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The aim of the study was to model the territorial distribution and statistical assessment of migration through the trophic chain of natu-
rally occurring radionuclides released into the environment as a result of uranium ore mining. Statistical, geoinformation and experimental
research methods were used in the study. Interpolation of the results of volumetric activity of natural radionuclides in environmental com-
ponents and development of spatial models of their territorial distribution were performed using the ArcGIS software; statistical
processing of modelling results and development of mathematical models of migration of natural radionuclides between environmental
components were performed using ArcGIS Geostatistical Analyst software. The paper substantiates the choice of the method of geostatis-
tical modelling of the territorial distribution of volumetric activity of natural radionuclides mU, > SU, 210Po, 210Pb, 2%Ra in soils and plants,
which allows modelling the values of probabilistic indicators of radioecological contamination in the absence of a sufficient array of initial
actual research results. Based on the analysis of the data obtained, the methodology of mathematical modelling of migration of natural
radionuclides between soil and plant parts was further developed, which will facilitate consideration of the specifics of migration of natural
radionuclides through the trophic chain and help in determining the level of radioecological hazard to the environment. The developed
territorial models allow one to obtain stochastic data for their further analytical processing and visualizing radioecological hazard zones.
Based on the developed models, zones of increased radioecological hazard within the existing sources of radioactive contamination were

identified.
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Introduction

The problem of radioactive contamination of individual regions of
Ukraine and the country as a whole has remained relevant in recent deca-
des, not only due to the large-scale accident at the Chomobyl nuclear po-
wer plant, but also due to the utilization of nuclear weapons and used nuc-
lear power plant components. Since the mid-twentieth century, uranium
deposits have been developed and enriched in some regions of Ukraine,
which has resulted in the accumulation of significant amounts of radioacti-
ve waste that has a dangerous impact on the ecosystem of the surrounding
areas, as well as on the health of the population in these regions.

An example of radioactive materials storage is the tailings storage
facility “Dniprovske” (the city of Kamianske, Ukraine), where about
5,85%10° m® of hazardous waste was accumulated in 1954-1968 on an
area of about 76 ha in the floodplain of the Dnipro river. The lack of an
adequate waterproof screen under the tailing pit and earthen dam leads to
constant flooding of radioactive materials, their leaching and migration in
groundwater to the nearest small river Konoplyanka (Rudakov et al., 2023).

Another radiation-contaminated region of Ukraine is Kirovohrad Ob-
last, and in particular the area surrounding the city of Kropyvnytskyi,
where the State Enterprise "Eastern Mining and Processing Plant" has been
operating since 1951, developing uranium ore deposits and performing the
full range of works on the extraction and radiometric enrichment of urani-
um ores (State Enterprise “Eastern Mining and Processing Plant,” 2023).

Thus, at the stages of extraction and enrichment of mineral raw mate-
rials, natural radionuclides are released into the environment through emis-
sions and discharges from enterprises (Kutsak et al., 2017b; Soroka, 2021).

Natural radionuclides are released into the environment by emissions
and discharges of enterprises already at the stages of extraction and enrich-
ment of mineral raw materials. In particular, Deforge et al. (2021) notes
that all waste rocks of the Ingulska mine (the city of Kropyvnytskyi, Uk-
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raine) are characterized by a uranium content exceeding 0.01%. Deforge
et al. (2021) notes that the natural radioactive background is exceeded by
two times at a range of 250-300 meters from the location of the dumps
and even at a range of 1500 meters from the dumps. Similar observations
were noted by scientists for both spontaneous and organised storage of
radioactive materials (Rudakov et al., 2023; Heracleous et al., 2024). The
data presented in (Wan et al., 2024) indicate the spread of radioactive
particles over long distances and in concentrations significantly exceeding
background values. The results showed that the maximum U content in
the analysed soils reached 84.2 mg/kg. These values are significantly
higher than background values for soils in China and other countries.

At mining and enrichment enterprises of non-uranium industries, the
sources of constant release of aerosols of natural radionuclides into the at-
mosphere and natural radionuclides into surface and groundwater are
overburden and industrial waste dumps, as well as tailing ponds of enrich-
ment enterprises (Soroka, 2021).

Natural radionuclides do not decay in soil and water but migrate
through the trophic chain: "soil — plant (feed) — animal — product —
human".

