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This scientific article presents the results of studies on the distribution of natural and artificial
radionuclides in fish living in the rivers of the northwestern sector of the Arctic zone of the
Russian Federation. Fish sampling (about 76 kg in total) was carried out in the White Sea, in the
Northern Dvina and Mezen Rivers, and in the Sukhoe Sea Bay of the Arkhangelsk Region, as
well as in the rivers of the Nenets Autonomous District: Pesha, Oma, Vizhas, Nes, and Pechora.
The results showed the presence of artificial radionuclides Cs-137 and Sr-90 in fish only in the
Nes River of the Nenets Autonomous District. The levels of radionuclides in whole bodies perch
and pike in the Nes River range from 3.73 to 14.0 Bq/kg wet weight for Cs-137 and less than

Keywords: 3.72 to 23.1 Bq/kg wet weight for Sr-90. In addition to Cs-137 and Sr-90, the presence of the
Fish radionuclide K-40, which is the main dose-forming radionuclide, was noted in the fish of all the
Pike, studied rivers and seas. K-40 activity was in the reached values 138 Bq/kg for whole fish bodies.
Perch The only assumption that can explain the presence of artificial radionuclides in the fish of the Nes
Radioactivity River is a possible radioactive trace formed as a result of global nuclear tests, including in the

Novaya Zemlya archipelago. At the same time, it is noted that the current levels of technogenic
radioactivity in fish from the Nes River do not pose a radiological hazard to the local population.
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INTRODUCTION

Since the beginning of peaceful and military nuclear explosions, the Arctic territories have
been exposed to artificial radioactivity (UNSCEAR, 2000). The main sources of technogenic
radioactivity were radioactive fallout after nuclear tests, including on the Novaya Zemlya
archipelago, pollution from Western European radiochemical plants in Great Britain and France;
consequences of the Chernobyl accident in 1986 (Smith et al., 2000; Strand et al., 2002; Gwynn et
al., 2004; Dowdall et al., 2005; Lokas et al., 2013; Matishov et al., 2014). In Russia and the world
as a whole, attention is mainly paid to monitoring the environment in the Northern Hemisphere
due to the high pollution caused by global nuclear fallout and relatively slow atmospheric mixing
in the longitudinal plane of the Earth (Livingston and Povinec, 2002; Friedlander et al., 2005).
Thus, the northwestern part of the Arctic region of Russia is distinguished by a large number of
anthropogenic sources of radionuclides, that can pollute the territory (Friedlander et al., 2005;
Yakovlev and Puchkov, 2020; Yakovlev et al., 2021; Yakovlev et al., 2022).

These facts and events have consequences for the fauna of the Arctic territories. So there is
intensive radionuclide accumulation in fish as a result of contamination of soil, water bodies
and bottom sediments (Friedlander et al., 2005; Giri et al., 2010; Abdullah et al., 2015; Adel et
al. 2018). In this regard, fish can be a bioindicator of the presence of natural and technogenic
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radionuclides in natural environments (Alimova and Utkina, 2016; Trapeznikov et al., 2019).

One of the main technogenic pollutants of fish resources is long-lived radionuclides: Cs-137
(T,,=30.1 years) and Sr-90 (T, ,= 28 years) (Trapeznikov et al., 2019; Milenkovic et al., 2019).
These radionuclides are fission fragments, which have the highest yield during the fission of
nuclear fuel based on uranium and plutonium radionuclides. The presence of Cs-137 and Sr-
90 in the natural environment is due to the modern activities of enterprises that are involved
in the management of radioactive waste, stationery and transport nuclear power plants, and
objects of the “nuclear legacy” (testing of nuclear weapons, “peaceful” nuclear explosions, etc.)
(UNSCEAR, 2000). The radionuclide Sr-90 is highly soluble in water and exhibits a relatively
high absorption ability by marine organisms due to having similar chemical properties to calcium
(Suzuki et al., 1979; Bezhenar et al., 2021; Fakhri et al., 2022). Radiocesium is not essential for
biota, but is taken up by fish in food and water (Suzuki et al., 1979; Pinder et al., 2011; Thomas
et al., 2018) due to its chemical similarity to potassium (Zotina et al., 2019; Fakhri et al., 2022).

In addition to artificial radionuclides, fish can accumulate radionuclides of natural origin.
First of all, the radionuclide K-40 is contained in the aquatic environment, bottom sediments,
crustaceans and aquatic vegetation, etc. The content of K-40 in the components of the natural
environment directly depends on the geological structure of the territory, geochemical
composition, climate-forming factors, as well as anthropogenic interference as a result of
various human activities (Milenkovic et al., 2019). According to the International Atomic
Energy Agency, the total radioactivity of the marine environment is mainly due to potassium
(UNEP/IAEA, 1992; IAEA, 1999).

Taking into account the complexity of natural and climatic conditions, the inaccessibility
of most of the territory of the Arctic region of Russia, but at the same time the ever-increasing
level of economic activity, the relevance of assessing the environmental parameters of aquatic
biological resources remains at a high level. At the same time, in the presence of a large number
of nuclear and radiation hazardous objects, the assessment of radiation parameters prevails over
other parameters of environmental pollution (Muratov et al., 2014).

In connection with the above, the purpose of this study is to establish the level of radioactive
isotope content in fish in the rivers of the northwestern segment of the Russian Arctic, as well
as to identify ways of distributing radionuclides in organs and tissues in fish.

MATERIALS AND METHODS

The sampling of fish was carried out in two stages. In the first stage, from March 2019
to August 2020, fish sampling was carried out in the White Sea, the Northern Dvina, Pesha,
Oma, Vizhas, and Nes Rivers. The following fish species were selected: whitefish (Coregonus
lavaretus), bream (Abramis brama), smelt (Osmerus eperlanus), flounder (Pleuronectiformes),
sculpin (Myoxocephalus scorpius), saffron cod (Eleginus nawaga), perch (Perca fluviatilis),
and herring (Clupea harengus). The total weight of the samples was 32.8 kg. The main goal of
the first stage of research was the reconnaissance radioecological research of fish in the region
under study. Based on the results of the first stage, key areas for additional sampling were
identified. Such areas were the Mezen River (Arkhangelsk Region) and the Nes and Pechora
Rivers (Nenets Autonomous District). The following fish species were selected: perch, pike
(Esox lucius), ide (Leucis cusidus), and roach (Rutilus rutilus). The total weight of the samples
was 43.0 kg. A feature of the second stage of research was the separation of samples not only
by fish species, but also into separate organs and tissues (muscle tissue, bone tissue, scales, fins,
heads, and entrails). The fish sampling sites are shown in Fig. 1.

