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Abstract—Studies were conducted in 2023—2024 at reference sites of Belgorod oblast. The study procedure is
conventional in the agrochemical service. The purpose of this work is to study the specific activity of natural
and artificial radionuclides in the soils and the plants of certain agroecosystems. These studies have shown
that the average specific activity of “°K does not vary significantly in the leached (539 Bq/kg), typical
(544 Bg/kg), and ordinary (573 Bqg/kg) arable chernozems, while in the residual carbonate chernozems, this
parameter (207 Bq/kg) is 2.60—2.77 times lower. The average specific activity of 232Th in the leached
(39.2 Bq/kg), typical (42.9 Bq/kg), and ordinary (46.7 Bq/kg) chernozems is 1.97—2.35 times higher than in
the residual carbonate (19.9 Bq/kg) chernozems. The average specific activity of 22°Ra in the soils studied do
not differ significantly, staying within 17.3—18.9 Bq/kg. In the soils of the western and eastern areas of the
region, the specific activity of '3’Cs ranges within 5.9—19.6 and 16.3—87.2 Bq/kg, respectively. The specific
activity of ?Sr in the soils of the western regions is below 3, whereas for the eastern, it is below 5 Bg/kg. In
the plant products studied, the average specific activity of “°K varies within 111—597 Bq/kg, while those of
232Th and 22°Ra do not exceed 6 and 8 Bq/kg, respectively. The specific activity of '*’Cs is less than 3, and
that of °°Sr is 2 Bq/kg, which is significantly lower than the established maximum levels for this parameter.
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INTRODUCTION

The most important natural factor that plays a sig-
nificant role in human life is the natural radiation
background. Its magnitude largely depends on the
content of long-lived natural radionuclides (NRNs) in

has not established the maximum permissible levels of
specific activity for ’Cs and °°Sr in soils; however, a
system of territorial zoning has been approved
depending on the density of contamination with ¥’Cs
(a critical radionuclide): 1—5 Ku/km? (37—185 kBg/m?),

the soils. The main representatives of NRNSs, the spe-
cific activity of which is determined during ecological
monitoring of soils, include “°K, 232Th, and ?*Ra (an
intermediate decay product of 222U), with half-lives of
1.27 x 10°,1.39 x 10°, and 1.6 X 103 yr, respectively [1, 2].

After the accident at the Chernobyl Nuclear Plant
in 1986, most of Central Russia was subjected to radio-
active contamination by artificial radionuclides
(ARNSs). The main contaminants were ¥’Cs and ?°Sr
with half-lives of 30.2 and 28.8 yr, respectively [3—5].
ARNs were primarily deposited in soils, including
soils of agricultural designation. Russian legislation
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the zone of residence with preferential social and eco-
nomic status; 5—15 Ku/km? (185—555 kBg/m?), the
optional evacuation zone; and >15 Ku/km? (555 kBg/m?),
the evacuation zone [6].

In food products and animal foodstuff, only the
content of ARNs ¥’Cs and ?°Sr is regulated. For exam-
ple, the maximum permissible levels of specific activ-
ity of ¥7Cs and *°Sr in grain intended for food purposes
are 60 and 11 Bg/kg, while for feed grain they are 180
and 100 Bqg/kg, respectively [7].

Despite the fact that 38 years have passed since the
Chernobyl accident, and most of the ARNs have
already decayed, to determine their specific activity in
soils and plants is an important part of agroecological
monitoring conducted by the agrochemical service of
Russia.

The aim of this work is to study the specific activity
of natural and artificial radionuclides in the soils and
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Fig. 1. Cartogram of the study zone with sampling sites.

plants of the Central Chernozem Region by the exam-
ple of Belgorod oblast.

STUDY PROCEDURE

The studies were conducted in the southwestern
part of the Central Chernozem Economic Region on
the territory of Belgorod oblast. In the forest—steppe
part of the region, typical and leached chernozems
prevail, while ordinary and residual-carbonate cher-
nozems occur in the steppe area. Leached, typical,
and ordinary chernozems formed on loess-like loams
and clays, and residual-carbonate chernozems devel-
oped on the chalk eluvium [8].

As part of the baseline monitoring, typical virgin
chernozem samples were collected in the Yamskaya
Steppe area at Belogorye State Nature Reserve located
in the municipal formation (MF) of Gubkinskii Urban
Okrug, while ordinary chernozem was sampled from
the protected area of the Gniloe district near the vil-
lage of Viktoropol in Veidelevskii District MF (Fig. 1).
In the 10- to 20-cm layer of typical virgin chernozem,
the contents of physical clay (particles smaller than
0.01 mm), organic matter, and pH of the water extract

(pHy,0) were 57.3%, 10.1%, and 7.0, respectively,
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while for ordinary chernozem, they were 66.3%, 9.5%,
and 7.0, respectively.