The results of experiments (Wasserman et al., 2024) indicate that
more than 80% of the total “’Sr content in soils remains potentially mobile,
mainly in the bioavailable phase, more than two years after soil contami-
nation. According to Wasserman et al. (2024), the behaviour of this radio-
nuclide in soils is controlled by ionic competition mechanisms for absorp-
tion and sorption sites by roots, stable Sr and basic nutrients (Ca, Mg and
K), as well as the mineralogical composition of the soil, as specified (Sua-
rez-Navarro et al., 2023). The high rate of migration of *’Sr down the soil
profile indicates a high rate of transfer to groundwater. Groundwater, ac-
cording to Naresh Tanwer and others (Tanwer et al., 2024), is the main so-
urce of uranium intake in the human body, accounting for 85%, while
food accounts for 15%.
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However, the main share of radionuclides is located in the surface and
root layer of the soil, and their movement to deeper horizons is very slow.
This leads to the intake of radionuclides into crop products (Alves et al.,
2022; Wan et al., 2024; Wasserman et al., 2024), and then into animals
and human organisms. Thus, Borshchenko (2009) and Borshchenko &
Slavov (2016) identify factors that affect the intensity of *’Cs accumula-
tion by forage species of natural lands with their subsequent use by cattle
and proves the dependence of milk quality on the feed base of cattle. It has
been determined (Samad et al., 2024) that the mean activity concentrations
of #2Th, #Ra, and “K are 3.08, 8.37, and 253 Bg/kg in soil, 0.50, 0.39,
and 203.05 Bg/kg in grass, and 0.29, 0.08, and 29.69 Bg/L in milk,
respectively. The values of the transfer coefficient for 2*Th, *Ra and “’K
from soil to grass were 0.18, 0.05 and 0.84, respectively. For grass to milk,
the values of the transfer coefficient for Z2Th, Z°Ra and “K were 045,
0.17 and 0.11, respectively. A study by Rozputniy et al. (2019) determined
that the transfer coefficients of *’Cs and *Sr to grain vary widely depen-
ding on the type of crop and range from 0.01 to 0.40. This leads to the
transfer of up to 0.9% of ¥’Cs and 0.2% of *Sr from the daily feed into
milk. Accordingly, 10% and 2% of these radionuclides are released with
the daily milk yield consumed by the population.

As a result, there occur hidden negative alterations in the overall me-
tabolism in the human body (Lopatyuk, 2020). The main target organs af-
fected by the consumption of radioactively contaminated food are kid-
neys, bones, lungs, etc. It can cause kidney failure, impaired cell function
and bone growth, and DNA mutations (Tanwer et al., 2024). Consumpti-
on of products contaminated with radionuclides by the humans results in
additional internal exposure of the human body above the natural level.
Nevertheless, their content in food and drinking water should not exceed
the accepted annual effective internal dose of up to 1 mSv/year (Radiation
Safety Standards of Ukraine NRBU-97, 1997).

It should be noted that the current legislation establishes permissible
concentrations of uranium radionuclides in drinking water (for the popula-
tion) (On Approval of Permissible Levels of *'Cs and *Sr Radionuclides
in Food and Drinking Water (DR-97), 1997; Radiation Safety Standards
of Ukraine; Supplement: Radiation Protection from Sources of Potential
Exposure NRBU-97/D-2000, 2000; Radiation Safety Standards of Ukrai-
ne NRBU-97, 1997). However, limiting internal exposure of the populati-
on conditionally residing on the border of the sanitary protection zone of
uranium mining or processing facilities is achieved by assessing individual
doses based on analyses of food samples grown in these areas and referen-
ce consumption volumes (Pavlenko, 2010, 2018; Kutsak et al., 2017; Ko-
cher, 2021). It should be noted that inhalation of radionuclides should be
considered during assessment of individual internal exposure doses of the
population living near such facilities (Kutsak, 2016).

Thus, Voytsitskyi et al. (2019) focus on the ways of foliar and root ac-
cumulation of ecotoxicants by plants. They propose a method of chamber
models to describe the migration pathways of ecotoxicants in the agroeco-
system, where the migration of substances between chambers is determi-
ned by the transition coefficients. However, a review of studies describing
methods (Medved’ & Cerny, 2019) for modelling radionuclide transport
shows a wide range of options. Such methods include modelling based on
balance equations, values of key transfer parameters (diffusion coefici-
ents), and experimental methods that can be used to determine them.