After delivery to the laboratory, fish samples were dried in a BINDER E28 oven and then
ashed at a temperature not exceeding 400 °C to avoid the loss of radionuclides, especially Cs-
137. The analytical procedures are described below.
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Fig. 1. Fish sampling sites
(1 — Northern Dvina River, 2 — Sukhoe Sea Bay, 3 — White Sea, 4 — Mezen River, 5 — Nes River, 6 — Vizhas River,
7 — Oma River, 8 — Pesha River, 9 — Pechora River)

Gamma spectrometry measurements.

The radionuclides Cs-137 and K-40 were determined using an ORTEC low-background
semiconductor gamma spectrometer (USA), based on a GEM40 coaxial detector with high
purity germanium (HPGe), and SpectraLine software. The resolution of the gamma spectrometer
along the 1.33MeV (Co-60) was 1.75 keV, and the relative efficiency was 40%. A 1 liter
Marinelli vessel and plastic beakers of different volumes were chosen as working geometries for
measurements. The measurement time was chosen in the range of 2 to 5 hours. The minimum
detectable activity (MDA) at time exposure t = 7,200 s for the Marinelli geometry for the
detector GEM40 made up for K-40 — 7.0 Bq and Cs-137 — 0.08 Bq. The absence or presence of
a radionuclide in the sample means that the activity of the sample does not exceed or exceed,
respectively, the level of the MDA. The MDA in this study is determined by the spectrometric
and radiometric systems and methods used by the authors, as well as by the characteristics of
counting samples (wet weight, counting sample geometry, etc.). The measurement uncertainty
was no more than 20% (depending on the activity value of the determined radionuclides).

Total alpha/beta activity measurements

The parameters of total activity in terms of alpha and beta radiation were determined using
an alpha-beta radiometer RKS-01 “Abelia” (NTC Amplitude, Russia) and 10-channel low-level
planchet counter LB 770 (Berthold Technologies GmbH and Co. KG, Germany)

A counting sample for measuring total alpha and beta activity was a metal plate with 1 gram
of an ashed fish sample. We made 2 counting samples for each sample. The calculation of the
total alpha, beta activity was carried out according to the following formula:

4 -
total _alpha (beta) _m
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Where
mtal Sioha (oo is the total activity of alpha (beta) radiation in the sample, Bq/kg;
.1s the rate of alpha- (beta-) sample counting on the radiometer, counts/s;
N, is the rate of alpha- (beta-) background counting on the radiometer, counts/s;
Eff is the efficiency parameter of the radiometer for the energy of alpha (beta) radiation in
accordance with the technical parameters of the radiometer, %;
M is the mass of the counting sample, kg;
K,,. is the coefficient of absorption of alpha (beta) radiation in a counting sample, %.
Radiochemical sample preparation and determination of Sr-90
The determination of the Sr-90 radionuclide was carried out based on its daughter decay
product, Y-90. In our study, we considered that the Sr-90 and Y-90 radionuclides are in
radioactive equilibrium. After radiochemical isolation of Y-90, we determined the half-life of
beta radiation in the counting sample within 10-14 days. If we obtained a half-life of about 64
hours, then the preparation of the counting sample was considered successful. If the calculated
half-life was different from 64 hours, the radiochemical isolation was repeated.
The calculation of the activity of Sr-90 after measuring the radiochemically isolated Y-90
was carried out according to the following formula:

A _ Ns B Nb
"0 Eff xM xChLos x K,

where:

A, 1s the specific activity of Sr-90 in the sample, Bq/kg;

N, is the sample counting rate on the radiometer, counts/s;

N, is the background counting rate on the radiometer, counts/s;

Eft is the efficiency parameter of the radiometer for the Y-90 beta radiation energy (E = 2260
keV), %;

M is the mass of the counting sample, kg;

ChLos is the chemical losses of Y-90, %;

K .. 1s the coefficient of absorption of beta radiation, %.

After radiochemical preparation, Sr-90 was determined using an alpha-beta radiometer
RKS-01 “Abelia” (NTC Amplitude, Russia) and 10-channel low-level planchet counter LB 770
(Berthold Technologies GmbH and Co. KG, Germany). Additionally, samples in which Sr-90
radionuclide was detected were measured on Beta-1C beta-spectrometers with a scintillation
detector (JSC SPC ASPECT, Russia).

Calculation of the ingestion dose from radionuclides
According to the International Commission on Radiological Protection (Age-dependent
doses to the Members..., 1996), the ingestion dose from radionuclides is given by:

H r=2Ui'Cr'gT,ra

where the coefficient U, represents the rate of consumption (kg/year); C" — radionuclide
concentration r (Bg/kg), g, — dose conversion factor when a radionuclide enters the tissue 7' (Sv/
Bq). For adults, the recommended dose conversion factor g, for K-40is 6.2-10” Sv/Bq, for Cs-
137 - 1.3 - 10 Sv/Bq, for Sr-90 — 2.8 - 10 Sv/Bq (Compendium of dose coefficients. .., 2012).

Quality control of measurements
The determination of the radionuclides was carried out in the laboratory of environmental
radiology of the N. Laverov Federal Center for Integrated Arctic Research of the Ural Branch of
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the Russian Academy of Sciences (Russia, Arkhangelsk), which complies with the accreditation
criteria for testing laboratories established in ISO/IEC 17025. The laboratory has a wide range
of reference radionuclide sources for equipment calibration and quality control procedures for
measurements. Calibration and quality control of gamma spectrometric measurements is carried
out using disk type sources OSGI-P and special volumetric activity measures — Marinelli Beakers
with different density (RITVERC, Russia-Germany). Calibration, registration efficiency control,
quality control of beta-radiometric measurements and radiochemical preparation are carried out
using standardized (reference) radionuclide solutions (RITVERC, Russia-Germany).
Each reference radionuclide source or solution has a calibration certificate.

