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Abbreviation list 

Acronym Full version 

ARCTICMAR Arctic and North Seas Marine Model 

CF Concentration factor 

CR Concentration ratio 

FAO 
Food and Agriculture Organisation of the United Nations and World Health 
Organisation 

IAEA International Atomic Energy Agency 

IASAP International Arctic Seas Assessment Project 

KS The Kara Sea 

NAOSIM North Atlantic/Arctic coupled Ocean Sea Ice Model 

NRPA 
Norwegian Radiation Protection Authority (Now DSA - Norwegian Radiation 
and Nuclear Safety Authority) 

NS Nuclear Submarine 

SB The Stepovogo Bay 

UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation 

 



  



 



1 Introduction 

The Arctic is a vulnerable region with regards to potential impacts from radioactive 
contamination. In light of this, the Norwegian Government’s Nuclear Arctic Plan, launched in 
1995, is directed, among other things, towards reducing the risk of nuclear accidents and 
radioactive pollution. Within this program, and in connection with the EC-funded project 
“Feasibility Study” (Contract NSI 2014 / 354026), four reports have been prepared (Hosseini  et 
al., 2015, 2016, 2017; Brown and Hosseini,  2019) with the main purpose to evaluate the impacts 
of possible releases linked to a continuation of existing practices, i.e. leaving sources in situ, or 
potential management operations, including recovery and transport, for Russian submarines K-
27 and K-159. Brown and Hosseini, (2019) include also radioecological analysis for some other 
potential releases of radionuclides from dumped radiactive objects, dumped by the former 
Soviet Union in the Russian Arctic.  

The above reports provide detailed information on evaluation of inventory, assumptions about 
potential release scenarios and results of radioecological assessment. The present report 
provides additional information, which is a supplement for previous results concerning 
radioecological assessment after potential releases of radioniclides into marine environment. 

The need for this study is based mainly on three points, which will arguably lead to an 
improvement in the radioecological assessments performed in previous studies (Hosseini et al., 
2015, 2016, 2017; Brown and Hosseini, 2019). This includes:  

(i) some new assumptions for the release scenarios for nuclear submarines K-27 and K-159,  

(ii) including water-sediment interactions within the processes considered in modelling 
distribution of radionuclides in the marine environment and  

(iii) including a wide set of radionuclides in radioecological assessment of the potential 
release scenarios in comparison with previous studies. 

The present study is based on the application of ARCTICMAR model, which is described below. 
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2 The ARCTICMAR model (the NRPA box modelling 
approach) 

The present model uses a modified approach for compartmental modelling (Iosjpe et al., 2002, 
2009; Iosjpe, 2006), which allows the study of dispersion of radionuclides over time (non-
instantaneous mixing in the oceanic space). The box structures for surface, mid-depth and 
deep-water layers have been developed based on the description of polar, Atlantic and deep 
waters in the Arctic Ocean and the Northern Seas and site-specific information for the boxes 
generated from the 3D hydrodynamic model NAOSIM (Karcher and Harms, 2000; Karcher et al., 
2017). The model contains 345 water and sediment compartments. The surface structure of the 
model is presented in Figure 1.  

 

Figure 1. The structure of the surface water boxes for the NRPA box model (ARCTICMAR). 

The box model includes the processes of advection of radioactivity between compartments, 
sedimentation, diffusion of radioactivity through pore water in sediments, particle mixing, pore 
water mixing and a burial process of radioactivity in deep sediment layers. Radioactive decay is 
calculated for all compartments. Accumulation of contamination by biota is further calculated 
from radionuclide concentrations in filtered seawater in different water regions. Doses to 
humans are calculated on the basis of given seafood consumptions, based on available data for 
seafood catches and assumptions about human diet in the respective areas. Dose rates to biota 
are derived on the basis of calculated radionuclide concentrations in marine organisms, water 
and sediment, using dose conversion factors. The model structure is presented in Figure 2.   
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Figure 2. A schematic structure of the processes involved in modelling. 

