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This article presents the results of a comprehensive study on the elemental composition of
soils and vegetation in the area of the Atomic Lake, located within the Semipalatinsk Nuclear
Test Site. The main objective of the research was to assess the concentrations and distribution
patterns of chemical elements in soils and local plant species, with a particular focus on
understanding the biogeochemical characteristics shaped by prolonged anthropogenic impact
and radiation exposure. Fieldwork was conducted to collect representative samples of soil and
vegetation, which were subsequently analyzed in the laboratory using modern analytical
techniques. The obtained data underwent thorough statistical processing to identify
distribution patterns of elements and to examine the relationships between elemental
concentrations in soils and their uptake by plants. A comparative analysis was carried out
between the concentrations of trace elements in the studied plants and those in a reference
plant species. Additionally, the concentrations of trace elements in the soils were compared
with the Clarke values of the upper continental crust. Special attention was given to the
calculation of biological absorption coefficients, which provided valuable insights into the
ability of different plant species to selectively accumulate elements. These coefficients
enabled the evaluation of adaptive mechanisms developed by vegetation in response to chronic
radiation stress. The findings highlight the significance of biogeochemical research for
assessing environmental risks associated with nuclear contamination.
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1. INTRODUCTION

Wide-scale nuclear tests conducted at the Semipalatinsk test site had a major impact on
the ecological and radiological conditions of the region. One such locations is the Atomic Lake
created as a result of the underground nuclear explosion in 1965. This artificial reservoir is of
particular interest for research due to its impact on ecosystems [1, 2].

In the studies of scientists M.R.Aktayev, S.N.Lukashenko, A.O. Aidarkhanov et al., the
Institute of Radiation Safety and Ecology of the National Nuclear Center of the Republic of
Kazakhstan, all the main aspects of radiation contamination of the Atomic Lake and its impact
on the environment were studied thoroughly. These studies identified that the major portion of
radionuclides at the Atomic Lake was accumulated in the soil pile resulted from the soil
displacement after the nuclear explosion. The specific activity of man-made radionuclides in
the pile soil is 4000 Bg/kg 0f241Am, 15000 Bg/kg 0f137Cs, 17000 Bg/kg 0f239 + 240Pu, 10000
Bg/kg 0f90Sr, 65000 Bq/kg of3H, 20000 Bq/kg of152Eu and 13000 Bg/kg of154Eu [3, 4, 5].

Studies conducted by M.R. Aktayev et al. showed that radionuclide contamination of the
coastal waters of the Atomic Lake had the following values: 3H varied from 100 to 1500 Bg/kg,
90Sr - from 1 to 3 Bg/kg, and 137Cs and 239+240Pu were below 0.03 and 0.002 Bg/kg. They
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made a conclusion that this contamination is associated with the leaching of radionuclides from
the soil and groundwater from the wells of the Balapan site [6]. The authors also studied the
elemental composition of water both in the Atomic Lake itself and in the Chagan River. The
evidence suggests that the waters in the Atomic Lake influence zone exceeds average contents
in comparison with natural waters for such elements as strontium, lithium, iron and uranium [7,
8, 9].

The problem of the effects of nuclear tests on ecosystems remains relevant to this day. In
addition to radiological contamination, which has been the focus of previous research,
considerable attention should be paid to non-radiative effect, including changes in the chemical
composition of the environment, anthropogenic transformation of soils and alteration of trophic
chains. Nuclear explosions and further processes caused a change in the natural soil profile,
increased erosion processes and a decrease in organic matter. These changes lead to
deterioration of soil fertility and limitation of the ability of ecosystems to self-regeneration [10].

In addition, technogenic factors contribute to changes in the migration of chemical
elements in soil and plant systems, which affect their distribution and bioaccumulation in
vegetation [11]. The study of the elemental composition of plants on the territory of the Atomic
Lake located on the territory of the former Semipalatinsk Nuclear Test Site enables a deeper
understanding of the dynamics of accumulation and distribution of elements in ecosystems that
have undergone technogenic changes. The analysis of these processes is important for assessing
the long-term condition of soils and green cover, as well as for developing actions for the
rehabilitation of exposed areas.

The scientific novelty of the study is a deep analysis of the elemental composition of soil
and plants near the Atomic Lake, with a focus on changes caused not only by radionuclide
contamination, but also by adverse environmental conditions. Unlike previous studies, which
focused mainly on the migration of radionuclides, this study reveals outstanding differences in
the macro- and microelement composition of soil cover and vegetation in the areas affected by
nuclear exposure and in the control zone.

The practical relevance of the research is the need to take these factors into account when
predicting recovery processes in the Atomic Lake ecosystem. The results obtained make it
possible to clarify the dynamics of soil transformation caused by man-made impacts and their
impact on biodiversity. In this way, the study contributes to understanding the long-term effects
of nuclear testing, going beyond the typical analysis of radiation pollution and offering a new
perspective on ecosystem degradation under extreme conditions.