RESULTS AND DISCUSSION
The first stage of research. Reconnaissance radioecological research of fish

In the first stage of the study, the analysis of fish resources was carried out in order to detect
artificial radionuclides in fish of various species in the rivers Northern Dvina, Pesha, Oma,
Vizhas, Nes, in the Sukhoe Sea Bay and the White Sea. The research results are presented in
Table 1A.

The total B-activity in fish samples ranged from 49.2 to 143.2 Bq/kg with the highest values
in pooled fish samples (perch, flounder and saffron cod) from the Vizhas River (125.7-143.2
Bg/kg) and in a sample of saffron cod from the Nes River (135.6 Bg/kg) (Table 1A). The data
are similar to some of the results obtained by other researchers. So, for example, earlier studies
in the Dnepropetrovsk reservoir established the total B-activity of fish at a level of 58.08 Bq/
kg (for carp) to 138.84 Bg/kg (for eastern bream) (Hubanova et al., 2019). Alpha-emitting
radionuclides are found in small quantities. The values of specific a-activity are below 7.1 Bq/
kg and are reliably determined only for whitefish from the Northern Dvina River and flounder
from the Sukhoe Sea Bay.

As a result of the studies, the presence of artificial radionuclides Cs-137 and Sr-90 in some
fish samples was revealed (Table 1A). The activity of the Cs-137 isotope was in the range from
<0.12 to 13.4 Bg/kg. The highest activity of the isotope was found in a perch sample from the
Nes River (11.7-13.4 Bg/kg).

In the present study, the content of the Sr-90 isotope in fish varied from <1.3 to 29.1 Bq/kg
(Table 1A). The highest values of Sr-90 activity were determined for perch from the Nes River
(in the range from 18.6 to 29.1 Bq/kg).

The activity of the K-40 isotope ranged from 32.9 to 138.0 Bq/kg for the studied fish
(Table 1A). According to previous studies, potassium is present in large quantities in sea-
water and plays a key role in natural biochemical reactions in the body of fish, there-fore the
concentration of K-40 in fish tissues is higher than that of other radionuclides (Ajayi et al.,
2018). This radionuclide was the main dose-forming radionuclide in the studied samples of
aquatic organisms and was the main contribution to the total beta-radiation activity. Maximum
content of K-40 in study fish was noted in pooled fish samples (perch, flounder and saffron cod)
from the Vizhas River (in the range from 110.1 to 138.0 Bq/kg), as well as in Saffron cod of the
Nes River — 130.8 Bg/kg.

The second stage of the research. Distribution of radionuclides in individual biological systems
of fish

The main results of the studies carried out at the second stage in the Nes, Mezen and Pechora
Rivers are shown in Table 1A (Appendix A).

Whole fish samples (without separation into separate organs and tissues) were characterized
by total B-activity in the range from 76.7 to 113.5 Bg/kg, a-activity at the level of the MDA (less
than 12.6 Bg/kg), the activity of Cs-137 ranged from the MDA (less than 0.28) to 14.0 Bg/kg,
the content of Sr-90 ranged from the MDA (less than 3.19) to 6.0 Bq/kg and K-40 in the range
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from 77.0 to 115.9 Bg/kg. The main dose-forming radionuclide in all fish samples was the natural
radionuclide K-40, the content of which exceeded 86% of the total activity of beta-emitting
radionuclides. The highest content of the Cs-137 isotope was observed for fish taken from the Nes
River (3—14%). At the same time, for pike, the concentration of Cs-137 was 3.7 times higher than
for perch. However, for perch, the highest content of the isotope Sr-90 (5%) was determined. No
technogenic radionuclides were found in the fish of the Pechora and Mezen Rivers.

For a more detailed analysis of the studied fish, the selected fish were divided into 5
biological systems: fish heads, muscle tissue, bone tissue, fish entrails, a mixture of skin,
scales, and fins. The results of radioecological studies of organs and tissues of perch and pike
are shown in Figs. 2 and 3. The values of B-activity of organs and tissues vary within the
following limits: from 93.4 to 142.1 Bqg/kg for muscle tissue, from 94.5 to 151.8 Bq/kg for
bone tissue, from 41.6 to 101.1 Bqg/kg for a mixture of skin, scales and fins, from 48.2 to 79.9
Bg/kg for entrails, and from 55.1 to 96.9 Bq/kg for heads. In general, the largest accumulation
of B-active radionuclides per weight was found in the muscle tissue of fish (from 49 to 51%).

The content of the Cs-137 isotope in organs and tissues is in the following activity ranges:
from the MDA (< 0.21) to 19.5 Bg/kg for muscle tissue, from the MDA (< 0.46) to 17.9 Bq/
kg for bone tissue, from the MDA (< 0.33) to 14.8 Bq/kg for a mixture of skin, scales, and
fins, from the MDA (< 0.17) to 6.85 Bqg/kg for entrails and from the MDA (< 0.24) to 9.38 Bq/
kg for heads. According to the measurement results of the isotope activity in perch and pike
from the Nes River, the maximum accumulation of Cs-137 (55% and 29%, respectively) is
observed in muscle tissue. Cs-137 activity in bone tissue is slightly less than in muscle tissue
(16% for perch and 26% for pike).

The Sr-90 isotope activity was below the MDA for muscle tissue (< 2.41 Bg/kg), for
bone tissue (< 8.1 Bg/kg), and for entrails (< 3.3 Bq/kg). For skin, scales, and fins, the Sr-90
activity ranged from the MDA (< 3.32) to 21.67 Bq/kg, for heads — from the MDA (< 7.5)
to 12.84 Bg/kg. The highest accumulation of Sr-90 was found in perch from the Nes River.
Interestingly, the main accumulation of Sr-90 was noted for a mixture of skin, scales, and fins
(47%) and for heads (33%). For other fish samples, higher values were also noted for head

Fish heads
13%
Fish entrails Fish entrails
2 e Total beta
50/0 11%
i
; 18%

River perch

Bone
16%

Fish heads
10%
Fish entrails
19%

K-40

Skin, scales, fin ~
17% 6%

Fig. 2. Distribution of radionuclides in tissues of river perch (Nes River).
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Fig. 3. Distribution of radionuclides in tissues of pike (Nes River).

samples.