2.1 Main equations for the dispersion of radionuclides in the oceanic space 

The equations of the transfer of radionuclides between the boxes are of the form: 

 

                                                                                                                                             (1)                         

 

where kii=0 for all i, Ai and Aj are activities (Bq) at time t in boxes i and j; kij and kji are rates of 
transfer (y-1) between boxes i and j; ki is an effective rate of transfer of activity (y-1) from box i 
taking into account loss of material from the compartment without transfer to another, for 
example radioactive decay; Qi is a source of input into box i (Bq y-1); n is the number of boxes in 
the system, Ti is the time of availability for box i (the first times when box i is open for dispersion 
of radionuclides) and  is an unit function: 
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The times of availability Ti  

                                                                                                              (2) 

are calculated as a minimized sum of the weights for all paths (v0,...,vi) from the initial box 

(v0) with discharge of  radionuclides to the box i on the oriented graph G=(V, E) with a set V of 
nodes vj correspondent to boxes and a set E of arcs ejk correspondent to the transfer possibility 
between the boxes j and k (graph elements as well as available paths are illustrated by Figure 3). 
Every arc ejk has a weight wjk which is defined as the time required before the transfer of 
radionuclides from box j to box k can begin (without any way through other boxes). Weight, wjk, 
is considered as a discrete function F of the water fluxes fjk, fkj between boxes j and k, 
geographical information gjk and expert evaluation Xjk. Mi is a set of feasible paths from the 
initial box (v0) to the box i (vi).  

The traditional box modelling is a particular case of the present approach when all times of 

availability in (1) are zero:   

 
Figure 3. Graph elements. 

Expressions for the transfer rates of radioactivity between the bottom water and sediment 
compartments will be useful in the present analysis (the transfer rates are shown in Figure 4): 
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                                                                                                                                      (4) 

                                             

                                                                            

.                                                                                 

Here kWS is composed of expressions describing the transfer of activity by sedimentation, 
molecular diffusion, pore water mixing and particle mixing, respectively. Similarly, kSW is 
composed of expressions describing the transfer of radioactivity by molecular diffusion, pore 
water mixing and particle mixing. kSM is composed of expressions describing the transfer of 
radioactivity by sedimentation and molecular diffusion. kMS corresponds to the transfer by 
molecular diffusion. Finally, kMD corresponds to the transfer of radioactivity by sedimentation. 
RW (m y-1) is the sediment reworking rate; RT (y-1) is the pore-water turnover rate; kd (m3 t-1) is the 
sediment distribution coefficient; SSL (t m-3) is the suspended sediment load in the water column; 
SR (t m-2 y-1) is the sedimentation rate; D (m2 y-1) is the molecular diffusion coefficient, hS (m) and hSM 
(m) are the surface and middle sediment thickness respectively; ω is the porosity of the bottom 
sediment; ρ (t m-3) is the density of the sediment material and d is the depth of the water column. 

 

 

 

 

 

 

 

 

Figure 4. Generic vertical structure of the water-sediment compartments. 
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The ARCTICMAR model has previously been employed successfully in a number of applications. 
Results of simulations have been compaered with experimental data, where data have been 
available (Iosjpe et al., 2009; Iosjpe, 2011; Iosjpe and Liland, 2012; Periánez et al., 2016).  

Concentrations of the radionuclides in marine organisms can be calculated from radionuclide 
concentrations in filtered seawater and the concentrations factors as shown in Figure 2. More 
detailed information concerninig the bioaccumulation processes in biota makes it possible to 
use a kinetic modelling. Figure 5 shows the schematic of the biokinetic models, which was 
selected as a basis for the present study (Hosseini et al., 2016, 2017; IAEA 1998; Iosjpe et al., 
2016). The model has been chosen after an analysis of existing models (Thomann, 1981; Heling 
et al., 2002; Brown et al., 2004; Vives i Batlle et al., 2008; Maderich et al., 2013). The following 
reference organisms are selected for the radioecological analyse in the present report:  fish, 
crustaceans, molluscs, sea mammals and sea-birds. 

 

 
Figure 5. Schematic of the biokinetic models. 