Thus, in areas with levels of contamination at which agricultural acti-
vities are possible, although the exposure dose does not exceed the establi-
shed limit, a significant proportion of the population is exposed to low re-
gular doses, which increases the likelihood of long-term radiobiological
repercussions (development of tumours, mutations, and reduced immuni-
ty) (Lopatyuk, 2020; Deforge et al., 2021; Tanwer et al., 2024). The pur-
pose of the study was to model the territorial distribution and statistical as-
sessment of the migration through the trophic chain of natural radionucli-
des released into the environment as a result of uranium ore mining.

Materials and methods

Study area and data collection. To achieve this goal, the following re-
search objectives have been set:

— to perform an analysis of the state of pollution of environmental
components within the research object;
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—to develop models of the territorial distribution of natural radionucli-
des in the soils and plants of the study area using geographic information
modelling tools;

— to conduct mathematical modelling of migration of natural radio-
nuclides between environmental components;

— to justify the need to increase the level of radioecological safety of
the population living within the territory of operating uranium mines.

The object of research is the processes of migration and territorial dis-
tribution of natural radionuclides in the environment.

The subject of the study is the level of radiation contamination of the
environment and methods of modelling the migration of natural radionuc-
lides between environmental components.

Statistical, geoinformation and experimental research methods were
used in the paper. Interpolation of the results of volumetric activity of natu-
ral radionuclides in environmental components and development of spatial
models of their territorial distribution were performed using the ArcGIS
9.2 software (ESRI, USA); statistical analysis of modelling results and
development of mathematical models of migration of natural radionucli-
des between environmental components were performed using the
ArcGIS 9.2 Geostatistical Analyst computer programs (ESRI, USA).

The scientific novelty of the results of the research is described below:

— for the first time, the choice of the method of geostatistical model-
ling of the territorial distribution of the volumetric activity of natural radio-
nuclides in soils and plants was substantiated, which allows modelling the
values of probabilistic indicators of radioecological contamination in the
absence of a sufficient array of initial actual research results;

— the methodology for mathematical modelling of migration of natu-
ral radionuclides between soil and plant parts was further developed,
which will make it possible to consider the specifics of migration of
natural radionuclides through the trophic chain and determine the level of
radioecological hazard to the environment.

Results

Characterization of the research object and radioecological situation
within its boundaries. The industrial sites of the Pivdenna and Pivnichna
mines of the State Enterprise "Eastern Mining and Processing Plant" (the
city of Kropyvnytskyi, Ukraine) and the territories of the villages of Pervo-
zvanivka, Zavadivka, Neopalymivka, Sonyachnyi, Hirskyi (Kirovohrad
region, Ukraine), which fall within the range of influence of these mines
and waste rock dumps after uranium ore enrichment, were chosen as the
object of this study.

Samples of soil, aerial parts of plants (perennial grasses) and roots of
agricultural plants (potatoes, beets, carrots) were analysed within the speci-
fied area to assess the volumetric activity of natural radionuclides (**U,
28, 2%, 2'°Pb, 2°Ra). We have analysed 18 soil and plant samples (10
of which were taken from the sanitary protection zone of the enterprise),
as well as 10 samples of root crops grown on the gardens of local residents

(Fig. 1).

Boundaries of the industrial site of mines

®  Soil sampling points
3¢ sampling points for the aboveground part of plants

A Sampling points for root crops of agricultural plants

Fig. 1. Map of the research object and sampling sites
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Samples. To compare the results, similar samples were analysed at
two background locations within a 30-kilometer distance from the mine
sites (Velyka Vyska and Subottsi villages, Kirovohrad region, Ukraine).

The measurement results indicate fluctuations in the volumetric acti-
vity of natural radionuclides in the soils around the dumps and the mine
site, with the highest values in the soils within the ore processing plant of
the Pivdenna mine site, which are twice as high as those around the dumps
located within the sanitary protection zone of the mines. The radioecologi-
cal situation within the dumps is characterized by a twofold excess of
background values of volumetric activity of all natural radionuclides.

Within the research area, at the place of residence of critical populati-
on groups living in the nearest villages, for all observation points, a signifi-
cant excess of background values was recorded for the following:

— isotopes of uranium, lead and polonium within the villages of Neo-
palymivka and Pervozvanivka, which are located to the south almost
within the sanitary protection zone of the Pivdenna and Pivdenne mines;

— isotopes of radium within the Zavadivka village to the north of the
sanitary protection zone of the Pivdenna and Pivdenna mines.

The highest volumetric activity compared to background values is ob-
served in plant samples taken within the dumps for all natural radionucli-
des studied, except for lead. For all natural radionuclides, background va-
lues were exceeded.