The activity of the K-40 isotope varied within the following limits: from 94.3 to 136.2 Bg/
kg for muscle tissue, from 91.3 to 131.3 Bg/kg for bone tissue, from 38.2 to 86.0 Bq/kg for a
mixture of skin, scales and fins, from 44.4 to 173.6 Bq/kg for entrails, and from 51.0 to 70.1
Bg/kg for heads. The highest content of the isotope was found in the muscle tissue of fish
from the Nes River (46% for perch and 51% for pike), as well as in a mixture of skin, scales,
and fins in pike (18%) and bone tissue in perch (17%).

For the studied fish samples, the range of weight and length parameters was also de-
termined. Thus, the length and weight of perch from the Nes River ranged from 219 to 349
g and from 24 to 28 cm, respectively. The length and weight of the pike from the Nes River
ranged from 250 to 603 g and from 30 to 41 cm, respectively.

Research in the field of assessing the sources of radionuclides through the Sr-90/Cs-137
isotope ratio remains relevant. In the present study, the activity ratio of Sr-90/Cs-137 isotopes
in whole fish samples taken from the Nes River was 0.27 for pike and from 1.39 to 1.97 for
perch (Table 1). For organs and tissues of fish, the ratio of isotope activities was in the range
0f 0.07 to 10.8.

Analysis of the obtained results, their comparison with the results of other authors and
scientific works, as well as the main conclusions, are given below in the “Discussions”.

The results of the first stage of research showed that in only one studied river of the North-
West of Russian Arctic, cesium and strontium radionuclides were found in fish - in the Nes
River in the Nenets Autonomous Okrug.
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Table 1. Isotopic ratios of Sr-90/Cs-137 in the tissues of fish (Nes River).

Isotope ratio Sr-90/Cs-137, rel. units
Perch Pike
1.39 (first stage)

Whole samples: 1.97 (second stage) 0.27
muscle 0.27 0.07
bone 0.64 0.44
skin, scales, fin 10.8 0.49
entrails 1.42 0.14
heads 4.47 0.83

Due to the absence of other short-lived radionuclides (e.g. Cs-134, Co0-60), it can be
concluded that there is a weak radiation anomaly in this territory based on the results of global
radioactive fallout, in particular, nuclear weapons tests on the Novaya Zemlya archipelago. If
we compare the obtained results with other scientific works in other regions, it can be noted
that the activities of cesium and strontium in fish from the Nes River are slightly higher than in
many other research papers (Hubanova et al., 2019; Friedlander et al., 2005; Trapeznikov et al.,
2019; Zotina et al., 2011; Miki et al., 2017). According to the Arctic Monitoring and Assessment
Program (Hubanova et al., 2019), various fish species contain lower concentrations of Cs-137,
ranging from 0,09 Bq/kg in Dab (Limanda limanda) to 0.3 Bq/kg for Shorthorn sculpin and
flounder. In the North Atlantic Region, Cs-137 activity values ranged from 0.3-0.5 Bg/kg
(flounder, mackerel, and blue whiting) to 1.5 Bg/kg in cod and 2.2 Bg/kg in scad (Friedlander
et al., 2005). For the Ob and Irtysh Rivers, Cs-137 activity in fish ranged from 0.6 to 1.9 Bq/
kg (Trapeznikov et al., 2019), while in fish from the Yenisei River, the activity ranged from 0.6
to 4.9 Bg/kg (Zotina et al., 2011). An average Cs-137 level of 6.1 Bg/kg fw was observed in
freshwater fishes harvested in the Experimental Lakes Area (ELA) in Ontario (Canada), almost
twice that of samples measured in the National Capital Region of Canada and more than 20
times higher than the levels observed in marine fish harvested from the Canadian west coast
(Chen et al., 2016). Higher concentrations of Cs-137 have been found in cod (range 6.44 to 8.86
Bg/kg) in the Irish and Baltic Seas (Friedlander et al., 2005). The muscle tissue of fish from the
Savannah River (near the former nuclear weapons production facility in South Carolina, USA)
contained Cs-137 from 1 Bq/kg (Lepomis macrochirus) to 10 Bq/kg (Amia calva), moreover, in
the tributary of this river (Steel Creek) there was a fish with a radiocesium content of 80 Bq/kg
in muscle tissue (Micropterus salmoides) (Burger et al., 2001). In fish from the Dnepropetrovsk
reservoir, the content of Cs-137 ranged from 0.12 Bq/kg (crucian carp) to 15.1 Bq/kg (eastern
bream) (Hubanova et al., 2019). High activities of Cs-137 were revealed in fish from the Techa
River (range 24.9 to 98.4 Bg/kg) (Trapeznikov et al., 2019), and in the near-glacial zone near
the Novaya Zemlya archipelago, a number of fish samples recorded extreme levels of Cs-137
activity, reaching 450-640 Bq/kg (Mirochnikov et al., 2017).

The same comparative picture is observed for Sr-90. A similar range of Sr-90 activities
in fish was observed in fish of the Dnepropetrovsk reservoir: from 0.24 Bg/kg in roach and
crucian carp to 37.5 Bg/kg in silver carp (Hubanova et al., 2019). For fish from the Irtysh
and Ob Rivers, the content of Sr-90 varied from 6.0 to 8.1 Bq/kg (Trapeznikov et al., 2019),
while for fish from the Techa River, high values of Sr-90 activity were found in the range
from 1137.8 to 2023.0 Bg/kg. In marine fish off the coast of Japan within a radius of more
than 20 km from the Fukushima Nuclear Power Plant, Sr-90 concentrations were <0.046 Bq/
kg [Miki et al., 2017]. The concentration of strontium-90 in the fish from the Persian Gulf
coastline (Iran, near the Bushehr nuclear power plant) was 0.252- 0.955 Bq/kg (Firouzabadi
et al, 2020).
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The content of the radionuclide K-40 varied within the range of activities similar to fish
in other regions of the world (Alimova and Utkina, 2016; Milenkovic et al., 2019; Heldal et
al., 2019). It is noted that a similar concentration of K-40 in fish was determined for marine
fish from the North Atlantic (in the range from 32 to 152 Bq/kg) (Friedlander et al., 2005)
and in Turkey (in the range from 35.04 to 127.41 Bg/kg) (Korkmaz et al., 2012). Higher K-40
activities were found in fish from Malaysia (in the range from 161.9 to 239.7 Bg/kg) (Saat et
al., 2014) and in fish taken from the Yenisei River (in the range from 86 to 357 Bq/kg) (Zotina
et al., 2011).