The system of equations for the biokinetic model can be described by the following expressions: 

                                                                                                                                          (5) 
i,e

)tl(
iwi,u

)tl(
1iii

)tl(
i kCCkCIRAE

dt
dC

⋅−⋅+⋅⋅= −



DSA Report 12 

Here C(tl)
i and C(tl)

i-1 – concentrations of radionuclide in trophic levels ”i” and ”i-1”; CW – 
concentration of radionuclide in water column; AEi – the assimilation efficiency for trophic level 
“i”, IRi – ingestion per unit mass for trophic level “i”; ku,i – rate of the direct uptake of activity 
from water column for trophic level “i”; ke,i – the excretion rate for trophic level “i”. Where the 
consumption for species in trophic levels ”i” includes “m” different species in trophic levels ”i-1”, 
parameter  C(tl)

i-1 can be described as 

      

 

Here the consumption for species in trophic level ”i” includes m species in trophic levels  

”i-1” with concentration of radionuclide in species j (j=1,…,m) of C(tl)
i-1,j; wj is a fraction of species j 

of all m species, where 

 

 

It is important to note that knowledge about biokinetic coefficients based on habitat, ingestion 
of food, diet and excretion of activity for studied species are crucial information for biokinetic 
modelling.  

2.2 Dose assessment for humans 

The internal dose D can be determined using the following expression: 

𝐷𝐷 = ∑ 𝐷𝐷𝐷𝐷𝐹𝐹𝑗𝑗 ∑ 𝜙𝜙𝑙𝑙𝑘𝑘
𝑙𝑙=1 ⋅ 𝐷𝐷𝐹𝐹𝑙𝑙𝑗𝑗 ∑ 𝐴𝐴𝑖𝑖𝑙𝑙𝑛𝑛

𝑖𝑖=1
𝑚𝑚
𝑗𝑗=1 ∫ 𝐷𝐷𝑖𝑖𝑗𝑗

𝑇𝑇
0 (𝑡𝑡)𝑑𝑑𝑡𝑡  (6) 

where [0, T] is the time interval for dose assessment; DCFj  is the dose conversion factor for 
radionuclide j (j = 1,2,…, m); CFlj is the concentration factor for radionuclide j in seafood of type l 
(l = 1,2,…, k); Ail is consumption of seafood of type l in the model compartment i; (i = 1,2,…,n) for 
the critical group for the doses to critical group and catch of seafood for collective doses, if 
necessary; Cij is the concentration of radionuclide j in filtered seawater in model compartment i; 
and lϕ  is equal 1 for the doses to the critical group and lϕ is the edible fraction for seafood of 

type i (50% for fish, 35% for crustaceans and 15% for molluscs (CEC, 1990; EC, 2000; IASAP, 
2003) for the collective doses, if necessary. 

The individual dose rate for the external exposure can be estimated with the following 
expresson (Iosjpe et al., 2009). Methodology is similar to EC (1994): 
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respectively; )O(
WF and )O(

SF  are the occupancy factors for “swimming” and  the “beach sediment” 

pathways (in the following calculations it is assumed that both factors are of 0.5); fS is a part of 
the sediment concentration, which is considered as beach concentration (following (IASAP, 
2003), it is assumed that fS is 0.1).  

In the present study, the doses to man are calculated only for ingestion because the 
comparison of the contribution to human doses from this pathway against external exposure 
indicates a clear domination of the former (EC, 1994; IASAP, 2003, Iosjpe et al., 2009). 

2.3 Dose assessment for biota 

The ARCTICMAR model uses the following expressions for internal and external dose rates for 
biota (Brown and Hosseini, 2019; Hosseini et al., 2016, 2017, Iosjpe et al., 2009). 

The basic underlying equations (Equations 8 and 9) utilise activity concentration data in order to 
derive internal (Dint) and external (Dext) absorbed dose-rates (in units of µGy h-1). The total 
absorbed dose-rate is the sum of these components, through the application of dose 
conversion coefficients (DCCs). 

∑=
i

b
iint,

b
i

b
int DCC*CD  (8) 

where: 

b
iC  is the average concentration of radionuclide i in the reference organism b (Bq kg-1 fresh 

weight), 

b
iint,DCC  is the radionuclide-specific dose conversion coefficient (DCC) for internal exposure 

defined as the ratio between the average activity concentration of radionuclide i in the organism 
j and the dose rate to the organism b (µGy h-1 per Bq kg-1 fresh weight). 

