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Abstract: - The given work considers the accumulation levels of technogenic radionuclides by some
components of the river Yenisei near the discharge area of the water containing a big number of technogenic
radionuclides, this water being discharged from the Mining and Chemical Combine (MCC). The investigation
was carried out during the operation of the nuclear reactor included into the facility of the given enterprise
(2006-2009). The content of gamma-emitting technogenic and natural radionuclides was measured. Using the
method of gamma spectrometry, a considerable amount of technogenic radionuclides of the activation type
(24Na — up to 1950 Bq-kg_l,SICr — up to 2860 Bq-kg_l) were detected in biological objects. Making some
assumptions in calculating the dose rate, for the organisms under study the fo%lowing largest doses were
revealed (uGy-day 1): aquatic plants — up to 39, fish: grayling - 22,3 and pike - 36,4. These values are
considerably lower than the accepted radiation dose for aquatic biota which amounts to 10 mGy-day .
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dose. They are simplified by technical and scientific

assumptions to represent a real-world environmental
problem.

In several international projects such as EMRAS
and EMRAS II launched by International Atomic
Energy Agency (IAEA), and well-known scenarios,
such as Chernobyl exclusion zone and Fukushima
adjacent sea, many frameworks, tools and
approaches have been used to make inter-
comparison of biota dose assessment [3-5]. Among
them, RESRAD-Biota, ERICA and R&D are widely
used because they are free and user-friendly.

RESRAD-BIOTA code was primarily developed
as a tool for implementing the US DOE graded
approach for evaluating radiation doses to biota [5].
It can evaluate radiation exposures of 44 nuclides
for specific organisms, including four defaults and
eight user-added geometries. Absorbed fraction for
specific energy can be calculated using MCNP
method and then derive internal and external
exposure dose conversion coefficients (DCCs)
embedded in code. Bioaccumulation factor (Bp) and
distribution coefficient (Kd) values from literatures
[6] are used to calculate the whole-organism activity
concentration, while inputting site-specific values
are allowed in high level assessment. Moreover, the
code includes a kinetic—allometric approach [6-9] to
estimate the transfer of radionuclides from media to
biota bodies and tissues.

Introduction

The River Yenisei is polluted by technogenic
radionuclides as a result of the long-term operation
of the Mining and Chemical Combine, (MCC, State
Corporation Rosatom), which is located on the right
bank of the river, 60 km downstream from the
Krasnoyarsk city. Technogenic radionuclides are
recorded in all the ecosystem components, including
fish fauna [1-3]. Fish fauna is a key link connecting
fresh water food chains with the man and it should
be considered as a potential carrier of technogenic
radionuclides for the population living in the
bottomland of the River Yenisei and consuming the
fish caught in the river under study.

The assumption concerning the stochastic
nonthreshold activity of ionizing radiation lies in the
basis of the methods of radiation safety for the man.

There are many radiation risk assessment
models used in different countries; however, they do
not have identical assumptions, scenarios or
calculations. Some models are fairly simple to use
and address a narrower scope of scenarios; others
are more technically advanced and deal with a wide
range of scenarios. Generally, the models use a set
of calculations, where the inputs are the parameters
for the relevant exposure scenario described by
mathematical equations and the output is risk or
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One of the first criteria in regulating the radiation
impact on biota was suggested in [6,7], where it was
assumed that the dose rate of the chronic exposure
providing radiation safety for aquatic biota did not
exceed 1-10 mGy-day'. Further, a suggestion was
made to use the dose rate value in the range of 1-10
mGy-day! as a safe (threshold) level of radiation
impact on biota [4, 6, 8].

2 Problem Formulation

To estimate the radiation dose rate for the aquatic
organisms of the River Yenisei from various sources
during the operation of the third reactor of the
Mining and Chemical Combine, SC Rosatom.

2.1 Objectives:

- data collection and analysis concerning the
radionuclide content in the studied components of
the fresh water ecosystem of the River Yenisei;

- estimation of the radiation dose rate for the
aquatic organisms taking into account the radiation
sources — water and bottom sediments.

2.2 Objects and methods.

The regions with population affected by adverse
environmental consequences include the
Krasnoyarsk Territory. The Krasnoyarsk Territory
region makes up a significant part of the Russian
Federation and is a territory which has great
potential for the country's economy, including the
presence of a fresh water source — the Yenisei River.