The goal of the research: to research the elemental composition of soils and plants in the
zone of influence of the Atomic Lake.

2. MATERIALS AND METHODS

The study area is located within the Balapan site of the former Semipalatinsk Nuclear Test
Site and is characterized by an arid continental climate, sparse vegetation covers and
technogenically transformed soils [12]. The soils are predominantly light-textured, weakly
developed, with low organic matter content and show signs of mechanical disturbance caused
by underground nuclear explosions and subsequent erosion processes [13]. In this research, the
elemental composition of soils and plants was studied at 2 sampling areas near the Atomic Lake.
At present, the Atomic Lake is a closed artificial water body surrounded by embankments of
varying height and width. These embankments consist of blocks and fragments of rocks of
different origins, as well as loose unconsolidated material containing both fine detrital particles
and soil components. The zonal soil type in the area is represented by light chestnut soils [14,15].
The study area experiences a strongly continental climate, characterized by significant seasonal
and diurnal temperature variations. Summers are typically hot and moderately dry, whereas
winters are cold and snowy. January minimum temperatures range from —27 °C to —33 °C, while
July maximum temperatures reach +32 °C to +37 °C [16].
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The sample area No. 1 — “Outer Lake” is located on the territory of the outer lake, where
no radioactive contamination was observed. The sample area No. 2 — “Atomic Lake” is located
on one of the shores of the Atomic Lake. A schematic map of the sampling site is shown in
Figure 1, which was built using the QGIS program. The survey of the selected areas and
sampling was conducted in September 2023.
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Figure 1. Schematic map of sample areas

Soil was sampled using the envelope method at a depth of 0-50 cm in accordance with
GOST 17.4.4.02-84 [17]. The taken samples weighing at least 1 kg were dried in a drying oven
at a temperature of 105 °C for 3-6 hours, following which they were packed and sent to the
laboratory.

The plants were sampled according to GOST 588-2019 using a square sampling, each
square sized 1 by 1 meter [18]. In each square, all plant species that could be found within the
research area were sampled.

The following species were sampled at area No.l: california sagebrush Artemisia
californica L.; wormwood Artemisia absinthium L.; stinking fleabane Dittrichia graveolens L.;
weak sedge Carex supina L.; common reed Phragmites australis L.; tamarisk french Tamarix
gallica; hollow-stemmed asphodel Asphodelus fistulosus; gmelin's sea lavender Limonium
gmelinii L.; at the area No.2 sampled the following species: common mugwort Artemisia
vulgaris L.; sandhill sage Artemisia pycnhocephala L.; wormwood Artemisia absinthium L.;
weak sedge Carex supina L.; branched gypsophila Gipsophila paniculata L.

The nomenclature of Latin plant species is given according to the reference book by S.K.
Cherepanov “Vascular plants of Russia and neighboring countries (within the former
USSR)[19]. For each plant species, three individual specimens were collected and combined
into one composite sample. In total, 13 composite plant samples and 10 soil samples from the
root layer were analyzed. Each composite sample of plants and samples of soils were analyzed
once without analytical duplication. Each species was assembled separately and packaged in
labeled bags. Whole plants (aboveground parts and roots) were used for chemical analysis.

The preparation and analysis of samples to determine the concentration of 41 chemical
elements of soil and plants was performed according to the NSAM method No. 499, using
complete acid decomposition [20]. Elemental analysis was performed using an inductively
coupled plasma optical emission spectrometer ICP-OES Agilent 5800 (Agilent Technologies,
USA). The measurements were carried out under standard operating conditions recommended
by the manufacturer. Analytical wavelengths were selected to minimize spectral interferences.
The accuracy of measurements was controlled using certified reference materials, and the
relative analytical error did not exceed 5-10% for most elements.
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The bioavailability in soils was assessed by the value of the biological absorption factor
[21]:
Biological absorption factor = Cyjap¢/Csoil Q)

where Cppane is the concentration of an element in a plant sample, mg/kg; Cs is the
concentration of an element in a soil sample, mg/kg.

The tables used the following abbreviations for statistical parameters: X is the arithmetic
mean, A is confidence range (p=0,95), RE is relative error of the confidence range as a
percentage (p=0,95), Max is maximum value, Cv is variation factor (VF).

Statistical processing of the research results was performed using standard methods
[22,23] utilizing the Orange Data Miner and Microsoft Excel software packages. The value of
Clark trace elements in the soils of the upper continental crust is shown from [24].

3. RESULTS AND DISCUSSION

In the research the analysis of soil and plant samples was performed to determine the
concentration of 41 chemical elements.

The grouping and classification of the identified elements is presented in table 1, which
was performed using the World Health Organization document on pollution and toxicity of the
elements. [25].