Samples of leached and typical chernozems, used
in agricultural production, were collected from the
reference sites on the territory of Rakityanskii district
MF, while ordinary chernozems were sampled in
Veidelevskii district MF, and residual-carbonate cher-
nozems, in Rovenskii district MF. For each subtype of
chernozem, 20 samples were taken from the soil layer
of 0—25 cm. Soil and plant samples were collected
according to the procedure established in the agro-
chemical service [9]. In arable leached chernozems,
the average contents of physical clay, organic matter,
and pHy, were 53.9%, 5.4%, and 6.3; for typical
chernozems, these values were 55.1%, 5.5%, and 6.6;
for ordinary chernozems, they were 72.5%, 5.6%, and
7.8; and for residual-carbonate chernozems, they were
62.1%,4.0%, and 8.3, respectively.

All analyses were carried out at the accredited test-
ing laboratory of Belgorod Center for Agrochemical
Service. The specific activities of 22°Ra, 2*2Th, K, and
137Cs in all objects, as well as of *°Sr in plant produc-
tion samples were determined according to the proce-
dure FP.1.38.2011.10033 “Procedure for Measuring
the Specific Activity of Natural Radionuclides,
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Cesium-137 and Strontium-90 in Samples of Envi-
ronmental Objects and Products of Enterprises Using
an MKGB-01 RADEK Gamma Beta Radiation Spec-
trometer-Radiometer and an MKSP-01 RADEK
Gamma Spectrometer. The specific activity of °°Sr in
the soil was determined according to GOST R 54041-
2010 Soils: Method for Determining *°Sr.

RESULTS AND DISCUSSION

Radionuclides in soils. The concentration and dis-
tribution of NRNs in soils depend on many factors,
including the granulometric and mineralogical com-
position, acidity of the soil solution, content, and
quality of organic matter, and the moisture pattern,
among others [10]. As a rule, the specific activity of
40K 22Th, and 2?°Ra increases at an increase in the
content of physical clay; therefore, this parameter is
lower in sandy and sandy-loam soils compared to
clayey and loam soils [3].

In the typical virgin chernozem, natural radionu-
clides form a decreasing order of specific activity
(Bg/kg): “°K(523) > 232Th(38.2) > ??°Ra(18.2), and in
ordinary virgin chernozem, the order is “°K(537) >
22Th(37.9) > 26Ra(20.0).

The average specific activity of “°K did not reveal
any significant differences for leached (539 Bq/kg),
typical (544 Bq/kg), and ordinary (573 Bq/kg) arable
chernozems; however, this parameter had a trend to
increase in ordinary chernozems, since the latter had a
higher content of physical clay. The average specific
activity of “°K in these subtypes of chernozems was
2.60—2.77 times higher than in residual-carbonate
chernozems (207 Bqg/kg). This is related to the lower
total potassium content in the soils formed on the
chalk eluvium compared to chernozems, where loess-like
loams and clays are the soil-forming rocks (Fig. 2). The
ratio of *“K/*K in the environment is constant across
the planet [1].

The average specific activity of 2*?Th in leached
(39.2 Bg/kg) and typical (42.9 Bq/kg) chernozems did
not differ significantly, while in ordinary chernozems
(46.7 Bg/kg), it was higher than in leached cherno-
zems. The average specific activity of 3*Th was 1.97—
2.35 times higher in these subtypes of chernozems
than in residual-carbonate chernozems (19.9 Bq/kg).
The established differences are caused by the proper-
ties of the soil-forming rocks.

The studied subtypes of chernozems did not show
significant differences in the average specific activity
of 22°Ra. This parameter was within 17.3—18.9 Bq/kg,
varying in the range from 11.3 to 28.6 Bq/kg.

In the studies performed on gray forest soils in
Vladimir oblast with a physical clay content of 34%,
the average value of this parameter was within
490—582 Bg/kg, which is quite consistent with the
specific activity of this radionuclide in leached, typi-
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Fig. 2. Specific activity of natural radionuclides (a) 40K,
(b) 232Th, and (c) 2*°Ra in the top soil, Bq/ke.

cal, and ordinary arable chernozems of Belgorod
oblast [5]. At the same time, the average specific activ-
ity of °K in arable chernozems of southern Volgograd
oblast was 625 Bq/kg, varying within 523—798 Bq/kg,
which is somewhat higher than the value we deter-
mined in our studies [2]. In the same soils, the specific
activity of 2*2Th was 40.2 Bq/kg, varying from 29.0 to
52.6 Bq/kg, and that of 2*°Ra was 21.1 Bq/kg, varying
within 13.1—-39.8 Bq/kg, which is quite consistent with
the values of these parameters in leached, typical, and
ordinary chernozems of Belgorod oblast.