In the present study, the highest activity of Cs-137 and Sr-90 radioisotopes was noted
for perch from the Nes River, while other fish species sampled from this river accumulated
isotopes in smaller amounts. As noted in the scientific literature, the concentrations of
radionuclides differ in different fish species, even when they were caught in the same fishing
area, which indicates a different nature of radionuclide bioaccumulation (Bezhenar et al.,
2021; Hubanova et al., 2019; Carvalho et al., 2011). Not only the aquatic environment but also
the food chain are important sources of radionuclide accumulation by marine fish (Suzuki et
al.,1979). It should be noted that perch is a predatory fish, while flounder, herring, and saffron
cod feed on small crustaceans, plankton, and vegetation (Suzuki et al.,1979).

The prevailing majority of scientific literature data states that, in general, predatory fish
accumulate more radionuclides compared to peaceful fish, which is associated with a higher
trophic level of these species (Zotina et al., 2019; Rask et al., 2012; Ries et al., 2019; Wesley
and Khan, 2011; Pearson et al., 2016; Ryabov, 2002). For example, the activity of Cs-137
and Sr-90 in the predatory fish species of the Pripyat River ranged from 22 to 224 Bq/kg
and 1 to 16 Bg/kg, respectively, while in peaceful fish species, it ranged from 12 to 60 and
from 3 to 13 Bqg/kg, respectively (Kaglyan et al., 2016). Predatory fish from the Techa River
contained 2023 Bqg/kg of the Sr-90 radionuclide and 98.4 Bq/kg of the Cs-137 radionuclide,
while peaceful fish contained a lower number of isotopes (1137.8 Bq/kg for Sr-90 and 24.9
Bg/kg for Cs-137) (Trapeznikov et al., 2019). Another possible reason for the higher content
of Cs-137 and Sr-90 in perch is that it belongs to river fish, while flounder, herring, and
saffron cod belong to marine fish. Radionuclide concentrations in freshwater fish may be
elevated because, in freshwater ecosystems, low mineral content in the water results in higher
radionuclide concentrations in freshwater fish compared to marine fish (Ryabov et al., 1998).
This may be due to the function by which freshwater fish retain salts in their bodies, making
it difficult for them to release radioactive nuclides (Fisheries Agency of Japan, 2014).

The results obtained on the identified technogenic radionuclides (Cs-137 and Sr-90) in
fish from the Nes River show the need for additional studies of fish, as well as expanding
the study area and the distribution of radionuclides in individual organs and tissues of fish
species.

Absorbed elements are redistributed between organs and tissues (Bezhenar et al., 2021).
Identification of the regularities in the distribution of radionuclides will make it possible to
determine the danger of consuming the studied fish, since the muscle tissue of fish is the main
product consumed by people for food. Therefore at the second stage, we studied the content
of radionuclides in different organs and tissues of fish in the rivers Nes, Pechora (Nenets
Autonomous District) and Mezen (Arkhangelsk Region). In this study, the Nes River is a
key site due to the presence of artificial radionuclides. The Pechora and Mezen rivers are
background areas in the presence of only K-40 radionuclide in fish.

The highest content of the Cs-137 isotope was observed for fish taken from the Nes River.
The obtained results of measurements of total beta activity, as well as the activities of Cs-137,
Sr-90 and K-40 in individual organs of fish, are similar in some cases to the results of studies
in other regions of the world. Studies of the content of total B-activity in the fish organs of
the Dnepropetrovsk reservoir also showed that the highest values were determined in bones
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(from 171.88 to 363.13 Bqg/kg) and muscles (from 122.49 to 252.43 Bq/kg) (Hubanova et al.,
2019). The alpha activity was not found in organs and tissues.

The main accumulation of the radioisotope Cs-137 in the muscle tissues of fish is also
noted in the literature (Zotina et al., 2019; Miki et al., 2017; Kaglyan et al., 2016; Coughtrey
and Thorne, 1983; Povinec and Hirose, 2015). As noted in (Yankovich, 2003; Bezhenar et
al., 2021), 88% of the Cs-137 isotope accumulates in the muscles, 8% in the skeleton, and
less than 3% in the liver. However, for fish in the Dnepropetrovsk Reservoir and Samara
Bay, the highest Cs-137 concentration was determined for fish bone tissue (Ananieva and
Shapovalenko, 2019). The concentrations of Cs-137 in the muscles and bodies of fish (grayling
and pike) sampled in the Yenisei fluctuated at similar activity levels (Zotina et al., 2019).

The nature of the priority accumulation of Sr-90 in the inedible part of the fish is also
confirmed by other studies (Hubanova et al., 2019; Miki et al., 2017; Kaglyan et al., 2016). As
noted in a study (Yankovich, 2003), 64% of the Sr-90 isotope accumulates in the skeleton, 27%
in the muscles, and less than 2% in the liver. In the Dnepropetrovsk reservoir, the highest values
of Sr-90 were noted in the bones of fish (up to 3.80 Bq/kg), and the lowest values of Sr-90 were
noted in the scales (up to 1.10 Bg/kg) and gills (up to 1.10 Bg/kg). Also, in the fish tissues of the
Samara Bay, the highest concentrations of 90Sr were determined for bone tissue (up to 4.5 Bq/
kg). It should be noted that since most Sr-90 is associated with bones, the doses of this isotope
for people consuming only muscle tissue will be much lower (Fresquez et al., 1999).

According to the results of studies of the Dnepropetrovsk reservoir, the largest accumulation
of K-40 in fish occurred in bone tissue (from 93.7 to 101.8 Bg/kg) and gills (from 81.2 to 117.4
Bg/kg) (Ananieva and Shapovalenko, 2019). The distribution of K-40 in the tissues of the fish of
the Samara Bay shows that the highest content of K-40 was recorded in the muscles of perch —
134.50 Bq/kg and in the bone tissue of pike perch — 114.30 Bq/kg (Ananieva and Shapovalenko,
2019). The accumulation of K-40 mainly in bone tissues was noted in the work (Hubanova et
al., 2019), where the activity of this isotope ranged from 0.89 Bg/kg in the muscles of crucian
carp to 77.4 Bg/kg in the bones of the eastern bream (Dnepropetrovsk reservoir).