Table 1
Classification of analyzed elements in samples
Group | Element
Ag, Al, Ba, Be, Bi, Cd, Ce, Co, Cr, Cu, Fe, Ga, Hf, In,
Metals La, Li, Mn, Mo, Nb, Ni, Pb, Sc, Sn, Sr, Th, Ti, T, U, V,
W, Y, Yb, Zn, Zr

Heavy metals

Trace elements

Ag, Ba, Bi, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn,
Sr, Th, Ti, TLU, V, W, Y, Zn, Zr

Macronutrients Fe, P

Li, B, Al, P, Ti, Cr, Mn, Fe, Co, Cu, Ni, Zn, Ga, As, Sr,
Y, Zr, Mo, Ba, La, Ce, Pb

Semi-metals As, Sb
Non-metals Se

A data bulk on the content of trace elements in the studied samples was obtained.
Statistical indicators were calculated to assess changes in data for different samples, to assess
the accuracy of measurements, and to determine how much the content of elements from sample
area No. 1 and sample area No. 2 differs from the natural background. Statistical indicators of
the content of trace elements in soil are presented in Table 2. This table shows the average
concentrations of trace elements in the soil (X), measurement errors (A), minimum and
maximum concentrations, as well as variation factors, which show how variable the data are
relative to their average value (Cv%).
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Outer Lake Atomic Lake
Clarke of the upper
Element X+A(RE%) X+A(RE%) .
. . continental crust [24]
min-max(Cv%b) min-max(Cv%o)
Li 30,3+4.1(14) 25.9£1.3(5) 30
26,4-32,9(11) 24,3-27,0(4)
B 1,6£0.3(16) 0.840.6(72) 34
1,3-1,8(13) 0,5-1,6(58)
90860+11442(13) 101905+4073(4)
Al 76000
79748-103406(10) 98731-106609(3)
B 1090+254(23) 938+54(6) 610
833-1264(19) 882-997(5)
Ti 53464273(5) 6425+421(7) 3410
5071-5584(4) 6121-6933(5)
or 46,2+7,0(15) 78,6+5.5(7) 150
40,4-54(12) 73,0-84(6)
Mn 1575+£90(6) 1230+63(5) 670
1507-1694(5) 1143-1261(4)
78247+9781(13) 91553+£2905(3)
Fe 40600
69851-86799(10) 89208-94188(3)
o 27.8+£8.9(32) 37.7£1,56(4) 17
19,8-35(26) 36,5-39(3)
cu 75.3+11,5(15) 94.3+11.9(13) 39
61,1-84(12) 86,6-109(10)
Ni 29.1£5.9(20) 38.9+1.3(3) 62
23,8-33(16) 37,4-40(3)
71 129+11,0(14) 142+7(5) 28
105-143(12) 136-151(4)
e 15,3+£2.7(07) 18,6+1,0(5) 19
13,2-18(14) 17,8-20(4)
As 12,0+10,0(83) 26,6+6.,8(26) 65
3,7-24(67) 19,0-31,1(21)
. 302+31,3(10) 357+15(4) 270
281-344(8) 340-372(3)
v 14,8+£2.27(15) 16,3+0.8(5) 26
12,6-17(12) 15,3-17(4)
1 84+19.8(24) 85.4+12.8(15) 160
63,8-102(19) 75,5-98(12)
Mo 0,8+0,4(56) 3.9+£7.1(184) 15
0,4-1,3(45) 1,1-14(148)
Ba 528+66(13) 650+£307(47) 510

468-594(10)

518-1091(38)
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Table 2
Statistical indicators of the gross content of trace elements in the soil of the studied areas, n=10, mg/kg
Outer Lake Atomic Lake
Clarke of the upper
Element X+A(RE%) X+A(RE%) )
. . continental crust [24]
min-max(Cv%b) min-max(Cv%o)
L 21.8+1.2(5) 22.9+0.9(4) 32
a
21-23(4) 22-24(3)
c 40,0£8,3(21) 49+26(52) 63
e
30,6-48(17) 34-85(42)
Pb 6.2+3.1(49) 7.4+2.7(36) 17
2,1-8,3(40) 5,6-11(29)

The concentrations of most elements in the Atomic Lake are higher than in the Outer Lake,
which proves a significant anthropogenic impact. This especially manifests for elements such
as Cr, Fe, Cu, Pb and As, where the values in the Atomic Lake significantly exceed the
background content. For example, the average Cr content in the Atomic Lake samples is 78.6
mg/kg, while for the Outer Lake it is 46.2 mg/kg. This element, being toxic in high
concentrations, is an important indicator of pollution.

When comparing the concentration of trace elements obtained during the research from
the Atomic Lake sample area and the concentration of elements in the upper continental crust,
differences were found. Increased concentrations were observed in Al and Sr by 1.3 times, P by
1.5 times, Ti, Mn and Zn by 1.8 times, Fe and Co by 2.2 times, Cu and Mo by 2.5 times, As by
4 times.