The Yenisei is the most full-flowing river in
Russia, with a runoff of 624 km?/year. The average
flow rate at the mouth is 19,800 m’/s, and the
maximum is 190,000 m?/s. By basin area (2580
thous. km?), the Yenisei takes second place among
the rivers of Russia (following the Ob) and is
seventh among the rivers of the world. The
conditional border between Western and Eastern
Siberia runs along the Yenisei. Three hydroelectric
power plants operate on the Yenisei and the rivers
flowing into it. The river water is characterised by
high transparency (up to 3 m) and weak
mineralisation (average value is 54 mg/L), and a
high concentration of oxygen. The speed and width
of the river can vary significantly: 1.5 to 12-15
km/h and 0.2-0.5 km/h to 3-5 km/h. In the upper
reaches, the river bed is characterised by boulder-
pebble sediments, and is replaced by gravel-sand
sediments in the middle reaches and by sand-clay
sediments in the lower reaches as it flows into the
Arctic Ocean.

As a result of the activities of the largest
hydroelectric power plants, there is a constant
mixing of water layers. This means that, for long
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distances downstream of the HPP dam, the water
temperature almost does not change with the depth
of the water. In early July, the water temperature in
the area of Krasnoyarsk and 100-150 km
downstream is ~ 10 °C, and 15-17 °C in late July—
August. The river ecosystem is oligotrophic, with
rich river fauna, there being more than 500 species
of algae and diatoms in the river water [10].

There is a Mining and Chemical Combine of
Rosatom (MCC) on the left bank of the Yenisei, 50
km downstream from Krasnoyarsk. The MCC
includes radiochemical facilities and nuclear
reactors. The production facilities of the plant are
located on both banks of the Yenisei River, and
connected by a tunnel under the river bed. Since
1958, the MCC has used water for cooling industrial
reactors to produce weapons-grade — 2*Pu. The
river water, after passing through the cooling system
of the reactors, returns to the Yenisei River. Only
some part of the radioactive water was collected in
the cooling ponds. In the discharges, a significant
number of radionuclides have been found, which
form due to neutrons activating the admixtures
(solid suspensions and dissolved substances)
contained in the river water. Two once-through
reactors were taken out of service in 1992;
therefore, the reactivity level in the effluents
discharged from the MCC area has decreased [10].
The last reactor, with a closed circuit, was stopped
in 2010.

The research objects were the water samples,
bottom sediments and aquatic organisms of the
River Yenisei collected in the nearest impact area of
MCC in the vicinity of the settlement Atamanovo.
The samples were taken during the operation of the
third MCC reactor (2006-2009). The sampling site
was located near the right bank of the River Yenisei
at a distance of 5 km downstream from the main
discharge area of the effluents containing
radionuclides.

The collected samples of aquatic plants belonged
to three main species of submerged aquatic plants:
Potamogeton lucens, Fontinalis antipiretica, Elodea
canadensis.

Phytoplankton samples were taken according to
the recommendations using the water sampler BM-
48 with the volume of 1.5 L of water from the depth
of 0.5 m from the water surface in the photic water
layer. The total amount of species was determined
as well as their number and biomass. The algal flora
included diatom, blue-green, Pyrhophyta and
euglena algae. The average number of
phytoplankton amounted to 9.82+2.19 million cells
per liter.
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All the zoobenthos samples were taken using a
conventional Eckman dredge. The zoobenthos
samples were sieved through a 200pum sieve. The
zoobenthos sampling sites corresponded to the
sampling sites of the bottom sediments and aquatic
plants. After sampling the zoobenthos was carefully
washed and instantly frozen in portable freezers for
further laboratory study. In the total composition of
the zooplankton community 40 species and
organism groups were found, including Cladocera-
19, Copepoda- 5, Rotatoria— 16.

The zooplankton and phytoplankton biomass did
not exceed 1 mg-L!, which, depending on the
sampling season, amounted to 7 to 21 % of the
deposited suspended substance in the water flow.

In the process of sampling the fish material and
its laboratory study the recommendations given in
[4, 5] were followed. In the fish harvest the amount
and species composition were estimated. The
number of fish was estimated by the method of
direct counting. The species composition was
determined using atlas [11].

Due to the fact that in the present work the
estimation was made for y-emitting radionucludes
the specific activity of the collected samples was
evaluated using a Canberra gamma-spectrometer
(USA) equipped with an ultrapure germanium
detector. The y-spectra were processed using the
software CANBERRAGINIE-PC and GENIE-2000
(USA), allowing one to measure y-spectra in the
energy range from 30 to 3000 keV with the
resolution of 2 keV and to record radionuclides in
solid and liquid sample fractions without
preliminary preparation. The specific activity of the
radionuclides in the aquatic organisms was
estimated on the day of sampling. The radionuclide
content in the water was estimated after preliminary
concentrating using a sorption cartridge developed
by Bondareva L.G.