∑ ∑=
z i

b
zi,ext

ref
ziz

b
ext DCC*CvD  (9) 

where vz is the occupancy factor, i.e. fraction of the time that the organism b spends at a 
specified position z in its habitat, Czi

ref is the average concentration of radionuclide i in the 
reference media of a given location z (Bq kg-1 fresh weight (water) or dry weight (sediment) or Bq 
l-1 (water)), DCC jext,zi is the dose conversion coefficient for external exposure defined as the ratio 
between  the average activity concentration of radionuclide i in the reference media 
corresponding to the location z and the dose rate to organism b (µGy h-1 per Bq kg-1 fresh 
weight or Bq l-1). 

Weighted total dose rates (in µGy h-1) are derived through the application of weighting factors 
(dimensionless) for alpha, low beta and high beta-gamma radiation. 

ααγ+βγ+βββ ⋅+⋅+⋅= int,int,lowint,lowint DCCwfDCCwfDCCwfDCC  

  (10) 

γ+βγ+βββ ⋅+⋅= ,extlow,extlowext DCCwfDCCwfDCC   
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Here wf are weighting factors for various components of radiation (low β, β + γ and α), DCC are 
dose conversion coefficients in µGy h-1 per Bq l-1 or Bq kg-1. Default radiation weighting factors 
of 10 for alpha radiation, 1 for low energy beta and 1 for (high energy) beta and gamma radiation 
are applied in this assessment in line with those applied in UNSCEAR (2008).   
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3 Radioecological assessment after potential accidents 
with the nuclear submarine K-27 

3.1 Locations of the potential accidents with the NS K-27 

In conjunction with previous reports (Hosseini et al., 2015, 2016, 2017; Brown and Hosseini, 
2019), the locations of the potential accidents with NS K-27 are chosen as the Stepovogo Bay, 
within the southern area of the Kara Sea, and in Gremikha Bay, within the southern part of the 
Barents Sea. Both locations are shown in Figure 6. 

 

Figure 6. Locations (denoted by red circles) of potential accidents with the nuclear submarine K-27. 

3.2 Inventory and release scenarios for NS K-27. 

Estimation of radionuclide inventories, as well as assumptions about potential scenarios have 
been under permanent development during the Feasibility project (Hosseini et al., 2015, 2016, 
2017; Brown and Hosseini, 2019). 

The present study is based on the radionuclide inventories and assumptions about radionuclide 
releases presented by Hosseini et al. (2015) with refinements from Brown and Hosseini (2019). 

Because some radionuclides, with their provenance in a criticality event, have a very short 
physical half-life or very low inventory, they can be safely discounted. The following 
radionuclides have therefore been selected for consideration in the present study, including 
their potential bioaccumulation: Am-241, Am-242m, Co-60, Cs-137, Eu-152, Eu-155, Fe-55, I-129, 
Nb-93m, Ni-59, Ni-63, Np-237, Pm-147, Pu-238, Pu-239, Pu-240, Pu-241, Se-79, Sm-151, Sn-
121m, Sn-126, Sr-90, U-234, U-236, Zr-93. 

For the worst-case scenario, a release pattern, divided into two fractions, was assumed: (i) an 
instantaneous release of radionuclides and (ii) a slow long-term release similar to models applied 
in simulating the dissolution of the uranium oxide matrix. This is in line with similar scenarios 
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described, for example, for sunken vessels with spent fuel on board (Reistad, 2008; Iosjpe et al., 
2009; Iosjpe and Liland, 2012). 

It should be noted that the release of fuel corrosion products depends on many factors (fuel 
matrix construction, seawater temperature, type and extent of damage of the submarine core 
during the accident etc.). Therefore, the annual corrosion rate can differ widely (for example, 
0.001% and 1% according to Yefimov (1994) and White Book-2000 (2005), respectively. A 
corrosion rate of 1% has been chosen here in accordance with (Brown & Hosseini 2019), based 
on an assumption about a maximal continual leakage of 0.8 TBq per year for Cs-137. This is 
because a leakage of 0.8 TBq is in good agreement with an assumption for the corrosion rate of 
approximately 1% from a Cs-137 inventory of 8·1012 Bq (Hosseini et al.,2015). Additionally, the 
instantaneous maximal release of 6 TBq for Cs-137 is considered for comparison with previous 
studies.  