Elements such as Li, P, and Ti have values close to clarke of the upper continental crust,
which may indicate minimal anthropogenic impact on the concentration of these elements in the
reservoirs under research.

Thus, increased concentrations of elements in the soil of the Atomic Lake may be the result
of long-term anthropogenic effects, in particular, nuclear tests, toxic chemical emissions and
radiation pollution, which is reflected in significant deviations from the natural background of
these elements.

The data also show that the variation factor for trace elements vary significantly between
the soils of the Outer Lake and the Atomic Lake, which indicates differences in geochemical
conditions. Outstanding differences are observed for a number of elements, such as B and Mo:
in the Atomic Lake, their variation factors reach 58% and 148%, respectively, which indicates
the presence of certain differences in the mineral composition of soil. The most stable elements
with low variation factor in both reservoirs include Al and Fe, which may reflect their resistance
to redistribution under these conditions.

The quantitative content of chemical elements in biological objects and abiotic substances
of the environment in the area of the Atomic Lake influence is a key indicator for
biogeochemical research.

In this study, the concentrations of Cu, Zn, Mn, and Co in the Atomic Lake soils were 94,
142, 1230, and 38 mg/kg, respectively. In comparison, similar research by A.A. Kirgizbayeva
et al. [26] on metal content in soils within the Atomic Lake area of the former Semipalatinsk
Test Site reported values of 34, 61, 2200, and 13 mg/kg, respectively. Thus, measured
concentrations of Cu and Co were nearly three times higher than those reported by Kirgizbayeva
et al. in 2014, while Zn was more than twice as high. In contrast, Mn concentrations were
approximately 1000 mg/kg lower than the previously reported values. The elevated levels of
Cu, Co, and Zn, alongside the decreased Mn content, indicate a shift in metal accumulation and
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mobility in the soils of Atomic Lake compared to previous studies, reflecting changes in
biogeochemical conditions over time.

Taking into account the different physiological significance of trace elements and the

peculiarities of their selective absorption from soils exposed to specific geochemical conditions,
the content of these elements in plants varied widely. Table 3 shows the content of trace
elements in the composition of vegetation distributed by species diversity in the studied areas

and the indicators for the reference plant.

Table 3
The content of the elemental composition of vegetation in the studied areas, mg/kg of air-dry
X+A(RE%)
The Outer Lake The Atomic Lake min-
max(Cv%)
s = £ 2 2 4 - 3 S £ Reference

Element = © £ 2 s k3] g = = 2 5

= © o = = = =] = « [} © =

S = = o = g o 2 > g = € 2 plant [27]
= = T IS = > = %] S <] '3 — c

T 5 o> = 2 © g = > S 3 4 g

3] @ X £ © ] o 2] ] = « < po

o 3 = 3 @ =2 o 2 @ = 3 o =

2| f|E|E|l2 |5 |5 |8|E|s|&5|¢2|%

g © & £ § g E £ £ £ o § 2

= S = < £ 3 < 3 £ =

< < o a < £ < G

<
0,730,52(71

Li 005 04 02 09 04 03 11 03 11 168 10 09 14 0,2
0,05-1,68(71)
51+£57(112)

B 62 534 10 10 147 10 276 10 33 948 383 10 1730 40
3-173(112)
517:£222(43)

Al 380 274 406 487 548 296 629 463 196 897 580 637 929 80
196-929(43)
1346+627(47)

P 831 978 422 1536 962 2296 1440 853 1788 1788 2319 552 1739 2000
422-2319(47)
178+173(97)

Ti 21 104 40 211 56 80 49 92 147 634 284 228 374 5
21-634(97)
22+24(109)

Cr 48 268 149 81 72 186 73 79 55 833 237 195 635 15
4,8-83 (108)
144+45(31

Mn 245 104 53 169 148 156 149 96 138 180 142 144 153 200
53-245(31)
2264+1614(71

Fe 819 919 591 1861 930 5676 1123 3526 1362 4812 2585 2134 3087 150
591-5676(71)
1,2+0,9(75)

Co 01 06 02 06 11 12 11 11 08 34 17 1,6 27 0,2
0,1-3,4(76)
14,1+15,2(108)

Ni 28 151 95 67 21 203 19 84 24 526 128 106 383 1,5
1,9-52,6(108)
7.2:£3,4(48)

Cu 43 37 60 61 54 108 56 158 53 105 66 88 43 10
3,7-15,8(48)
216+377(174)