Based on the results of the fish weight assessment, we concluded that the perch was about
5-6 years old, and the pike was about 2-3 years old. In general, Sr-90 accumulation is observed
in perch, while Cs-137 accumulates in young pike. The effect of fish size on radionuclide
accumulation has been described for various aquatic systems (Zotina et al., 2019; Kaglyan
et al., 2016). In the scientific literature, more intensive accumulation of Sr-90 radionuclides
in the early periods of fish life is most often noted (Kaglyan et al., 2016). This is due to the
fact that growing organisms require more calcium to build the skeleton than adults, and
strontium accumulates along with calcium (Hubanova et al., 2019). Also, in studies (Zotina et
al., 2019), the highest concentration of Cs-137 was found in the smallest (i.e. youngest) pike,
indicating a negative “size effect”. Since this study did not divide fish by size, the study of the
“size effect” for fish from the Nes River is one of the tasks for further research.

To assess and understand the source of radionuclides in fish, it is possible to use isotope
ratios, for example, Sr-90/Cs-137, which were studied in this scientific article. According to
literature data, the activity ratio of Sr-90/Cs-137 in global fallouts is estimated at about 0.6
(Mirochnikov et al., 2017; Krey and Krajewsky, 1970). Lower isotope ratios for predatory
fish were also found in the study (Kaglyan et al., 2016). Thus, the Sr-90/Cs-137 ratio in
peaceful fish species in the Pripyat River ranged from 0.06 to 0.52, and in predatory fish —
from 0.15 to 0.37. In some water bodies near the Chernobyl nuclear power plant, the ratio of
Sr-90/Cs-137 for food fish species reached from 1.78 to 50.00, while for predatory fish — from
0.38 to 2.11 (Kaglyan et al., 2016). The value of the ratio of radioisotopes in fish off the coast
of Japan before the Fukushima accident ranged from 0.06 to 0.38, while after the accident the
ratio values were in the range from 0.002 to 0.010 (Miki et al., 2017).

The obtained results show that the Sr-90/Cs-137 isotopic ratio has a wide range, which does
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not make it possible to identify the source of contamination. To identify it, further comprehensive
studies of a wide range of environmental objects in the Nes River basin are required. It should
be noted that the territory of the Nenets Autonomous Okrug is poorly studied in the field of
radioecology (Yakovlev et al., 2021). The most studied are the basins of the rivers Pechora
(Nenets Autonomous Okrug) and Northern Dvina (Arkhangelsk region). The activity of artificial
Cs-137 in bottom sediments of the Pechora River delta was low and did not exceed 2.2 Bq-kg™'.
Authors did not detect any radioactive Sr-90 in bottom sediments (Yakovlev et al., 2021). In the
bottom sediments of the Severnaya Dvina estuary, which is the second largest in the region in
terms of basin area after the Pechora, the average activity of Cs-137 was 1.8 Bq-kg"' (Kiselev et
al., 2018). In 2021-2022, the authors of this article carried out studies of the main components of
the environment (bottom sediments, peat, soil) of the Nes River basin for the content of artificial
radionuclides Cs-137 and Sr-90 (Puchkov et al., 2023). According to the results of the study, it
was found that the activity of Cs-137 in soil reaches 295+28 Bq/kg (average activity 80.2 Bq/kg),
in peat - 20018 Bg/kg (average activity 70.0 Bg/kg) , bottom sediments - 36+8 Bqg/kg (average
activity 8.9 Bg/kg). The activity of Sr-90 in peat reaches 47+8 Bq/kg (average activity 38.3 Bq/
kg). The authors did not study this radionuclide in bottom sediments and soil. It can be noted that
the average activity of Cs-137 in the bottom sediments of the Nes River exceeds by several times
the average activity of the radionuclide in the main rivers of the North-Western part of Russia - the
Pechora and the Northern Dvina rivers. The activity of Cs-137 in the soil of the Nes River basin is
2-3 times higher than the same parameter in other regions of the Arkhangelsk region and the Nenets
Autonomous Okrug (Kiselev et al., 2018, Bazhenov et al., 2022). Back in 2001, it was noted that
individual soil samples of the Kanin Peninsula of the Nenets Autonomous Okrug are characterized
by high values of Cs-137 activity - up to 2000 Bq / kg, which was associated with one of the
possible traces after nuclear tests on the Novaya Zemlya archipelago (baxxeHoB, auccepranus,
2001). Based on the results of studying the spatial distribution of artificial radionuclides in the
Nes River basin (Puchkov et al., 2023), it was found that the highest values of Cs-137 and Sr-90
activities in peat are located in the tundra lowland, while in the upland and transit zones there is
a planar washout of radionuclides along the slopes, which ensures their entry into the estuary of
the Nes River. This fact may cause their accumulation in the fish-man food chains. For example
in the picture! a diagram of the peat sampling profile in the Nes River basin and the distribution of
Sr-90 is given (Puchkov et al., 2023). The distribution pattern of Cs-137 is similar to that of Sr-90.

According to (Puchkov et al., 2023), the average value of the Sr-90/Cs-137 isotope ratio
in peat samples in the Nes River basin was 0.501. According to literature data, the activity
ratio of Sr-90/Cs-137 in global fallouts is estimated at about 0.6 [I1’in et al., 2017, Matishov,
2014]. The only assumption that can explain the presence of artificial radionuclides in small
quantities in the fish of the Nes River is a possible radioactive trace resulting from global
atmospheric fallout, including after nuclear tests on the Novaya Zemlya archipelago.

The presence of radionuclides in marine and river ecosystems can have negative
consequences for human health if they enter the food chain through fish consumption
(Abdullah et al., 2015; Goriir et al., 2012; Adeleye et al., 2020). Controlling the level of
accumulation of technogenic radionuclides in fish is an important step in ensuring human
safety (Trapeznikov et al., 2019). It is known that continuous exposure of tissues and organs
to ionizing radiation from the decay of incoming radionuclides causes genetic mutations,
induces cancer in bones and living tissues, such as the kidneys or brain, and affects the
digestive and respiratory systems (Garnier-Laplace et al., 2004; Fasae and Isinkaye, 2018;
Orosun et al., 2018; Canu et al., 2011; Burger and Lichtscheidl, 2019; Lee et al., 2018;
Patrascu et al., 2017). Therefore, it is extremely important to assess the potential danger of
fish that is consumed by the population in the northwestern part of the Arctic region of Russia.