The internal radiation dose (Din) was calculated
taking into account the radionuclide content in the
organisms under study using the dose calculation
coefficients [ 12-15] by the formula:

- Dip = X ;™ - DCCiny, (1)

where Ci™ is the average specific activity of an
i™ radionuclide in the organism tissues (Bq-kg' of
natural  humidity); DCCin,i is the dose
transformation coefficient for the internal radiation
taking into account the ratio between the mean
specific activity of an iM-radionuclide in the
organism under study and the absorbed dose for this
organism (uGy-h"'/Bq-kg™!' of natural humidity).

The absorbed dose rate from the external
radiation (Dext) was estimated using the formula:

Dext = Dyat + Dyeds (2)
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where: Dwa is the absorbed dose rate from the
water with the suspended substance (uGy-h™), Dsed
is the absorbed dose rate from the bottom sediments
(uGy-h"). The absorbed dose rate from the water
with the suspended substance was estimated using
the formula:

Dwat = Zi Ciwat X DCCext,i (3)

where C"® is the average activity of an i®
radionuclide in the water (Bq-1"'); DCCex,i is the
dose transformation coefficient for the external
radiation taking into account the ratio between the
average specific activity of an i-th radionuclide in
the environment (the water including the suspended
substances) and that of the absorbed dose for this
organism (uGy-h"'/Bq-kg™! of natural humidity).

The total absorbed dose rate (D) was
estimated as a sum of the internal and external
doses:

Dtotal = Dext + Dint' (4)

where Dext is the total external absorbed dose
(uGy-h™); Din is the total internal absorbed dose
(nGy-h™).

The error of the dose loading estimates did not
exceed 30%.

Statistical analyses were performed using R
version 3.1.2. After satisfying the assumptions of
the normal distribution of the residuals, generalized
linear models were used. If the normality of the
residuals was not respected, a Kruskal-Wallis rank
test was applied. When significant, a Wilcoxon rank
test and a Bonferroni correction of the a error were
performed. Pearson correlation tests  were
performed.

3 Problem Solution

Multiple chemical parameters were measured to
assess the presence of potential confounding abiotic
factors in each lake during all sampling sessions.

Table 1 presents the data concerning the
radionuclide content in the surface layer of the
bottom sediments collected at the sampling site for
water and biological objects.

As is seen from the presented results the
following radionuclides of activation origin entered
the water of the River Yenisei: *Na, *Sc, 3'Cr,
3Mn, %¥Co etc.

The authors obtained their own data concerning
the radionuclide content in the aquatic plants under
study (Table. 2), as well as in the phyto- and
zooplankton and fish (Table. 3).
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Table 1. Radionuclide content in the water and
bottom sediments of the River Yenisei, Bq-kg.

Lydia Bondareva, Nataliia Fedorova

Table 3. Radionuclide content (Bq-kg') in phyto-
and zooplankton and fish of the River Yenisei,

water which were taken near the settlement Atamanovo (5
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(T2 = 70.82 days), “°Co (T2 = 5.27 years), *Zn
(T1/2 =2439 days), 144Ce (Tl/z = 284.89 days), 1SZELI
(Ty2 = 13.5 years) as well as the product of nuclear
decay *'Cs (T = 30.1 years).

During the period of the nuclear reactor
operation, high radioactivity of short-lived
radionulides (**Na, 3'Cr, 2*’Np) was observed in all
the studied organisms (Table 2, 3).

In all the biological samples, taken upstream
from the discharge area of MCC only technogenic
97Cs was detected, its content corresponding to the
background values for the region under study (~ 70
Bq-kg!), as well as natural radionuclides *°K and
Be.

3.1 Estimation of the total radiation doses
of hydrobionts in the River Yenisei

When estimating the dose rates of gamma-
radiation sources it is important to take into account
both the size of a hydrobiont and its geometry. If
considering phytoplankton and zooplankton the
energy is scattered outside the hydrobionts due to
their small size. Thus, the contribution of this type
of radiation of the given objects will not be taken
into account.

For calculation of internal exposure for aquatic
organisms, radionuclides were assumed to be
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distributed uniformly in the organisms; in each case
the tissue density was assumed to be unity [16, 17].
The shape and size of an organism (generally in
terms of a mean geometrical factor, g) must be
considered for calculation of the absorbed dose rate
from gamma radiation [16, 17] The following
default values for the geometric sizes of organisms
were provided for dose calculation for fish: cylinder
50 cm in length and 10 cm in diameter, g = 41 cm.
Specific geometric factors for biota are as follows:
pike 1 year of age, g = 23 cm; pike 5 year of age, g
=71 c¢cm; Thymallus arcticus Pallas 1 year of age, g
= 31 cm; Thymallus arcticus Pallas 5 y of age, g =
75 cm [16].