According to the results of measurements of volumetric activity of
natural radionuclides in root crop samples, it was found that potato sam-
ples have the highest volumetric activity compared to beet samples, with a
double excess for uranium, polonium and lead isotopes, in particular for
Pervozvanivka village. At the same time, the reverse trend is observed for
the same radionuclides in Zavadivka village.

Modelling of territorial distribution of natural radionuclides in envi-
ronmental components using GIS sofiware. As indicated on the map
(Fig. 1), the observation points for the environmental components under
study do not always overlap spatially, which makes it impossible to deter-
mine the correlation between them and predict the spatial distribution of
the studied natural radionuclides. The task of forecasting is also complica-
ted by the small amount of input data and a significant difference in the
obtained results of the volumetric activity of natural radionuclides (dumps
— sanitary protection zone — observation zone — background).

Considering the rather high population density in the observation
area, as indicated on the map in Figure 1, and the insufficient territorial and
quantitative coverage of sampling, it is planned to model the surfaces of
the territorial distribution of natural radionuclides within the study area
using the basic set of interpolation tools of ArcGIS software (Natural nei-
ghbour interpolation, Inverse distance weighted (IDW), Kriging, Spline).

The selection of modelling methods with different settings was carri-
ed out empirically, however, the Natural neighbour interpolation method
was found to be the most optimal way to interpolate these data under the
conditions of the initial parameters. The surface obtained in this way
makes it possible to smooth out the peak values of the indicators and defi-
nes a wide gradient that is more similar to the natural distribution, while
the background values of the indicators also have a significant impact on
the surface modelling.

Discussion

Figure 2 shows the result of surface modelling interpolating the valu-
es of 2*U volumetric activity in soil, plants, and roots. The constructed
surfaces allowed us to model the values of volumetric activity of natural
radionuclides in soils and parts of plants for any point of the study area and
to visualize the territorial distribution of radioactive contamination.

The constructed surfaces made it possible to model the values of the
volumetric activity of natural radionuclides in soils and plant parts for any
point of the study area and to visualize the territorial distribution of radio-
active contamination.

According to the modelling maps interpolating the volumetric activity
of natural radionuclides in the soil, the epicentre of contamination is ob-
served within the waste rock dumps located within the southwestern bor-
der of the sanitary protection zone of the mine site and is more than
10 times higher than the background value for uranium and radium isoto-
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pes, up to 20 times higher for lead and polonium isotopes within the
village of Pervozvanivka.
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Fig. 2. Map of surface modelling by the method of Natural neighbour
interpolation, which interpolates the results of bulk activity on the example
of U (Bg/kg): a — in soil; b— in plants; ¢ — in oot plants

Modelled indicators of volumetric activity of natural radionuclides in
the aboveground part of plants indicate a tenfold excess of background va-
lues within the sanitary protection zone of the mine site; a twofold excess
of background values of uranium and lead isotopes was found within the
villages of Hirskyi, Neopalymivka and Pervozvanivka, respectively.

It has been determined that the epicentre of radioactive contamination
of agricultural plant roots is observed within the settlements of Neopaly-
mivka and Pervozvanivka with an excess of background values by 2.0—
2.5 times, and the zones of lead isotope contamination with a twofold ex-
cess of background values extend to the settlements of Sonyachnyi and

The developed digital maps of radionuclide distribution will allow a
comprehensive approach to assessing the risk of hazard to the population
living within the source of radioactive contamination and modelling the
distribution of radioactive contamination in agricultural plants, taking into
account their consumption by the local population, will allow developing
recommendations for agri-cultural activities within this area.

Mathematical modelling of migration of natural radionuclides bet-
ween environmental components. The constructed surfaces shown in
Figure 2, made it possible to model the volumetric activity of natural ra-
dionuclides for soils, plants, and root crops at any point of the study area.
By creating a uniform distribution of virtual study points, the result of
which is shown in Figure 3, the values of the volumetric activity of natural
radionuclides for soils, plants, and root crops were obtained at each of the
300 specified points.

It is worth noting that the territorial coordinates of the modelled points
for all environmental components coincide, and therefore are available for
determining the pairwise correlation.