According to the estimates [1], the average specific
activity of “°K,2*2Th, and 2?°Ra in the chernozems of
Russia is 500, 31.7, and 23.1, respectively; the standard
interval is 390—610, 22—42, and 12—34 Bq/kg. For
soils in the planet, the average specific activity of
40K 232Th, and 22°Ra is 370, 26, and 26, with a typical
Vol. 519
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Fig. 3. Cartogram of 137Cs contamination of agricultural lands in Belgorod oblast (as of January 1, 2004).

interval of 110—740, 7—48, and 11—-52 Bq/kg, respec-
tively [11].

The peculiarity of radioactive contamination of the
soil with ¥’Cs as a result of the Chernobyl accident is
patchiness and high inhomogeneity [3, 5]. In Belgorod
oblast, approximately 140000 ha of agricultural land
were found to be contaminated with '¥’Cs in the range
of 37—185 kBg/m?. These lands are located primarily
in the eastern districts of the region and are character-
ized by higher variability of specific activity of ARNs
than the soils in the western districts (Fig. 3).

According to the archival data from Belgorod Cen-
ter for Agrochemical Service, prior to the Chernobyl
accident in 1985, the gamma dose rates ranged within
7—12 uR/h at the reference sites. After the accident in
1986, in the western part of the region, this parameter
was 9—52 uR/h at the reference sites, while in the east-
ern part, e.g., in the Alekseevskii urban okrug, it
reached 130—200 uR/h. Therefore, the contaminated
fields were plowed to a depth of 30 cm, and some fields
were plowed deeply with subsoil plows (>40 cm) to
bury ARNs and shield the emitted radiation. By 1987, the
gamma dose rate was already equal to 11—24 uR/h. The
specific activity of '¥Cs in the soils of the western dis-
tricts was 15—96 Bq/kg, while *°Sr was 9—24 Bq/kg. In
the soils of the eastern district, the specific activity of
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B7Cs was 99—279 Bg/kg and that of °°Sr equaled
13—32 Bg/ke.

According to the results of the radiological survey
conducted in 2023—2024, the gamma dose rate at the
reference sites ranged within 8—14 uwR/h. In the west-
ern part of the region (Rakityanskii district MF), the
average specific activity of ’Cs in typical and
leached chernozems was 11 Bq/kg, varying within
5.9—19.6 Bg/kg, while the specific activity of °°Sr was
less than 3 Bg/kg. In the eastern part of the region, the
average specific activity of *’Cs in ordinary cherno-
zems (Veidelevskii district MF) was 35.3 Bq/kg, vary-
ing from 22.2 to 43.8 Bg/kg, and in residual-carbonate
chernozems (Rovenskii district MF), it was
39.4 Bq/kg, varying from 16.3 to 87.2 Bq/kg. In the
eastern part of the region, the specific activity of *°Sr
in the soils of the reference sites was less than 5 Bq/kg.

Radionuclides in plants. The specific activity of
radionuclides in plants varies over a wide range and is
determined by the chemical properties of the radionu-
clides themselves, the biological characteristics of var-
ious species and varieties of plants, the conditions of
growth, and the ecological and agrochemical charac-
teristics of soils, particularly the contents of their
radionuclides and antagonistic elements.



2360

LUKIN

Table 1. Specific activity of “°K in the plant products, Bq/kg of absolutely dry matter

Variation-statistical characteristics
Soil Crop
X * tys5% lim V, % n
Ordinary chernozem Wheat, grain 11 +5 90—130 10.2 21
(plowland) Winter, straw 182 = 16 136—231 19.7 21
Sainfoin (hay) 597 £ 55 316811 20.4 20
Ordinary chernozem Miscellaneous herbs (hay) 375 £ 28 286—470 16.1 20
(virgin soil)
Residual-carbonate Sainfoin (hay) 402 £ 52 222—598 27.6 20
chernozem (plowland)

The average specific activity of “°K was 375 varying
within 286—470 Bqg/kg in ordinary chernozems in vir-
gin miscellaneous herbs represented by feather grass,
sheep fescue, cocksfoot, smooth brome, couch grass,
and some other species of steppe vegetation. The spe-
cific activity of this radionuclide in the soil was 1.43
times higher than in the plants (Table 1).

In arable ordinary chernozems, the average spe-
cific activity of “K in sainfoin hay was 597 Bq/kg,
varying within 316—811 Bg/kg. This value was almost
equal to the specific activity of “°K in the soil
(573 Bqg/kg). The average specific activity of this NRN
in winter wheat grain was 111 Bg/kg, varying within
90—130 Bg/kg. The specific activity of “°K in the straw
was 1.6 times higher than in the grain of this crop. The
specific activity in the soil was 5.2 and 3.1 times higher
than in the grain and straw of winter wheat, respec-
tively. According to the published data, the average
specific activity of *°K in wheat grain is 128 Bq/kg [12].