Instant and continious releases, which are used in the present report are shown in Figures 7 and 
8. 

 

Figure 7. Instantaneous releases of radionuclides after potential accident with NS K-27. 
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Figure 8. Instantaneous plus contionious releases of radionuclides from NS K-27 after the potential accident.  
Simulations are presented within time interval [0, 10] years. 

3.3 Consequences after potential accidents with the nuclear submarine K-27 

3.3.1 Consequences for the Stepovogo Bay region 

3.3.1.1  Concentrations of radionuclides in water column 
Results of calculations presented in Figure 9 demonstrate the five most significant 
radionuclides for contamination of the water column in the Stepovogo Bay. Total concentration 
is dominated by Cs-137 and Sr-90. The concentration in the water column decreases after 
dilution in the Kara Sea, which is shown in Figure 10. 
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Figure 9. Dynamic of concentration in filtered water of radionuclides in the Stepovogo Bay during the first three months. 
Release had started at a time of zero. Simulations are presented within the time interval [0, 0.29] year. 

  

Figure 10. The total concentration in the Southwestern part of Kara Sea (KS) and comparison of the total concentrations in 
the Stepovogo Bay (SB) with the west-south part of the KS. Concentrations are presented in Bq/m3, Simulations are 
presented within time intervals [0, 10] years for the KS and [0, 0.6] year for the SB. 

3.3.1.2  Concentrations of radionuclides in sediment 
Results of calculations presented in Figure 11 demonstrate the five most significant 
radionuclides for contamination of the sediment in the Stepovogo Bay. Total concentration is 
dominated by Eu-152, mainly because of a combination of relatively high release of Eu-152 and 
high value for the sediment distribution coefficient for this radionuclide.  
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Figure 11. Dynamic of concentration of radionuclides in sediment of the Stepovogo Bay.  Simulations are presented within 
time interval [0, 10] years. 

3.3.1.3.  About methodology for calculating the concentration of radionuclides in 
seafood and selected marine organisms. 
Results of simulations show that the use of kinetic modelling of the bioaccumulation process 
can be very important for consequences after an accidental release of radionuclides. The 
biokinetic sub-model has been tested by applying it to the consequences after the Chernobyl 
accident in the Gulf of Finland (Iosjpe et al., 2016). Comparison with experimental data 
(HELCOM, 1995; EC, 2000) demonstrates that the kinetic modelling of the bioaccumulation 
processes provides a more correct description of the concentration of radionuclides in biota. It 
is important to stress that coefficients for the kinetic sub-model for the bioaccumulation 
process for this study have been taken from (Thomann, 1981). Therefore, the testing of the 
kinetic approach with data after the Chernobyl accident (1986) has to be considered as a 
validation of the kinetic sub-model. 

Figures 12 and 13 shows comparison of consequences for the present study for Cs-137 for the 
bioaccumulation process through (i) the concentration in filtered water and the concentration 
factor for Cs-137 and (ii) kinetic submodel for bioaccumulation process. Figure 12 shows 
comparison for these two approaches for the concentration in fish for the Stepovogo Bay. 
Figure 13 shows that significant differences in Figure 12 lead to the significant differences for 
annual doses to the humans during at least ten years. Therefore, considering the more realistic 
determinations provided, it is important to use the kinetic submodel for the description of the 
bioaccumulation of radionuclides in biota. Nonetheless, it is necessary to stress that knowledge 
about biokinetic coefficients based on the habitat, ingestion of food, diet and excretion of 
activity, which is crucial information for biokinetic modelling, is not well known for many 
radionuclides.  

The approach where (i) kinetic sub-models for definition of the bioaccumulation process will be 
used for the radionuclides with known kinetic parameters and (ii) the concentration factor/ratio 
will be used for estimation of the concentration in biota for the remaining radionuclides provides 
one solution to the objective of providing a comprehensive abalysis.  