In accordance with the Russian hygienic legislation (SanPiN 2.3.2.1078-01, 2001), the
permissible levels of Sr-90 and Cs-137 activity in fish muscle tissue used for food purposes
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Fig. 4. Peat sampling scheme and spatial distribution of Sr-90 in the Nes river basin (Puchkov et al., 2023).

are limited to 100 and 130 Bg/kg, respectively. In this case, despite the relatively elevated
values of Sr-90 and Cs-137 radionuclides in the Nes River, all the studied fish in the territory
of the northwestern part of the Arctic region of Russia is suitable for human consumption.

It is noted that in 2017-2020, annual fish consumption rates for Russian regions, adjusted
for the Barents Sea (Murmansk and Arkhangelsk), ranged from 20 to 46 kg fish muscle tissue
in year (Kryshev et al., 2022). For this study, a survey was made of the population living near
the rivers of the Nenets Autonomous District. The result of the survey showed that on average,
a local resident consumed about 220 g of fish muscle tissue per day (80.3 kg fish muscle tissue
in year). The high value of the annual consumption of fish is due to the fact that the main
source of food in this area is fishing and hunting. Based on the data for fish muscle tissue, the
ingestion doses from radionuclides reached the following values: 0.076 mSv/year for perch and
0.079 mSv/year for pike. It should be noted that the main contribution to the ingestion dose for
muscle tissue was made by K-40 (88.7% for perch and 70.3% for pike), while the contribution
of artificial radionuclides to the dose was 7, 2% for perch and 25.7% for pike (Cs-137), 4.1%
for perch and 3.9% for pike (Sr-90). The calculated annual effective dose is below the limit
of 1 mSv/year (Kryshev et al., 2022). Our result was also below the average radiation dose of
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0.29 mSv/year, received per capita worldwide from naturally occurring radionuclides ingestion
(UNSCEAR, 2000). In addition, our result is also below the dose limit of 0.25-0.40 mSv/year,
recommended by the World Health Organization (WHO, 2011). Thus, it can be concluded that
the current levels of increased radioactivity in fish from the Nes River do not pose a significant
radiological risk to the local population (Fakhri et al., 2022).

CONCLUSIONS

As a result of studies in the tundra areas of the northwestern sector of the Russian Arctic,
the presence of technogenic radionuclides Cs-137 and Sr-90 in predatory fish species (perch
and pike) in the Nes River of the Nenets Autonomous District was revealed. At the same time,
the fish of the White Sea, the Sukhoe Sea Bay, the Northern Dvina, Mezen, Pesha, Vizhas,
Oma, and Pechora Rivers do not contain technogenic radionuclides, or their activities slightly
exceed the MDA. The results of the study of organs and tissues of river perch and pike showed
the accumulation of Cs-137 in muscle tissue in river perch (55%), in muscle and bone tissue
in pike (29% and 26%, respectively), and Sr-90 in a mixture of skin, scales and fins (47%)
and heads (33%). The main dose-forming radionuclide in all fish samples was the natural
radionuclide K-40. The content of this radionuclide exceeded 86% of the total activity of beta-
emitting radionuclides and corresponded to the average levels in fish from other regions. The
only assumption that can explain the presence of artificial radionuclides in small quantities in
the fish of the Nes River is a possible trace of radioactivity that occurred as a consequence of
nuclear tests, including on the Novaya Zemlya archipelago. At the same time, it is noted that
the current levels of increased radioactivity in fish from the Nes River do not pose a significant
radiological risk to the local population. The conducted studies made it possible to initiate
complex radioecological studies of the tundra territories of the Arctic zone of the Russian
Federation, which are still underexamined.
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APPENDIX A
Table Al. Fish weight range, activity of radionuclides in tissues and organs of fish from rivers of the North-West
of Russian Arctic.
Fish species, Sample Activity, Bg/kg
number of Tissue type weight, g Pactivity oactivity Cs-137  Sr-90  K-40
samples
Northern Dvina River (July 2019)
Whitefish, Pooled samples 670 62.7+10.0  6.9+3.1 <0.42 <33 46775
7 samples
Bream Pooled samples 676 79.7+12.8  <6.1 <045 <39 622493
2 samples
White Sea (June 2018)
Smelt Pooled samples 1050 62.0+9.9 <52 <034 <35 485478
25 samples
Whitefish Pooled samples 1049 79.9+12.8 <43 <041 <25 675495
9 samples
Sukhoe Sea Bay (July 2019)
Flounder Pooled samples 1162 492479 61430 133:048 <33 329456
8 samples
Smelt Pooled samples 1082 712¢114 <33 <029 <3.6  59.1£7.9
27 samples
Whitefish Pooled samples 807 96.0+15.4 <34 <030 <29  81.3%10.6
8 samples
Kerchak Pooled samples 1167 49.5+7.9 <35 <044 <24 42067
12 samples
Saffroncod  Pooled samples 267 103.0:165 <37 <034 <24 9074127
5 samples
Pesha River (March-June 2019)
Pooled multispecies 1950 93.0+14.9 <27 037+0.15 <34  85.0+12.8
Perch, sample (14 s.ampl.es)
Flounder, ~ Tooled multispecies 91.0+14.8 <25 022+0.10 <24  80.6£12.9
sample (16 samples)
Saffron cod Pooled multispecies
P 1560 97.0+15.0 <24 <020 <19  753+113
sample (10 samples)
Oma River (March-June 2019)
Pooled multispecies 1260 943+14.5 <23 025011 <2.6  71.0£9.9
Perch, sample (9 sa:mplgs)
Flounder, ooled multispecies 1570 67.8£10.8 <27 03240.14 <23  59.949.6
sample (11 samples)
Saffron cod Pooled multispecies
P 1400 78.7+12.6  <3.6 0.50+024 <15  68.9+10.3
sample (10 samples)
Vizhas River (March-June 2019)
Pooled multispecies 1430 13144210 <35 0212010 <15 125.0£15.0
Perch, sample (10 sgmp1§s)
Flounder, ooled multispecies 1860  125.7+20.1 <28  <0.15 <19 110.1%13.2
sample (13 samples)
Saffron cod Pooled multispecies
P 1770 14324229 <26  <0.12 <13  138.0+16.6
sample (13 samples)
Nes River (March-June 2019)
Flounder Pooled samples 1260 119.0£19.0 <2.6 <024 <49 109.3+13.1
(5 samples)
Herring Pooled samples 2750  112.6+18.0 <34  <0.16 <69 114.7+13.8
(55 samples)
Saffroncod  Pooled samples 1564 13562217 <12 <012 <52 130.8+127
(13 samples)
Perch Pooled 6 samples 1070 140.5+22.5 <3.1 117422 23.1%6.7 101.2%12.1
Pooled 5 samples 1120 12474200 <24 134423 18.6+5.6 89.3+11.6

Nes River (June 2020)
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Continued Table Al. Fish weight range, activity of radionuclides in tissues and organs of fish from rivers of the
North-West of Russian Arctic.