The average specific activity of °K in sainfoin grown
on residual-carbonate chernozems was 402 Bg/kg,
which was almost 1.5 times lower than in ordinary
chernozems. The specific activity of this NRN in this
crop was 1.9 times higher than in the soil.

In the plants of Northwestern Altai, the specific
activity of “°K varies from 6 to 3985 Bq/kg with an
average value of 740 Bq/kg. The specific activity of this
NRN in the plants is higher than in the soils
(487 Bqg/kg), which is related to the biogenic proper-
ties of the element [12]. In the plants of the dry steppe
zone of Rostov oblast, this parameter varies within
28—516 Bg/kg, with an average value of 149 Bq/kg.
The specific activity of “°K in the plants is almost three
times lower than in the soils [13]. In the southern part
of Tyumen oblast, the specific activity of *°K in peren-
nial grass hay varies from 23.9 to 3977 Bq/kg [14].

In 2023—2024, the levels of specific activity of 2*’Th
and ??°Ra in the plant products did not exceed 6 and
8 Bq/kg, respectively. According to the published
data, the levels of specific activity of 2*?Th and ?*°Ra
vary in a wide range. For example, in the southern part
of Tyumen oblast, the specific activity of 2?Th in
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perennial grass hay varied from 18.7 to 296 Bq/kg, and
226Ra, from 7.3 to 340 Bg/kg [14]. In the plants of the
dry steppe zone of Rostov oblast, the specific activity
of 2?Th and ?*°Ra varies within 10.9-98.3 and
10.3—82 Bq/kg, respectively [13]. In the plants of
Northwestern Altai, the specific activity of 2**Th varies
from 1 to 50 and equals 8.13 Bq/kg, on average [12].
A summary of the data from different regions of the
world shows that, in the plants grown in soils with nor-
mal background, the specific activity of 2*’Th varies
from 0.5x1075 to 2.8 Bg/kg, while in the soils with
high concentrations of the element (thorium prov-
inces), it is 0.058—80 Bq/kg [15, 16].

In 1986, in the less contaminated western regions
of the area, the specific activity of *’Cs and °°Sr
ranged within 9.3—91.8 and 0.3—4.5 Bq/kg in the grain
of winter crops, while in the worst affected eastern
regions, it was 10.1—190 and 2.0—5.5 Bq/kg, respec-
tively. Such a high level of product contamination was
likely related to the radioactive fallout getting directly
on the growing plants. However, as early as 1987, in
the western regions of the area, the specific activity of
137Cs and %°Sr in the grain of winter and spring crops
was 1.3—3.4 and 0.8—1.4 Bq/kg, while in the eastern
regions it equaled 1.4—5.9 and 1.1—4.6 Bq/kg, respec-
tively, which is not above the permissible levels estab-
lished for food products. In subsequent years, the
radiation monitoring of the plant products did not
reveal exceedance of the maximum allowable levels of
specific activity of ¥’Cs and ?°Sr. In 2023—2024 the
level of specific activity of ¥’Cs and ?°Sr in the plant
products did not exceed 3 and 2 Bq/kg, respectively.

CONCLUSIONS

Thus, the studies established that the average spe-
cific activity of “K in the leached (539 Bq/kg), typical
(544 Bqg/kg), and ordinary (573 Bq/kg) arable cherno-
zems did not show significant differences, while in the
residual-carbonate chernozems, this parameter
(207 Bg/kg) was 2.60—2.77 times lower. The average
specific activity of 2?Th in the leached (39.2 Bg/kg),
typical (42.9 Bg/kg), and ordinary (46.7 Bq/kg) cher-
Vol. 519
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nozems was higher than in the residual-carbonate soils
(19.9 Bg/kg) by a factor of 1.97—2.35. The studied soils
did not differ significantly in the average specific activity
of 22°Ra, which ranged within 17.3—18.9 Bq/kg. In the
western regions of the area, the specific activity of
137Cs in the soils varied within 5.9—19.6 Bq/kg, while
in the eastern regions, it was 16.3—87.2 Bq/kg. The
specific activity of °°Sr in the soils of the western
regions was below 3, and in the eastern regions, below
5 Bg/kg. In the plant products studied, the average
specific activity of °K varied within 111—-597 Bg/kg,
while that of 2?Th and ?*Ra did not exceed 6 and
8 Bq/kg, respectively. The specific activity of ¥’Cs was
less than 3 Bq/kg, and that of °Sr was 2 Bq/kg, which
is significantly lower than the established maximum
levels for this parameter.
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