Based on the methods of mathematical statistics using Geostatistical
Analyst computer software (ESRI, USA), correlations between the values
of volumetric activity of natural radionuclides modelled for virtual points
in soil and plant elements were established. The results of mathematical
modelling for the example of 2*U are shown in Figure 4, and using the
Geostatistical Analyst toolkit—in Figure 5.
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The models show that the closest relationship is observed between the
values of **U volumetric activity in soils and the aerial parts of plants, as
indicated by the high correlation coefficient (R = 0.87) and high density of
mutual covariance of the soil/plant pair model.

The models were built in a similar way for all natural radionuclides
studied. The modelling results are shown in Table 1. The obtained pairwi

se correlation models indicate a high correlation (R = 0.78-0.87), primari-
ly of a logarithmic nature, of such parameters as the value of the volumet-
ric activity of natural radionuclides in soils and aboveground parts of
plants, in particular for uranium isotopes, as well as *'°Po and “*Ra. For
1%, this dependence was derived with a low coefficient of determinati-
on, indicating the presence of other factors that are more important.

Regarding the dependence of the volume activity of natural radionuc-
lides in root crops on the indicators modeled for soil samples, a much lo-
wer correlation than in the previous case (R = 0.48-0.71) was found to be
mainly polynomial.

Justification of the obtained results. The obtained modelling results
confirm the reliability of the chosen method for modelling the process of
migration of natural radionuclides through the trophic chain, but the deter-
mined parameters of mathematical models indicate a more likely accumu-
lation in the surface soil layer accessible to the root system of perennial
grasses, which have primarily a superficial root system and serve as a kind
of protection of deep soil horizons from the movement of pollutants, accu-
mulating a significant amount of natural radionuclides in their green mass.

According to the results obtained for the soil/root crops parameter
pair, the movement of natural radionuclides to deeper soil horizons is sig-
nificantly slower under these natural conditions, which leads to less active
radionuclide intake into crop products (root crops) than into the abovegro-
und green mass of plants.

The results of modelling can be used in the field of radioactive waste
management to predict long-term behaviour and assess safety standards.
The developed mathematical models of migration of natural radionuclides
between soil and plants, given their high reliability, can be used to predict
the levels of radioecological contamination of agricultural products grown
by local residents in their household plots. And also for the development
and application of rehabilitation measures similar to those that were deve-
loped for the territories affected by the consequences of the accident at the
Chornobyl NPP (Ukraine), at the Fukushima Daiichi nuclear power plant
(Japan). For example, groups of authors (Onda et al., 2020; Fesenko et al.,
2021) summarized information on the application of control measures af-
ter the accident, analyzed the experience of applying agricultural rehabili-
tation measures and their impact on the radiological situation in different
periods after the accident, and evaluated their effectiveness.
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Sampling points for root crops of agricultural plants

Fig. 4. Mathematical model that characterizes the probability of migration of natural radionuclides
between environmental components on the example of >*U (Bg/kg)

Further calculations of the volumes of consumption of agricultural
products contaminated with radionuclides grown in the contaminated area
will allow the risks of additional internal exposure of the human body to
be determined. And taking into account possible trophic chains:

“Soil — roots — human”

“Soil — perennial grasses — animal — livestock products — human”
will allow recommendations to be provided on the norms of consumption
of these agricultural products or the possibility of conducting agricultural

Biosyst. Divers., 2024, 32(1)

activities within the territory in general, since regular exposure, albeit at
low doses, increases the likelihood of radio-biological effects in the local
population. As noted Kocher (2021), the introduction of standards for the
protection of the population from the harmful effects of ionising radiation
will limit the risk (probability) of stochastic health effects, including can-
cers, leukaemias and severe hereditary effects, and will prevent non-
stochastic or deterministic effects in organs or tissues.

171



0,68 | !
0 0,49 0.65 081 113 13
a Distance, h-10
wn
»_0 H ]
{ L]
.
0,81 L
s o
1 '
RNy it o -
L ]
-0.81 e - 3 g
a
162 .
2,43 i i i |
0,17 0,35 0,52 07 0,87 1,08 1,22 14
b Distance, h-10

Fig. 5. Statistical covariance model characterizing the probability of migration of natural radionuclides

between environmental com-ponents on the example of U

Table 1
Results of mathematical modelling of migration
of natural radionuclides between soil and plants

Natural . .
radionuclides Soil / Plant Soil / Roots

ny  N1=04721n(x)-03816 y,=-0013In(x) +0.1846
R2=0.7616 R2=0245

my  %i=04146ln(x)-03178 ¥2=0.0005x*—0.0286x +0.4324
R2=0.7298 R2=0.3666

wpy V) =-0331x*+19.01x—261.22; y,=-0.0018x*+0.1082x — 1.4305;
R2=0.2658 R2=0295

wpy W =68.985¢ ¥4 y,=0.0067x*—03033x + 34542
R*=0.6352 R*=023

mp, V1= 0458In(x)-02344 ¥>=-0.0006x>+0.0292x — 0271

R2=0.6055

R2=0.5019

Note: x is the value of the volume activity of natural radionuclides in soils: y; is the
value of the volume activity of natural radionuclides in vegetation; y, is the value of
the volume activity of natural radionuclides in root crops.

