of zirconium and zirconium alloys. Metallurgical and Materials
Transactions A, 37(8), 2389-2396. doi: 10.1007/BF02586213.

[16] Hbika, A., Farihi, A., Benali, M., Ed-darraz, F-Z., Bouyanzer, A., Hawwal, M.F., Mothana, R.A., & Gharibi, E. (2025).
Phytochemical composition, phytotoxicity, and ADME modeling of Artemisia absinthium L.: Implications
for food safety and pharmaceutical applications. CyTA - Journal of Food, 23(1), article number 2451980.
doi: 10.1080/19476337.2025.2451980.

Scientific Horizons, 2026, Vol. 29, No. 3

87


https://doi.org/10.1007/s13762-020-02978-5
https://www.ripublication.com/ijaar16/ijaarv11n1_01.pdf
https://doi.org/10.1007/s10661-014-4198-3
https://doi.org/10.3390/agronomy12061311
https://doi.org/10.1201/9781420014877
https://doi.org/10.1016/j.gexplo.2024.107518
https://doi.org/10.5281/zenodo.14003257
https://doi.org/10.1038/s41598-025-02821-2
https://doi.org/10.1016/S1546-5098(11)31029-1
https://doi.org/10.5772/intechopen.105212
https://www.sciencedirect.com/science/article/pii/S004896972400216X
https://doi.org/10.12911/22998993/192669
https://doi.org/10.1007/BF02783770
https://doi.org/10.1007/978-3-319-66574-0_1
https://doi.org/10.1007/BF02586213
https://doi.org/10.1080/19476337.2025.2451980

88

Background concentrations and remediation strategies...

[17] Kaur, H., Srivastava, S., Goyal, N., & Walia, S. (2024). Behavior of zinc in soils and recent advances on strategies
for ameliorating zinc phyto-toxicity. Environmental and Experimental Botany, 220, article number 105676.
doi: 10.1016/j.envexpbot.2024.105676.

[18] Kovatik, J., & Vydra, M. (2024). The impact of nickel on plant growth and oxidative balance. Physiologia
Plantarum, 176(5), article number e14595. doi: 10.1111/ppl.14595.

[19] Kumar, N., & Jha, AK. (Eds.). (2024). Lead toxicity mitigation: Sustainable nexus approaches. Cham: Springer.
doi: 10.1007/978-3-031-48231-1.

[20] Lamb, D.T., Matanitobua, V.P, Palanisami, T., Megharaj, M., & Naidu, R. (2013). Bioavailability of barium to
plants and invertebrates in soils contaminated by barite. Environmental Science & Technology, 47(9), 4670-
4676.doi: 10.1021/es302053d.

[21] Liu,J., et al.(2023). Strontium alleviated the growth inhibition and toxicity caused by cadmium in rice seedlings.
Science of the Total Environment, 904, article number 166948. doi: 10.1016/j.scitotenv.2023.166948.

[22] Lopushniak, V., Hrytsuliak, H., Gamayunova, V., Kozan, N., Zakharchenko, E., Voloshin, Lopushniak H.,
Polutrenko M., & Kotsyubynska, Yu. (2022). A dynamics of macro elements content in Eutric Podzoluvisols
for separation of wastewater under Jerusalem artichokes. Journal of Ecological Engineering, 23(4), 33-42.
doi: 10.12911/22998993/146268.

[23] Luo, T., et al. (2024). Phytoremediation of copper-contaminated soils by rapeseed (Brassica napus L.) and
underlying molecular mechanisms for copper absorption and sequestration. Ecotoxicology and Environmental
Safety, 273, article number 116123.doi: 10.1016/j.ecoenv.2024.116123.

[24] Madejon, P.(2013). Barium. In B.J. Alloway (Ed.), Heavy metals in soils (Vol. 22; pp. 507-514). Dordrecht: Springer.
doi: 10.1007/978-94-007-4470-7_19.

[25] Martinez-del-Pozo, I., Gdmez-Pachdn, M.C., Ferri-Moreno, I., Garcia-Lorenzo, M.L., Lorenzo, S., Barquero-
Peralbo, J.I., Arroyo, X., Higueras, P., & Esbri, .M. (2026). Portable X-ray fluorescence (pXRF) application to the
determination of major and trace elements in large soil datasets for geochemical background assessment.
Journal of Geochemical Exploration, 282, article number 107961. doi: 10.1016/j.gexplo.2026.107961.

[26] Mehmood, T, Liu, C., Niazi, N.K., Gaurav, G.K., Ashraf, A., & Bibi, I. (2021). Compost-mediated arsenic
phytoremediation, health risk assessment and economic feasibility using Zea mays L. in contrasting textured
soils. International Journal of Phytoremediation, 23(9), 899-910. doi: 10.1080/15226514.2020.1865267.