However, such an approach can distort reality significantly, as it is shown in Figure 14.  
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According to recomendations from the “Food and Agriculture Organisation of the United 
Nations and World Health Organisation (FAO)” (CAC, 2006), radionuclides can be separated into 
groups, dependent mainly on their potential to be hazardous to humans, and their 
concentration. Concentrations in fish for radionuclides in Group 3 are shown in Figure 14, where 
Cs-137 has been derived using the kinetic approach, and other radionuclides using the 
concentration factor approach. Given its relatively elevated levels in seawater, Cs-137 should 
strongly dominate the concentration, but during the initial period of the bioaccumulation 
process, the impact of Cs-137 is negligibale in comparison with other radionuclides. This 
discrepancy corresponds to the fact during the period when releases of radionuclides start, the 
concentration in biota is zero (as for Cs-137 in Figure 14), but according to the present release 
scenarios the concentration ratio approach provides maximal concentration in biota. Therefore, 
in the present study, the following two phases for determination of the bioaccumulation process 
will be used: (i) definition of most significant radionuclides for a bioaccumulation process 
through concentration factor/ratio approach and (ii) definition of parameters for kinetic sub-
models for radionuclides selected in phase (i). 

 

Figure 12. Dynamic of concentration of radionuclides in the Stepovogo Bay during the first year. Release had started in 
time of zero.  Simulations are presented within time interval [0, 1] year. 

 

Figure 13. Dynamic of doses for the critical group through ingestion of the sea food in the Stepovogo Bay during ten years 
(in mSv). Release had started at time=zero. Simulations are presented within time interval [0, 10] years. 
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Figure 14. Concentration of radionuclides in fish for the group 3, where the kinetic approach is used for the 
bioaccumulation process for Cs-137 concentration ratios for other radionuclides. Simulations are presented within time 
interval [0, 0.6] year. 

3.3.1.4. Definition of most significant radionuclides for a bioaccumulation process through 
concentration factor/ratio approach. 
Examples of some typical radionuclides for each group according to FAO/WHO (CAC, 2006) are 
presented in Table 1.  

Table 1. Examples of FAO/WHO international guideline levels for radionuclides in food. 

Example 

radionuclides 

 
Levels (Bq/kg) 

  Infant foods Other foods 

Group 1 238Pu, 239Pu, 241Am 1 10  

Group 2 90Sr, 106Ru, 129I 100 100  

Group 3 60Co, 134Cs, 137Cs 1000 1000  

Group 4 3H, 14C, 99Tc 1000 10 000  

 

It is important to note that the concentration factors used for calculating dose rates to biota 
(Hosseini et al., 2008) can differ significantly from IAEA recommendations (IAEA, 2004). This is 
largely because concentration factors given in ERICA database (Hosseini et al., 2008) are 
calculated for the whole organism, whereas IAEA concentration factors are often defined only 
for edible parts of the organism i.e., which has a potential consequence for dose assessments to 
man. Examples of differences between concentration factors from the IAEA recommendations 
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and the ERICA database for some radionuclides are shown in Table 2. In the present report, 
dose rates to man will be calculated on the basis of concentration factors from the IAEA 
recommendations. For the calculations of dose rates to biota a conservative approach was 
chosen using concentration factors from the ERICA database, when these concentration 
factors were higher than the corresponding concentration factors from IAEA recommendations. 

Table 2. Comparison of concentration factors for selected radionuclides. 

Organism Element IAEA, 2004 Hosseini et al., 2008 

Fish Co 7∙102  5.6∙103 

Fish Pu 100 3.5∙103 

Fish Sr 3∙100 2.3∙101* 

Crustaceans Am 4∙102 1.3∙103 

Crustaceans Sr 5∙100 1.3∙101 

Crustaceans Tc 1∙103 1.7∙104 

Molluscs Ru 5∙102 1.6∙103 

* Whole body 

Some examples for the concentration of radionuclides for all four groups are shown in Figures 
15-18 for selected biota. Simulations have been performed for ten years after the potential 
accident. 
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Figure 15. Concentration of radionuclides in fish (top) and molluscs (bottom) from radionuclides from the group 1. 
Simulations are presented within time intervals [0, 0.5] year (top) and [0, 1] year (bottom). 
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Figure 16. Concentration of radionuclides in molluscs (top) and fish (bottom) (group 2). Simulations are presented within 
time interval [0, 0.5] year. 
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Figure 17. Concentration of radionuclides in biota (group 3). Simulations are presented within time interval [0, 0.5] year. 
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Figure 18. Concentration of radionuclides in biota (group 4). Simulations are presented within time interval [0, 0.3] year. 