Conclusion

Analysis of the state of pollution of environmental components within
the industrial site of the Pivdenna and Pivdenne mines of the State Enter-
prise "Eastern Mining and Processing Plant" and the territory of the surro-
unding villages (Kirovohrad region, Ukraine) was carried out and a signi-
ficant excess of volumetric activity of natural radionuclides relative to
background values was recorded in soil samples and plant elements for
uranium isotopes, lead and polonium isotopes within the settlements loca-
ted south of the sanitary protection zone of the mine site, and radium isoto-
pes —to the north of them.

The models of the territorial distribution of natural radionuclides in
the soils and plants of the study object were developed using the basic set
of interpolation tools of ArcGIS software. It has been established that the
optimal method of geospatial modelling is the Natural neighbor interpola-
tion method, which makes it possible to smooth out the peak values of
indicators and determines a wide gradient, taking into account the signifi-
cant influence of background values of indicators. The constructed surfa-

(Bg/kg): a— pair model soil/plants; b — pair model soil/root crops

ces made it possible to model the values of the volumetric activity of natu-
ral radionuclides in soils and plant parts for any point of the study area.
The visualized territorial distribution of indicators indicates the epicenter
of radioactive contamination within the waste rock dumps located within
the boundary of the sanitary protection zone of the mine site, 10-20 times
higher than the background values of the studied natural radionuclides in
soils and 210 times higher in plant parts within the adjacent settlements.
The migration of natural radionuclides between environmental com-
ponents was modeled using mathematical statistics methods with the use
of Geostatistical Analyst computer programs, and a close correlation was
established between the values of the volumetric activity of natural radio-
nuclides in the soil and aboveground parts of plants, which confirms the
reliability of the chosen method for modelling the migration of natural ra-
dionuclides through the trophic chain. The modelling results indicate a
more probable accumulation of natural radionuclides in the surface soil
layer, which slows down with depth to soil horizons accessible to root

Crops.

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

References

Alves, L. de J., Gross, E., Mangabeira, P. A. O., Santos, L. N., da Silva Santos, 1.,
Nunes, F. C., & Medrado, H. H. S. (2022). Uranium transfer in grasses grown
on mining waste and natural soil. Jounal of Environmental Radioactivity, 251—
252,106973.

Borshchenko, V. V. (2009). Contamination of livestock products with 'Cs when
using different forages of natural lands. Problems of Zoo Engineering and
Veterinary Medicine, 19, 13-24.

Borshchenko, V. V., & Slavov, V. P. (2016). Contamination of cows’ milk with
Cs depending on the quality and supply of pasture fodder. Agroecological
Journal, 1,26-31.

Deforge, G., Dorogan, S., & Kovalenko, P. (2021). Radioactive radiation: The
impact on human health of low-intensity permanent natural radiation in Ukraine

Biosyst. Divers., 2024, 32(1)

172


http://doi.org/10.1016/j.jenvrad.2022.106973
http://doi.org/10.1016/j.jenvrad.2022.106973
http://doi.org/10.1016/j.jenvrad.2022.106973
http://doi.org/10.1016/j.jenvrad.2022.106973

and the world. In: Ntional health as determinant of sustainable development of
society. Bratislava. Pp. 131-154.

Fesenko, S. V., Sanzharova, N. L, Isamov, N. N., & Shubina, O. A. (2021). The
Chemobyl Nuclear Power Plant Accident: Countermeasures and remedial acti-
ons in agriculture. Biology Bulletin, 48(12), 2127-2140.

Heracleous, N., Bauer, K., Gallego Manzano, L., Murtas, F., Silari, M., & Svihrova,
L. (2024). Long-term field studies of a distributed network of sensors for envi-
ronmental radiological monitoring. Radiation Measurements, 171, 107065.

Kocher, D. C. (2021). Standards to control radiation exposures of workers and the
public. In: Encyclopedia of nuclear energy. Elsevier, Oak Ridge. Pp. 840-850.