Zn 26 41 18 387 32 1375 84 486 44 104 77 64 75 50
18-1375(174)
0,38+0,25(65

Ga 01 02 01 04 02 05 02 04 03 10 05 04 06 0,1
0,12-1(65)
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Table 3
The content of the elemental composition of vegetation in the studied areas, mg/kg of air-dry
X+A(RE%)
The Outer Lake The Atomic Lake min-
max(Cv%)
s = £ 2 2 ] - 3 € £ Reference
Element = © s £ 2 s < 8 S = © 2 =
S c = T = 3 8 E k=) 3 k= = 2 plant [27]
= S [ IS = > = R%] S o S = c
T 5 > > | 2 © g = > g 3 8 g
o @ x e ] b o> %) © 4 %) S o
8 8 S| 2| | 2| €| 3| 2 s | 8| 8|
k7 £ g = z E g S = 2 < 2 =
S|l | | | 5| || €| &8|E|°| 5| g
= 3 = = 2 3 < a8 = =%
< < o o < = < O
<
0,9+0,54(61)

As 024 012 010 010 048 19 073 113 115 098 121 010 095 01
0,1-1,99(61)
109:72(66)

Sr 50 27 97 96 88 120 128 74 195 82 48 112 303 50
27-303(66)
0,30+0,15(50)

Y 019 012 024 021 038 018 029 025 015 063 034 046 048 0,2
0,12-0,63(50)
3,59+2,36(66)

zr 21 19 28 35 37 18 21 25 19 74 39 35 96 01
1,76-9,62(66)
0,260,18(68)

Mo 005 005 059 005 042 031 013 014 017 027 047 033 044 0,5
0,05-0,59(68)
25:+10(38)

Ba 19 17 14 19 18 23 32 23 17 37 32 28 46 40
14-46(38)
0,6+0,3(45)

La 029 02 036 052 048 051 072 038 044 115 070 078 0,90 0,2
0,3-1,1(45)
1,5+0,8(53)

Ce 07 04 11 14 14 18 20 1,3 29 11 08 15 31 0,5
0,4-3,1(53)
2,9+2,5(88)

Pb 05 16 07 65 12 30 24 25 10 93 38 15 31 1
0,5-9,3(88)

Based on the analysis, outstanding differences in the accumulation of trace elements be-
tween plants growing in the Outer Lake and the Atomic Lake were revealed.

On the Outer Lake, the maximum concentrations of elements are recorded in the following
species:

- In Phragmites australis the P content reaches 2296 mg/kg, Zn — 1375 mg/kg.

- In Dittrichia graveolens there is a high content of Zn (486 mg/kg) and Cu (15.8
mg/kg).

- In Tamarix gallica elevated levels of Fe (591 mg/kg) and Cr (14.9 mg/kg) were
recorded.

On the Atomic Lake, the maximum values of trace elements are determined in:

- Artemisia pycnocephala — the B content is 94.8 mg/kg, Fe — 4812 mg/kg, Cr —
83.3 mg/kg.

- Artemisia absinthium — the Fe content reaches 2134 mg/kg, Cr — 19.5 mg/kg.

Carex supina from the Atomic Lake is characterized by an increased Al content (580
mg/kg), which is 2.1 times higher than that of Carex supina from the Outer Lake (274 mg/kg).
Cr concentrations in Artemisia pycnocephala are 83.3 mg/kg, which is significantly higher than
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in Carex supina from the Outer Lake, where this indicator is 26.8 mg/kg. This indicates a high
level of chromium contamination of soil and plants in the territory of the Atomic Lake, which
is confirmed by soil sample analysis, which was described in this research earlier.

In Carex supina, which grows in the Atomic Lake, the Fe concentration was 2585 mg/kg,
which is 2.8 times higher than in Carex supina in the Outer Lake, where the iron concentration
was 919 mg/kg. These data indicate a high level of iron concentration in vegetation in the
Atomic Lake area.

Dittrichia graveolens on the Outer Lake showed a Cu concentration of 5.6 mg/kg, while
on the Atomic Lake in Artemisia absinthium, the Cu concentration was 8.8 mg/kg, 1.5 times
higher. This indicates a higher degree of copper contamination in the Atomic Lake territory.

In Tamarix gallica, the concentration of Cr on the Outer Lake was 14.9 mg/kg, while on
the Atomic Lake in Artemisia pycnocephala, the concentration of Cr reached 83.3 mg/kg, which
is 5.5 times higher.

Thus, in plants growing on the Atomic Lake, on average, higher concentrations of trace
elements (especially B, Fe, Cr, Ni, Sr) are recorded compared to the Outer Lake, which indicates
an outstanding difference in the accumulation of elements depending on environmental condi-
tions. This indicates the effect of radiation and chemical pollution on the ability of plants to
selectively accumulate certain chemical elements from the environment, especially from the
soil. The concentrations of P, Ti, Sr, Y, and Ba in the Atomic Lake are generally comparable to
those in the Outer Lake or even lower. This indicates a less manifested accumulation of these
elements in plants, possibly due to their lower mobility in the soil.