[27] Mertens,J., & Smolders,E.(2013).Zinc.In BJ.Alloway (Ed.), Heavy metals in soils (Vol.22; pp.465-493). Dordrecht:
Springer. doi: 10.1007/978-94-007-4470-7_17.

[28] Moreno-Jiménez, E., Esteban, E., & Penalosa, J.M. (2012). The fate of arsenic in soil-plant systems. In
D.M. Whitacre (Ed.), Reviews of environmental contamination and toxicology (Vol. 215; pp. 1-37). New York:
Springer. doi: 10.1007/978-1-4614-1463-6_1.

[29] Mousavi, S.M., Brodie, G., Payghamzadeh, K., Raiesi, T., & Strivastava, A.K. (2022). Lead bioavailability in the
environment: Its exposure and effects. Journal of Advances in Environmental Health Research, 10(1), 1-14.
doi: 10.32598/JAEHR.10.1.1256.

[30] Noulas, C., Tziouvalekas, M., & Karyotis, T. (2018). Zinc in soils, water and food crops. Journal of Trace Elements
in Medicine and Biology, 49, 252-260. doi: 10.1016/j.jtemb.2018.02.009.

[31] Oorts, K. (2013). Copper. In BJ. Alloway (Ed.), Heavy metals in soils (Vol. 22; pp. 367-394). Dordrecht: Springer.
doi: 10.1007/978-94-007-4470-7_13.

[32] Order of the Ministry of Health of Ukraine No. 368 “On Approval of the State Hygienic Rules and Norms
‘Regulations on Maximum Levels of Certain Contaminants in Food Products™ (2013, May). Retrieved from
https://zakon.rada.gov.ua/laws/show/z0774-13/ed20130513.

[33] Paredes-Paliz,K.l.,Mendoza, B., & Mesa-Marin,J.(2024).Zinc accumulation pattern in native Cortaderia nitida in
high Andes (Ecuador) and potential for zinc phytoremediation in soil. Environments, 11(9), article number 205.
doi: 10.3390/environments11090205.

[34] Picchi, C., Giorgetti, L., Morelli, E., Landi, M., Rosellini, I., Grifoni, M., Franchi, E., Petruzzelli, G., &
Barbafieri, M. (2022). Cannabis sativa L. and Brassica juncea L. grown on arsenic-contaminated industrial soil:
Potentiality and limitation for phytoremediation. Environmental Science and Pollution Research, 29(11), 15983-
15998. doi: 10.1007/511356-021-16673-6.

[35] Ribeiro, PR.C.D.C., Viana, D.G., Pires, F.R., Egreja Filho, F.B., Bonomo, R., Cargnelutti Filho, A., Martins, L.F.,
Cruz, L.B.S., & Nascimento, M.C.P. (2018). Selection of plants for phytoremediation of barium-polluted flooded
soils. Chemosphere, 206, 522-530. doi: 10.1016/j.chemosphere.2018.05.056.

[36] Shahid, M., Ferrand, E., Schreck, E., & Dumat, C. (2013). Behavior and impact of zirconium in the soil-plant
system: Plant uptake and phytotoxicity. In D.M. Whitacre (Ed.), Reviews of environmental contamination and
toxicology (Vol. 221; pp. 107-127). New York: Springer. doi: 10.1007/978-1-4614-4448-0_2.

Scientific Horizons, 2026, Vol. 29, No. 3



https://www.sciencedirect.com/science/article/abs/pii/S0098847224000340
https://doi.org/10.1111/ppl.14595
https://link.springer.com/book/10.1007/978-3-031-46146-0
https://doi.org/10.1021/es302053d
https://www.sciencedirect.com/science/article/pii/S0048969723055730
https://dspace.mnau.edu.ua/jspui/handle/123456789/12564?locale=en
https://doi.org/10.1016/j.ecoenv.2024.116123
https://doi.org/10.1007/978-94-007-4470-7_19
https://www.sciencedirect.com/science/article/pii/S0375674225002936
https://doi.org/10.1080/15226514.2020.1865267
https://doi.org/10.1007/978-94-007-4470-7_17
https://doi.org/10.1007/978-1-4614-1463-6_1
https://doi.org/10.32598/JAEHR.10.1.1256
https://doi.org/10.1016/j.jtemb.2018.02.009
https://doi.org/10.1007/978-94-007-4470-7_13
https://zakon.rada.gov.ua/laws/show/z0774-13/ed20130513
https://doi.org/10.3390/environments11090205
https://doi.org/10.1007/s11356-021-16673-6
https://doi.org/10.1016/j.chemosphere.2018.05.056
https://doi.org/10.1007/978-1-4614-4448-0_2

Lahovska

[37] Sinha, D., et al. (2023). Negative impacts of arsenic on plants and mitigation strategies. Plants, 12(9), article
mumber 1815. doi: 10.3390/plants12091815.