The external radiation sources for hydrobionts
are water and bottom sediments. Then, the dose rate
for the water can be estimated by the formulas for
an infinitely extended source and the bottom
sediments can be presented as a unit of infinite
thickness and extension [16].

Due to the peculiarities of the physical features
of ionizing radiation of different types, the main
contribution to the external radiation dose rate is
made by fy-radiation sources. Since the size and
structure of the studied hydrobionts are very small
as compared to the thickness of the water flow and
layer of bottom sediments, the processes of
absorption and scattering of the radiation energy of
gamma quanta can be neglected. Accordingly, the
radiation dose rate from external sources can be
equal for microalgae (phytoplankton and
zooplankton), for macrophytes and fish, which are
at the same distance from the radiation source.

To estimate the external radiation dose rate for
hydrobionts, use was made of our own data on the
content of radionuclides detected in the water and
bottom sediments (Table 1). The estimation results
of the radiation dose rate for hydrobionts and
radionuclides present in the water and bottom
sediments are given in Table 4.

The results obtained reveal that the main
contribution into the dose rate of external radiation
from radionuclides present in the water is made by
the activation radionuclide **Na.

The proportion of nuclides making dose
contribution depends primarily on their existence in
effluent. Our result shows the major radionuclides
are *’Cs — 41.77 %, "*Eu — 30.00 % and *°Co —
27.31 %, for botom sediments.

The contribution of the natural radionuclide “°K
into the total radiation dose rate does not exceed 10
% for the water and ~ 1 % for the bottom
sediments.

When analyzing the obtained estimates of the
hydrobiont radiation doses from the radionuclides
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present in the bottom sediments (Table 4), it was
found that in this case the dose rate exceeds the dose
rate from the radionuclides present in the water.
Moreover, the main contribution here is made by
techogenic radionuclides.

Table 4. External radiation dose rate for hydrobionts
from the radionuclides contained in the river water
and bottom sediments (P, uGy-day™)

Radionuclides
Puater

4OK 241\]a SICr 54MIl 59Fe
0.021 0.169 0.0002 0.001 0.004

GOCO 6SZn 76AS 137CS 152Eu
0.0003 0.001 0.004 0.0002 -

XP =0.201
Psediment
40K 60CO 137CS 152Eu ZP
0.5 7.1 10.6 7.8 26.0

However, taking into account the fact that the
main biomass of the studied macrophytes grows at a
distance of 50-100 cm from the bottom surface, the
radiation dose rate from the radionuclides present in
the bottom sediments can be compared with the
radiation dose rate from the water.

As regards phytoplankton and zooplankton, there
are no distinct boundaries of their distribution in the
water column, i.e. they can equally be found near
the surface of bottom sediments and at any other
distance from the surface. When estimating the
radiation dose rate an assumption was made on the
exponential character of the decrease in the
radiation dose with the increasing distance from the
bottom. Then, the average radiation dose rate of
phyto- and zooplankton from the radionuclides
found in the bottom sediments was equal to 5.2
uGy-day!, with their random distribution in the
water column.

Dose loading on the fish organism is formed by
external radiation — from water and bottom
sediments, and by internal one — from incorporated
radionuclides.

To estimate the dose of internal radiation
absorbed during a year by fish it is enough to have
the data on the average annual radionuclide content
in the organisms of different species. The external
radiation from the water is estimated using the
average annual concentration of radionuclides in the
water. In the case of the variation in the specific
content of a radionuclide in the organism or water,
use was made of the average concentration for the
time period when the change in the concentration
can be neglected, then, the dose acquired by the
organism during these periods is summed up.

Volume 16, 2020




WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT

DOI: 10.37394/232015.2020.16.52

The absorbed dose also depends on the migration
behavior of fish [18]. The fish behavior is
conditioned by a number of factors. The feeding
behavior of fish depends on the diet content and
location of food items relative to the bottom
sediments [18, 19]. This significantly influences the
vertical distribution of fish of different species in the
water bodies, and, consequently, affects the value of
the geometrical factor of the fish radiation [18, 19].

Evaluation was made of the content of several
radionuclides (**Na, “K, 3!'Cr, *Mn, *Co, %Zn,
137Cs, 52Eu) in grayling Thymallus arcticus Pallas,
who fed on zoobenthos and plants and in a typical
predator — pike Esox Lucius (Table 3). The given
fish species do not migrate and, consequently, the
influence of radionuclides can be considered to be a
chronicle one.