A comparison between the concentrations of trace elements in samples from the Outer
Lake and the Atomic Lake and its concentrations in the reference plant showed that Al concen-
trations in the Outer Lake range from 274 to 629 mg/kg, while in the Atomic Lake concentra-
tions of Al range from 196 to 929 mg/kg, while in the reference plant the concentration of Al is
80, which is much lower than the plants from the Atomic Lake and the Outer Lake areas. For
Ti, an almost 127-fold excess was found in the Artemisia pycnocephala plant of the Atomic
Lake compared to the value in the reference plant, which is equal to 5 mg/kg. In general, the
most significant differences are observed for a number of trace elements such as: Fe, Cr, Co,
Ni, Zn, As, and Zr. Table 4 shows the values of biological absorption factor in plants in the
Atomic Lake and the Outer Lake.

Table 4

Average content of elements in soil and plants, biological absorption factor for the areas under research, mg/kg

Element X in soil X in plants biological absorption factor
the Outer Lake | the Atomic Lake | the Outer Lake | the Atomic Lake | the Outer Lake the Atomic Lake

Li 30,3 25,9 0,4 1,2 0,01 0,05

B 1,6 0,8 25,5 77,3 15,7 92,4

Al 90860 101905 435 648 0,005 0,01

P 1090 938 1165 1637 11 1,7

Ti 5346 6425 82 333 0,02 0,1

Cr 46,2 78,6 11,9 39,1 0,3 0,5

Mn 1575 1230 140 151 0,1 0,1

Fe 7827 91553 1931 2796 0,02 0,03

Co 7,8 37,7 0,7 2,0 0,03 0,1

Ni 29,1 38,9 8,3 23,4 0,3 0,6

Cu 75,3 94,3 7,2 7,1 0,1 0,1

Zn 129 142 306 73 2,4 0,5

Ga 15,3 18,6 0,3 0,6 0,02 0,03
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Table 4
Average content of elements in soil and plants, biological absorption factor for the areas under research, mg/kg
X in soil X in plants biological absorption factor
Flement the Outer Lake | the Atomic Lake | the Outer Lake | the Atomic Lake | the Outer Lake the Atomic Lake
As 12,0 26,6 0,8 11 0,1 0,04
Sr 302 357 85 148 0,3 0,4
Y 14,8 16,3 0,2 0,4 0,02 0,03
Zr 84,2 85,4 2,5 53 0,03 0,1
Mo 0,77 3,85 0,2 0,3 0,3 0,1
Ba 528 650 20,6 32,0 0,04 0,05
La 21,8 22,9 0,4 0,8 0,02 0,03
Ce 40,0 48,7 1,27 1,90 0,03 0,04
Pb 6,2 7,4 2,31 3,74 0,4 0,5

The results of the research showed that the biological absorption factor of elements in
plants at the Atomic Lake area differs from the biological absorption factor value at the Outer
Lake area. Thus, for many elements, the biological absorption factor value at the Atomic Lake
area turned out to be higher than that of the Outer Lake. This may indicate that the degree of
soil change in the Atomic Lake area has affected the composition of the soil and plants.

In similar studies investigating the content of trace elements in plants growing on the
territory of the former Semipalatinsk nuclear test site, Pleshkova S. M. et al. [28] reported
elevated concentrations of Cr (up to 23 times), Sc (approximately 5-7 times), Cu (3 times), Al
(2 times), and V (2 times) compared to background levels. Plants collected from the Degelen
mountain massif were particularly enriched in Sc, Cr, and Mo. The concentrations of Cr
exceeded global average values by 23 times, Mo by 8 times, and Sc by 5-7 times. In plants
sampled from the Experimental Field, increased contents of Cr (23 times), Sc (57 times), Pb
(1.3-4 times), and Mo (2 times) were observed.

Among the elements for which an increased biological absorption factor was found at the
Atomic Lake area, one can note B, Ni. The biological absorption factor of these elements
increased by more than 5 times for B, more than 2 times for Ni. This may be due to the more
accessible form of these biogenic elements for plants.

4. CONCLUSION

The study established that the concentrations of most trace elements in the soils of the
Atomic Lake area are significantly higher than those in the soils of the Outer Lake, indicating
pronounced anthropogenic impact. For example, the average concentration of Cr in Atomic
Lake soils is 78.6 mg/kg, whereas in Outer Lake soils it is 46.2 mg/kg. Compared to the upper
continental crust reference values (Clarke), levels of Al and Sr in Atomic Lake soils are elevated
by 1.3 times, P by 1.5 times, Ti, Mn, and Zn by 1.8 times, Fe and Co by 2.2 times, Cu and Mo
by 2.5 times, and As by 4 times. Meanwhile, elements such as Li, P, and Ti exhibit
concentrations close to Clarke values, suggesting minimal technogenic influence on their
content. The coefficients of variation for trace elements in Atomic Lake soils are substantially
higher, reflecting heterogeneous geochemical conditions, whereas Al and Fe remain stable
across both water bodies. These findings confirm long-term anthropogenic effects associated
with nuclear testing and chemical pollution.