[38] Soares, E., Hamid, A., & Mangkoedihardjo, S. (2021). Phytoremediation of zinc polluted soil using sunflower
(Helianthus annuus L.). Journal of Phytology, 13,9-12. doi: 10.25081/jp.2021.v13.6872.

[39] Steinnes, E. (2013). Lead. In BJ. Alloway (Ed.), Heavy metals in soils (Vol. 22; pp. 395-409). Dordrecht: Springer.
doi: 10.1007/978-94-007-4470-7_14.

[40] Sun,Y., Li,H., Guo, G., Semple, K.T., & Jones, K.C. (2019). Soil contamination in China: Current priorities, defining
background levels and standards for heavy metals. Journal of Environmental Management, 251, article number
109512.doi: 10.1016/j.jenvman.2019.109512.

[41] Syam, N.(2022). Growth and nickel absorption of green mustard (Brassica rapa L.) on nickel-contaminated soil.
Journal Galung Tropika, 11(3), 294-303. doi: 10.31850/jgt.v11i3.998.

[42] Testa, G., Corinzia, S.A., Cosentino, S.L., & Ciaramella, B.R. (2023). Phytoremediation of cadmium-, lead-, and
nickel-polluted soils by industrial hemp.Agronomy, 13(4),article number 995.doi: 10.3390/agronomy13040995.

[43] Tonkha, O., Menshov, O., Litvinoy, D., Bondar, K., Glazunova, O., Litvinova, O., Pikovska, O., & Zabaluey, V.
(2025). Assessment of soil pollution levels in southern Ukraine damaged by military actions. Bulletin of Taras
Shevchenko National University of Kyiv. Geology, 1(108), 30-38. doi: 10.17721/1728-2713.108.04.

[44] Trentin, E., et al. (2022). Plant species and pH dependent responses to copper toxicity. Environmental and
Experimental Botany, 196, article number 104791. doi: 10.1016/j.envexpbot.2022.104791.

[45] Wang, LK., Wang, M-H.S., Yung-Tse Hung, Y-T., Shammas, N.K., & Chen, J.P. (2018). Handbook of advanced
industrial and hazardous wastes management. Boca Raton: CRC Press.

[46] Widmer,J., & Norgrove,L.(2023).1dentifying candidates for the phytoremediation of copper inviticultural soils: A
systematic review. Environmental Research, 216(2), article number 114518.doi: 10.1016/j.envres.2022.114518.

[47] Yatsenko,V.M.,Datsko,0.M.,Padalka,V.l., & Mosha,V.L.(2024).Sarepta mustard (Brassica juncea (L.): Effectiveness
of phytoremediation at the flowering stage. Podilian Bulletin: Agriculture, Engineering, Economics, 44, 14-19.
doi: 10.37406/2706-9052-2024-3.2.

[48] Zatserkovnyi, V., Vorokh, V., Hloba, O., Mironchuk, T., & Siuiva, I. (2025). Agrochemical analysis of soils in
precision farming technologies: A case study of the Chernihiv region. Bulletin of Taras Shevchenko National
University of Kyiv. Geology, 1(108), 85-93. doi: 10.17721/1728-2713.108.12.

Scientific Horizons, 2026, Vol. 29, No. 3

89


https://doi.org/10.3390/plants12091815
https://doi.org/10.25081/jp.2021.v13.6872
https://doi.org/10.1007/978-94-007-4470-7_14
https://www.sciencedirect.com/science/article/pii/S0301479719312307
https://doi.org/10.31850/jgt.v11i3.998
https://doi.org/10.3390/agronomy13040995
https://doi.org/10.17721/1728-2713.108.04
https://doi.org/10.1016/j.envexpbot.2022.104791
https://www.routledge.com/Handbook-of-Advanced-Industrial-and-Hazardous-Wastes-Management/Wang-Wang-Hung-Shammas-Chen/p/book/9781466513419
https://www.routledge.com/Handbook-of-Advanced-Industrial-and-Hazardous-Wastes-Management/Wang-Wang-Hung-Shammas-Chen/p/book/9781466513419
https://doi.org/10.1016/j.envres.2022.114518
https://doi.org/10.37406/2706-9052-2024-3.2
https://doi.org/10.17721/1728-2713.108.12

90

Background concentrations and remediation strategies...

doHOoBI KOHUEeHTpauii Ta cTpaTerii peMeaiauii BaXKkmx metanis
Yy FPYHTOBUX eKOCUCTEeMaXx