Kutsak, A. V. (2016). Radiatsiino-hihiienichna otsinka doz oprominennia naselennia
Zaporizkoji oblasti ta obgruntuvannia shliakhiv zmenshennia radiatsiinykh ry-
zykiv dlia zdorovia naselennia [Radiation and hygienic assessment of radiation
doses to the population of Zaporizhzhia region and substantiation of ways to re-
duce radiation risks to public health]. Zaporizhzhia National University, Zapo-
rizhzhia (in Ukrainian).

Kutsak, A. V., Sevalnev, A. L., & Kostenetskyi, M. (2017). Doslidzhennia vmistu tse-
ziiu-137 ta strontsiiu-90 u produktakh kharchuvannia z otsinkoiu doz opromi-
nennia naselennia i mozhlyvykh naslidkiv dlia zdorovia [Investigation of ce-
sium-137 and strontium-90 content in food with assessment of public exposure
doses and possible health effects]. Bulletin of Problems of Biology and Medi-
cine, 135, 75-78 (in Ukrainian).

Lopatyuk, O. V. (2020). Otsinka ekolohichnykh ta sotsialno-ekonomichnykh umov
prozhyvannia silskoho naselennia Polissia Ukrainy u viddalenyi period pislia
avarii na ChAES [Assessment of ecological and socio-economic living condi-
tions of the rural population of Polissia of Ukraine in the remote period after the
Chemobyl accident]. Zhytomyr National Agroecological University, Zhytomyr
(in Ukrainian).

Medved, I, & Cemy, R. (2019). Modeling of radionuclide transport in porous media:
A review of recent studies. Journal of Nuclear Materials, 526, 151765.

Onda, Y., Taniguchi, K., Yoshimura, K., Kato, H., Takahashi, J., Wakiyama, Y.,
Coppin, F., & Smith, H. (2020). Radionuclides from the Fukushima Daiichi
Nuclear Power Plant in terrestrial systems. Nature Reviews Earth and Environ-
ment, 12, 644-660.

Pavlenko, T. O. (2010). Radiatsiino-hihiienichna otsinka doz oprominennia naselen-
nia Ukrainy vid tekhnohenno-pidsylenykh dzherel pryrodnoho pokhodzhennia
[Radiation and hygienic assessment of radiation doses to the population of Uk-
raine from man-made enhanced sources of natural origin]. Marzeev Institute of
Public Health of the National Academy of Medical Sciences of Ukraine, Kyiv
(in Ukrainian).

Pavlenko, T. O. (2018). Radiation protection of the population: requirements for
limiting exposure to natural sources. Hygiene of Populated Places, 68, 167-171.

Pogosov, A. Y., & Dubkovsky, V. A. (2012). Ionizirujushchaja radiatsija: Radioeko-
lohija, fizika, tekhnolohii, zashchita [lonising radiation: Radioecology, physics,
technology, protection]. Science and Technology, Odesa (in Russian).

Rozputniy, O. L, Pertsovyi, I. V., & Gerasymenko, V. Y. (2019). Otsinka mihratsii
ICs i *'Sr trofichnym lantsiuhom “grunt — roslyna — diini korovy” na radioak-
tyvno zabrudnenykh terytoriiakh tsentralnoho lisostepu [Assessment of *'Cs
and *Sr migration through the “soil — plant — dairy cow”” trophic chain in the ra-
diation contaminated areas of the central forest-steppe]. In: Ahrama osvita ta na-
uka: Dosyahnennia, rol’, faktory rostu. Ekolohiya, okhorona navkolyshn’oho
seredovyshcha ta zbalansovane pryrodokorystuvannya [Agrarian Education
and Science: Achievements, Role, Growth Factors: Ecology, Environmental
Protection and Balanced Nature Management]. Bila Tserkva National Agrarian
University, Bila Tserkva. Pp. 27-30 (in Ukrainian).

Rudakov, D., Pikarenia, D., Orlinska, O., Rudakov, L., & Hapich, H. (2023). A pre-
dictive assessment of the uranium ore tailings impact on surface water contami-
nation: Case study of the city of Kamianske, Ukraine. Journal of Environmental
Radioactivity, 268269, 107246.

Samad, A. I, Ahmed, A. H., & Ahmad, S. T. (2024). Radioactivity levels, soil-to-
grass and grass-to-milk transfer factor of natural radionuclides from grazing area
in Erbil govemorate, Iraq. Applied Radiation and Isotopes, 205, 111170.