The results obtained show that in the studied fish
the content of the detected radionuclides does not
exceed the accepted standards. The geometrical
factor and internal radiation dose rate were
estimated for the fish in accordance with the
recommendations provided in [12, 17]. The total
dose rate for grayling was 22.3 uGy-day™', and for
pike — 36.4 uGy-day'.

The resulting summed radiation dose rate for the
studied hydrobionts of the River Yenisei from the
external and internal radiation sources is presented
in Table 5.

Table 5. Total radiation dose rate of the aquatic
organisms in the River Yenisei

Total radiation dose rate
(P, uGy-day™)
external internal Total
radiation radiation | radiation
dose
.2 -
= ~ - g
© | 3 |2 |E
5 g 5 13
8 w2
Potamogeton | 27.1 | 4.6 | 0.2 | 0.2 32.1
lucens
Elodea 230 | 53 |1 02| 0.2 27.1
canadensis
Fontinalis 349 | 3.7 1] 02 | 0.2 39.0
antipyretica
phytoplankton | 3.1 | 0.03| 0.2 | 5.2 8.5
zooplankton 1.1 [002] 0.2 | 5.2 6.5
Thymallus 159 | 1.01] 02 | 5.2 22.3
arcticus
Pallas
Esox Lucius | 274 | 3.6 | 0.2 | 5.2 36.4

Analysis of the results presented in Table 5
shows that for internal exposure, the dose rate of
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artificial radiation is an order of magnitude higher
than the dose rate of natural radiation in most of
aquatic organisms.

Among aquatic organisms, the highest dose rate
is received by aquatic plants (up to 39 uGy-day™).
As the water moss (Fontinalis antipyretica) has the
highest  capacity to accumulate artificial
radionuclides, it accumulates the largest artificial
exposure dose among the study aquatic organisms.

Comparing our data with the data for a marine
ecosystem, we can see that the total dose received
by the organisms of the Yenisei River is an order of
magnitude larger than the exposure doses to biota of
the Arctic and the Pacific seas [3, 5, 9]. The marine
biota receives most of its radiation dose (up to 99%)
from natural radionuclides. Our investigations and
calculations indicate that the coolant of the third
MCC reactor, which is still released into the
Yenisei, 1s the main source of radioactive
contamination of aquatic organisms. Gamma-
spectrometry has registered more than 20 artificial
radionuclides in the biomass of aquatic plants, In
addition to short-lived radionuclides, aquatic plants
also contain artificial long-lived radionuclides,
including plutonium isotopes. Water plants can take
up the long-lived radionuclides both from the
effluents of the Radiochemical Plant at the Combine
and from sediments in their growth area. The
freshwater diatomic plankton also contain artificial
radionuclides.

Among aquatic organisms, the highest dose rate
is received by aquatic plants (up to 39 pGy-day™)
for the water moss (Fontinalis antipyretica). For
most aquatic organisms under study, the dose
received from the artificial irradiation is an order of
magnitude higher than the dose received from
natural irradiation.

We may conclude that aquatic organisms of the
Yenisei River can accumulate large amounts of
various radionuclides and this should be taken into
account in monitoring the migration of
radionuclides along food chains.

It should be noted that in the current period after
the shutdown of the last reactor of MCC in 2010 the
water contributes less than 0,1 % into the total
radiation dose in the River Yenisei. The contribution
of the incorporated radionuclides into the total
radiation dose of non-predatory fish amounts to 1-
14 %, and that of predatory ones is 2-24 %. Thus,
the contribution of water into the total radiation dose
acquired during a year by mature representatives of
the fish fauna of the River Yenisei is negligibly
small.
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4 Conclusion

1. The analysis of the water, bottom
sediments, several hydrobionts sampled during the
operation of the Mining and Chemical Combine SC
Rosatom revealed a significant list of technogenic
radionuclides (**Na, “Sc, °'Cr, *Mn, *Co etc.) of
different origin (activation or fission radionuclides),
which have different half-life periods (lasting for
hours, days, years) and distinct physico-chemical
properties.

2. Based on the available recommendations
the radiation dose rate was estimated for phyto- and
zooplankton, several aquatic plants and two species
of commercial fish: plankton-eater — grayling, and
predator — pike. It was shown that a high portion of
the radiation dose rate was due to technogenic
radionuclides while the natural ones (represented
mostly by “°K) result in no more than 5.3 %.

3. The obtained radiation doses for the
hydrobionts of the River Yenisei during the
operation period of the third MCC nuclear reactor
are considerably lower than the radiation dose for
aquatic biota, namely 10 mGy-day.
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