OkcaHa JlaroBcbka
LokTop dinocodii 3 arpoHomii
CyMCbKMIM HaLiOHaNbHMI arpapHUM yHiBepcuTeT
40021, Byn. lepacuma KoHgpaTtbesa, 160, M. Cymu, YkpaiHa
https://orcid.org/0000-0001-9610-3087

AHoTauif. AKTyanbHiCTb po60TH 3yMOBNEHA 3HAYHUM MOCUIEHHSIM aHTPOMOreHHOro TUCKY Ha 3eMefbHi pecypcu
YKpaiHu, WO AONOBHIETHCA HACAiIAKAMM MacWTabHMX BOEHHMX AiA B pamMkax AiKM pocii npotn YkpaiHu, Lo
TpuBatoTb 3 2022 poKy: pyiHYBaHHAM NPOMMUCIOBOI iHQPACTPYKTypM Ta iIHTEHCMBHMM 3aCTOCYBaHHAM 6oenpunacis,
WO CMPUYMHAE HEKOHTPONIbOBAHE HAKOMWUYEHHSI TOKCUYHUX €eNeMeHTIB Yy rpyHTOBOMY npodini. MeTolo poboTu
byna cucTemMaTmsauisn Ta y3arajbHEHHS HAayKOBWMX OAHMX LLOAO MPUPOLHOro BMicCTy 6apito, LMPKOHItO, CTPOHLIHO,
CBMHLIO, MULI'AKY, LMHKY, Mifi Ta HiKen B 3eMHiM KOpi Ta IPYHTOBMX €KOCMUCTEMAX, a TAKOX aHani3 iCHyuMx
cTpaTerii pemeaiauii 3a6pyaHeHuUx rpyHTiB. [Lng LOCATHEHHS MeTU BYN0 BUKOPUCTAHO METOA KPUTUYHOMO aHanily
Ta cucTeMaTM3alii HaykoBoi niTepatypu. Y xofi AOCHimKeHHs Oyno cucTeMaTM3oBaHO AaHi NpO perioHanbHi
(OHOBI KOHLEHTpaLii BaXKnX MeTaniB Ta iAeHTU(DIKOBAHO K/OYOBI YMHHMKM, WO BM3HAYAKOTb iXHIO PYXSIMBICTb
i BI0LOCTYNHICTb Y CUCTEMI KI'PYHT-POC/IMHA®, 30KpeEMa piBeHb pH, BMICT OpraHiuyHoi pe4yoBMHM Ta aacopouiriHy
30aTHICTb I'PYHTY. Takox 6yN0 3adiKCOBAHO MPOrainHM B YKPAiHCbKOMY 3aKOHOAABCTBI LOA0 HOPMYBAHHS BMICTY
pafy LOCNiAXKYBaHUX METaNiB Y CiNbCbKOrOCNOAapChKiid NPOAYKLIi Ta KOpMaXx, WO BKa3ye HA nNoTpeby onTumizadii
HOpPMATUBHO-MpPaBOBOI 6a31.Ha 0CHOBI aHani3y CBITOBOro fOCBiIAY BUAINEHO ePEKTUBHI POCIMHU-TINEPaKYMYNSTOPU
0N OYMLLEHHS I'PYHTIB: TEXHIYHI KOHOMAI (BN5 dITOEKCTpaKLUii CBMHLIO M Hikento), coHawHuk Ta Cortaderia nitida
(B85 LWMHKY), ripunus capenTcbka (45 6apito Ta Hikento), a Takox cneuudivHi BOAHI POCAMHM, IK-0T pori3 Ta nanipyc.
[loBeaeHo, Wo BUKOPUCTAHHS MiCLLEBMX AUKOPOCAUX BUAIB, AANTOBAHMX OO0 KOHKPETHUX €KOMOFIYHMX Hill, MOXe
CTaTW OCHOBO AN5 BUCOKOEPEKTUBHMX Ta BionoriyHo 6e3neyHux cTpaTerii pekynbTUBALLi AerpaloBaHNX 3eMeb.
MNpakTuyHe 3HaYeHHs1 poboTH Nonsarae B 06rpyHTyBaHHI diTopeMegiaLii 9K HalbiNbl peHTabenbHOro Ta eKoNOoriYHO
HEeNTpanbHOro METOAY BiHOBNEHHS TEPUTOPIN

KniouoBi cnoBa: reoximMiyHuii GoH; HiofocTynHicTb; NpofoBonbya b6e3neka; rinepakymynatopu; ditoctabinisadis;
diToecTpakuis; BiAHOBNEHHS POAKOYOCTI
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