Fish species,

Activity, Bg/kg

number of Tissue type Sa'mple . .
weight, g P activity o activity Cs-137 Sr-90 K-40
samples
Perch Pooled samples 2079 113.5¢18.1  <0.97 3.73£1.21 6.60+2.31 115.9+15.1
6 sampl,es Muscle tissue 820 142.1£22.7 <097 5224099 <14 136.2+17.7
(219-340 g ' Bone tissue 349 124.5£20.0 <48 3.60£1.01 <23 118.0+£14.2
cach) Skin, gcales, apd fins 295 85.3+13.6 <12.6 2.00+0.68 21.67+4.55 61.249.2
Fish entrails 264 65.3+10.4 <23 2324077 <33 173.6£20.8
Fish heads 351 96.9+15.5 <69 2.87£0.92 12.84+3.98 70.1+11.2
Pooled samples 1984 96.0+15.4 2.64+1.6 14.0£1.7 <3.72  83.8+11.7
Pike, Muscle tissue 753 129.0£20.6  <1.1  19.5#2.1 <1.39 112.1£14.6
6 samples Bone tissue 107 151.8424.3 <32 17920 <7.80 131.3%17.1
(250-603 g Skin, scales, and fins 341 101.1+16.2 <58 148+19 <720 86.0+12.0
each) Fish entrails 448 48.2+7.7 <0.54 6.85+£1.31 <0.93 44423
Fish heads 335 62.9+10.1 <55 9.38£1.52 <7.82 55.548.3
Pechora River (August 2020)
Pooled samples 4533 79.05+12.65 <4.29 <0.28 <421 77.0+11.6
Perch, Muscle tissue 1320 105.2+16.8 <5.20 <0.21 <130 102.3£13.3
6 samples Bone tissue 360 1054+16.9 <5.88 <0.46 <7.64 101.6+13.2
(710-800 g Skin, scales, and fins 1080 74.1£11.9 <453 <0.42 <5.12 73.349.5
each) Fish entrails 849 58.249.3 <0.88 <0.17 <1.28 57.4£9.2
Fish heads 924 56.449.0 <52 <0.24 <8.67 53.848.6
Pooled samples 13995 83.5+134  <2.08 044+0.21 <3.19 79.9£12.0
Pike Muscle 'tissue 5310 122.6£19.6  <0.77 0.57£0.27 <1.53 121.1£14.5
5 samp,les . Bone tissue 755 99.2+15.9 <5.8 <0.52 <5.1 94.0+14.1
(2810 g cach) Skin, §cales, apd fins 2405 41.6+6.7 <1.99 <0.33 <3.32 38.2+7.6
Fish entrails 3160 62.5£10.0 <0.69 0.31+0.16 <0.99  60.8+7.9
Fish heads 2365 61.4+9.8 <5.8 <0.38 <9.1 51.0+6.6
Pooled samples 5064 83.1£13.3 <2.77 <0.58 <478  81.3£12.2
Ide, Muscle tissue 2120 95.5+15.3 <09 0.3z0.16 <13 94.3+11.3
8 samples Bone tissue 412 98.9£15.8 <5.6 <14 <8.1 94.9+12.1
(603-685 g Skin, scales, and fins 1240 77.1£12.3 <5.8 <0.6 <85 76.2+11.4
each) Fish entrails 440 79.9+12.8 <0.59 <0.5 <1.9 76.3+11.6
Fish heads 852 55.148.8 <28 <0.9 <79 52.3+7.8
Pooled samples 3245 82.9+13.3 <1.87 <0.45 <475 79.8+11.8
Roach, Muscle tissue 1176 104.9+£16.8 <0.6 <0.3 <14 100.0+13.2
7 samples Bone tissue 410 94.5+15.1 <32 <09 <6.3 91.3+£11.9
(463-469 g Skin, scales, and fins 784 74.7+12.0 <3.0 <0.6 <84 7224108
each) Fish entrails 392 51.0+£8.2 <0.5 <03 <l.1 49.948.0
Fish heads 483 58.549.4 <3.1 <0.3 <8.6 57.6+9.8
Mezen River (August 2021)
Pike Pooled samples 8430 93.5+15.0 <24 <0.44 <3.53 88.4+£15.0
3 sampies Muscle .tlssue 3270 135.1£21.6  <1.89 <0.52 <241 129.1+15.5
(2360-3120 g ' Bone tissue 486 110.2+17.6  <4.75 <0.52 <495 102.2+14.3
each) Skin, §ca1es, apd fins 1494 55.1+8.8 <235 <0.33 <4.03 48.7+7.8
Fish entrails 1740 69.9+11.2 <1.05 <0.52 <1.55 65.849.9
Fish heads 1440 61.6+9.9 <47 <0.25 <175 59.949.6
Pooled samples 3640 76.7£12.3 <4.6 <0.37 <4.6 75.5€10.6
Perch, Muscle tissue 960 93.4£14.9 <4.00 <0.31 <2.10 95.4+134
6 samples Bone tissue 240 96.2+15.4 <4.92 <0.50 <6.50 92.6£12.0
(520-650 g Skin, scales, and fins 890 72.2+11.6 <5.05 <0.51 <6.10 70.6+9.2
each) Fish entrails 740 69.5+11.1 <3.12 <0.30 <242 65.4+9.2
Fish heads 810 62.8+10.0 <6.1 <0.31 <7.55 61.5+8.0
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