Soroka, Y. M. (2021). Naukovi osnovy zabezpechennia ekolohichnoji bezpeky pry
povodzhenni z materialamy z vmistom pryrodnykh radionuklidiv [Scientific
bases of ensuring environmental safety in the management of materials contain-
ing natural radionuclides]. Dniprovskyi State Technical University, Kamianske
(in Ukrainian).

Suarez-Navarro, J. A., Gil-Pacheco, E., Exposito-Sudrez, V. M., Gomez-Mancebo,
M. B., Vicente-Prieto, N., Garcia-Gomez, H., Suarez-Navarro, M. J., Sanchez-
Gonzilez, S. M., Caro, A., Hemaiz, G., Barragan, M., & Cid-Morillo, C.
(2023). Influence of soil chemical composition on U, **Ra and *°Pb uptake in
leaves and fiuits of Quercus ilex L. Joumnal of Environmental Radioactivity,
264,107187.

Voytsitskyi, V. M., Khyzhnyak, S. V., Danchuk, V. V., Midyk, S. V., & Ushkalov,
V. 0. (2019). Modeliuvannia mihratsiji ekotoksykantiv u komponentakh ahro-
ekosystem [Ways of migration of ecotoxicants in agro-ecosystems]. Agroeco-
logical Joumal, 1,36-41 (in Ukrainain).

Wan, Y., Xu, W., Liu, J., Gomez, M. A., Sun, M., Wang, J., Wang, J., Zhou, L., Dai,
Q., Gong, J., & Chen, D. (2024). Distribution and migration of uranium, chro-
mium, and accompanying metal(loid)s in soil-plants system around a uranium
hydrometallurgical area. Environmental Pollution, 344, 123235.

Wasserman, M. A. V., Viana, A. G., Silva, M. M. da, Bartoly, F., Pereira, T. R., Vi-
vone, R. J., Ferreira, A. C. de M., & Perez, D. V. (2024). Analysing the behavi-
our of ®Sr and stable Sr in highly weathered soils: Soil to plant transfer factor
and geochemical partitioning. Journal of Environmental Radioactivity, 271,
107319.

Biosyst. Divers., 2024, 32(1)

173


http://doi.org/10.1134/S1062359021120049
http://doi.org/10.1134/S1062359021120049
http://doi.org/10.1134/S1062359021120049
http://doi.org/10.1016/j.radmeas.2024.107065
http://doi.org/10.1016/j.radmeas.2024.107065
http://doi.org/10.1016/j.radmeas.2024.107065
http://doi.org/10.1016/B978-0-12-409548-9.12266-3
http://doi.org/10.1016/B978-0-12-409548-9.12266-3
http://doi.org/10.1016/j.jnucmat.2019.151765
http://doi.org/10.1016/j.jnucmat.2019.151765
http://doi.org/10.1038/s43017-020-0099-x
http://doi.org/10.1038/s43017-020-0099-x
http://doi.org/10.1038/s43017-020-0099-x
http://doi.org/10.1038/s43017-020-0099-x
http://doi.org/10.1016/j.jenvrad.2023.107246
http://doi.org/10.1016/j.jenvrad.2023.107246
http://doi.org/10.1016/j.jenvrad.2023.107246
http://doi.org/10.1016/j.jenvrad.2023.107246
http://doi.org/10.1016/j.apradiso.2023.111170
http://doi.org/10.1016/j.apradiso.2023.111170
http://doi.org/10.1016/j.apradiso.2023.111170
http://doi.org/10.1016/j.jenvrad.2023.107187
http://doi.org/10.1016/j.jenvrad.2023.107187
http://doi.org/10.1016/j.jenvrad.2023.107187
http://doi.org/10.1016/j.jenvrad.2023.107187
http://doi.org/10.1016/j.jenvrad.2023.107187
http://doi.org/10.1016/j.jenvrad.2023.107187
http://doi.org/10.1016/j.envpol.2023.123235
http://doi.org/10.1016/j.envpol.2023.123235
http://doi.org/10.1016/j.envpol.2023.123235
http://doi.org/10.1016/j.envpol.2023.123235
http://doi.org/10.1016/j.jenvrad.2023.107319
http://doi.org/10.1016/j.jenvrad.2023.107319
http://doi.org/10.1016/j.jenvrad.2023.107319
http://doi.org/10.1016/j.jenvrad.2023.107319
http://doi.org/10.1016/j.jenvrad.2023.107319