In plants growing in the Atomic Lake area, significantly higher accumulation of trace
elements was observed compared to plants from Outer Lake. For instance, Cr concentration in
Artemisia hololeuca reaches 83.3 mg/kg, which is three times higher than that in plants from
Outer Lake. Fe concentration in Atomic Lake plants reaches 2585 mg/kg, 2.8 times greater than
in Outer Lake plants. Al content in Carex supina from Atomic Lake is 580 mg/kg, 2.1 times
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higher than Outer Lake. Concentrations of P, Ti, Sr, Y, and Ba in Atomic Lake plants are at
levels comparable to or lower than those in Outer Lake. However, Fe, Cr, Co, Ni, Zn, and As
levels markedly exceed those of the reference plant species. These data confirm a significant
influence of radiochemical contamination on the accumulation of trace elements by plants in
the Atomic Lake zone.

The biological accumulation coefficients of trace elements in plants from the Atomic Lake
are considerably higher than those from the Outer Lake, indicating an increased capacity of
plants to accumulate elements under anthropogenic pressure. Elevated biological accumulation
coefficients of elements such as B, Co, Ni, and Cr suggest pronounced stress in vegetation re-
lated to altered mechanisms of trace element uptake and redistribution. This reflects the impact
of radiological and chemical pollution, potentially leading to bioaccumulation of toxic sub-
stances and increased ecological risks to the ecosystem.

Further research should be aimed at expanding the spatial coverage of the sample and in-
cluding seasonal variability. A promising direction is to conduct genetic and physiological-bio-
chemical studies of plants to assess the mechanisms of adaptation to chronic radiation and chem-
ical stress. In addition, a detailed study of the migration of elements in the soil-vegetation—water
system, including the bottom sediments of an Atomic Lake, would provide a more complete
picture of the long-term transformation of the ecosystem.
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byn makamaga Cemell sIIpOJIBIK CBHIHAK IOJHMIOHBI ayMarblHJAa OpHATacKaH ATOM
KOJIIHIH MaHBIH/AFbl TOIBIPAK IEH OCIMAIKTEPIIH DJIEMEHTTIK KYpaMbIH KeIeH[1
3epITey HOTIKENepl YCHIHBUIFaH. 3epTTEey/AiH HEri3ri MakcaTbl — Y3aK Mep3iMji
AQHTPOIOTCHIK d9cep MEH paJHalMsUIBIK COYJICNICHYIIH CalJapblHaH KaJbINTacKaH
OMOTCOXUMILITBIK ~ CpPEeKIICTIKTepAl TYciHyre ©Oaca Hazap aygapa OTHIPHII,
TOTBIpAKTap MEH O KEPriTKTI  OCIMAIKTEepIeri XUMHSIBIK  AJIEMEHTTEPIiH
KOHIICHTPALMSUIApBIH JKOHE Tapaly 3aHAbUIBIKTapblH Oaranay Ooinpl. OKiImiK
TOTIBIPAK KOHE OCIMIIK YATIIepiH KMHAY YUIH JaNaNbIK 3epTTeyiep KYPri3iimil,
KeiiH 3aMaHayH aHATUTUKAJIBIK SICTEP apKbUIbl 3epTXaHANBIK TaIaysIap )KacaIbl.
ANBIHFaH JIepeKTep OJIEMEHTTEPIiH Tapally 3aHAbUIBIKTapblH aHBIKTAYy JKOHE
TOIBIPAKTAFBl AJIEMEHTTEP KOHIIEHTPALMSCHI MEH OJIapJblH OCIMIKTEP apKbUIbI
CiHIpiyi apachlHJIarbl ©3apa OalJIaHBICTBI 3€PTTEY YIUIH MYKHSAT CTATHCTHKAJBIK
OHJICYJICH OTTi. OCIMIIKTEP/ICTT MUKPOIIEMEHTTEP KOHIICHTPALUSACHIHBIH 3TaTOHIbI
OCIMJIIKIICH CaJIbICTBIPMAIIbl TaJIayhl )KYpri3iiai. Tomblpakrarbl MUKPO3JIEMEHTTED
MeJIepl JKep KBIPTBICBIHBIH JKOFAapFbl KaOaThiHBIH Kiapk KepceTkimTepiMeH
CaJIBICTBIPBULIBL. BHONOTHSIBIK CiHIpY KO3 (GHUIMEHTTEPIH ecenTeyre epeKiie Hazap
ayIapbULAbL, OYJI OPTYPIIi OCIMAIK TYPICPIHIH AIEMEHTTEPII CENCKTHBTI KUHAKTAY
KaOileTiH aHBIKTayFa MYMKIHmIK Oepmi. Byn kosdpoummenTtrep ecimMmikTepaiH
CO3BUIMAJIBI PAIHALMSIIBIK CTPECC XKaraaibiHa OefiMaey MeXaHu3MIepiH Oaranayra
CeNTIriH THTI3Ai. AJBIHFAaH HOTIDKEIED SIIPONBIK JIaCTaHyFa OailJIaHBICTHI
9KOJIOTHSUIBIK Kayin-KaTepiepai Oaranay YIIIH OMOT€OXMMHMSUIBIK 3epTTeyJepliH
MaHBI3/IbUIBIFBIH KOPCETE/].
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B IIaHHOﬁ CTaTbC€ MNPCEACTABJICHBI PE3YJbTATbl KOMIIJICKCHOTO HCCJICHOBAHUA 3JiC-
MCHTHOTI'O COCTaBa IMOYB U paCTUTCILHOCTHU B paﬁOHe AToMHOrO 03€pa, paCloJIOKCH-
HOT'0O Ha TCPPUTOPUHN CeMHunaJaTHHCKOIO UCIIBLITATeILHOTO AACPHOTO MOJIUTOHA. Oc-
HOBHOH IICJIBIO HCCJIEAOBAHUA ObL1a OLICHKa KOHHCHTpaL[I/Iﬁ n SaKOHOMCpHOCTCﬁ pac-
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MOTJIOLIEHHMS, OHOreoXuMuye-
CKHE 0COOCHHOCTH.

Io craTbe:

IMomyueno: 11.08.2025
[epecmoTtpeno: 22.01.2026
Ipunsro: 04.03.2026
Ony6mukoBano: 01.04.2026

IIpeeIeHIsI XUMUYECKUX 3JIEMEHTOB B ITI0YBaX M MECTHBIX BU/IaX PACTEHHM C aKIeH-
TOM Ha NOHMMaHHE OMOT€OXMMHYECKUX XapaKTEPHCTHK, C(OPMHUPOBAHHBIX B pe-
3yJbTaTe AIUTEIBHOTO aHTPOIIOTEHHOTO BO3ACHCTBHUS ¥ palHallHOHHOTO O0IydeHHSI.
st cOopa perpe3eHTaTHBHEIX 00pa3I0B OYBHI X PACTEHHUI OBUIH IPOBEICHEI MOJIC-
BBIC HCCIICZIOBAHMSA, KOTOPBIE 3aTeM OBUIN NPOaHAIM3UPOBAHbI B 1a00OPaTOPUH C HC-
MOJIE30BAaHUEM COBPEMEHHBIX aHAJIMTHYESCKUX MeTomoB. [lomydeHHbIe TaHHBIC HOJ-
BEPIJINCH TINATEJILHOW CTaTHCTHYECKOH 00pabOTKe IUIS BBLBICHHUS 3aKOHOMEPHO-
CTeH pacIpe/ieieHHs DJIEMEHTOB U U3YUYEHHsI B3aUMOCBSI3H MKy KOHLICHTPALUSIMU
9JIEMEHTOB B MOYBAX M MX YCBOCHHEM pacTeHHsMH. BbUT IpOBeNeH CpaBHUTEIBHBIH
aHaJIM3 Pe3yJbTAaTOB MOJYYEHHBIX KOHLEHTPALMH MHKPOIJIEMEHTOB B PACTEHUSX C
KOHLIEHTpaleld MUKPO3JIEMEHTOB B 3TaJOHHOM pacTeHHHU. Pe3ynbraTel U3MepeHui
COZIEpKaHUSI MUKPODJIEMEHTOB B HCCIIEyEeMbIX MOYBaX CPAaBHIIM C MOKa3aTeIIMHU
KJIapKa BEpXHEH 4acTW KOHTHHEHTaIbHOH Kopbl. Ocoboe BHUMaHue OBUIO YAEIEHO
pacueTy K03 HUIIEHTOB OHOIIOTHIECKOTO MOTJIOMEHHS, KOTOPBIE TI03BOJIMIH HOTY-
YUThH HEHHYIO0 HHPOPMALIHIO O CIIOCOOHOCTH PAa3IMYHBIX BUIOB PACTEHUH K M30Mpa-
TENbHOMY HaKOIUICHHIO. DTH K03()(GHIIMEHTHI TO3BOJIMIN OLCHUTH aJalTalllOHHBIC
MEXaHH3MBI, BEIpaOOTaHHbBIC PAaCTUTEIBHOCTHIO B OTBET Ha XPOHMYECKUH paguanu-
OHHBIH cTpecc. [lomy4yeHHbIe pe3yIbTaThl MOJYEPKUBAIOT BAKHOCTh OHOr€OXHMHUYe-
CKHX HCCJICIOBAHHUIT IJIsI OLICHKH YKOJOTHYECKHX PHCKOB, CBS3aHHBIX C SICPHBIM 3a-
IpSI3BHEHUEM.
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