Simulations, based on assumptions about constant concentration factors/rates, indicate that 
concentrations of radionuclides in biota for Group 1 is higher than the FAO guideline levels 
throughout the 2-3 week period after the begining of radionuclide releases for fish, crustaceans, 
mammals and sea birds and for the entire simulation period (ten years) for molluscs. Further, 
results show that the concentration is dominated by isotopes of plutonium (Pu-238, Pu-239, Pu-
240), mainly Pu-238. The impact of these isotopes to the concentration levels for Group 1 for all 
biota corresponds to 96-99% of the total concentration for group 1 radionuclides. 

Similar to Group 1 radionuclides, the concentration of radionuclides in the biota for Group 2 
radionuclides is higher than the guideline levels over a period of two - three weeks after the 
begining of radionuclide releases, approximately, for fish, crustaceans, mammals and sea birds 
and over the entire simulation period for molluscs. Concentrations are strongly dominated by 
Sr-90. The impact to concentration levels for Group 2 for all biota from Sr-90 corresponds to 
almost 100% of the total concentration for Group 2 radionuclides. 
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The concentration of radionuclides in the biota for Group 3 radionuclides is higher than the 
guideline levels over a period of one month after the begining of radionuclide releases, 
approximately, for all biota. The concentration for biota from Group 3 is dominated by Cs-137 
and Co-60 (89-100% of the total concentrations).  

The concentration of radionuclides in the biota for Group 4 radionuclides is higher than the 
guideline levels during one-two weeks, approximately, after the start of the releases. 
Concentrations are dominated by Ni-63 for fish, mammals and birds and Eu-152 for crustaceans 
and molluscs. The impact of radionuclides Ni-63, Eu-152 and Eu-155 corresponds to 87-99% of 
the total concentration for group 4 of radionuclides. 

3.3.1.5. Choosing of kinetic parameters based on available information and 
mathematical experiments 
According to information from the previous section, radionuclides Pu-238, Pu-239, Pu-240 
(Group 1 ), Sr-90 (Group 2), Cs-137 and Co-60 (Group  3) and Ni-63, Eu-152 and Eu-155 (Group 4) 
dominate the concentration in biota for the present release scenario. 

In the present study, a kinetic modelling approach is based on Equation (5), which includes the 
following parameters for biota in different trophic levels: ingestion rates per unit mass, 
assimilation efficiency rates, rates of the direct uptake of activity from the water column and 
excretion rates.  

It was assumed that different isotopes of the same radionuclide have the same physiology and 
metabolism. Therefore, all kinetic parameters are identical except excretion rates, which can be 
easily recalculated from isotope with the well-known biological half-life (derived from the basic 
isotope) according to the expression 
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radionuclide half-life for the considered isotope and for the basic isotope, correspondently. 

Further, it is assumed that equilibrium state provided by equation (5), when ∞→t
correspond to average concentration in biota, which can be defined due the 
concentration factor / ratio. 

When ∞→t equation (5) for biota can be written as 

0 = 𝐴𝐴𝐴𝐴𝑖𝑖 ∙ 𝐼𝐼𝐼𝐼𝑖𝑖 ∙ 𝐷𝐷𝑖𝑖−1
(𝑡𝑡𝑙𝑙,𝑒𝑒𝑒𝑒) + 𝑘𝑘𝑢𝑢,𝑖𝑖 ∙ 𝐷𝐷𝑤𝑤 − 𝐷𝐷𝑖𝑖

(𝑡𝑡𝑙𝑙,𝑒𝑒𝑒𝑒)    (12) 

where 𝐷𝐷𝑖𝑖−1
(𝑡𝑡𝑙𝑙,𝑒𝑒𝑒𝑒) and 𝐷𝐷𝑖𝑖

(𝑡𝑡𝑙𝑙,𝑒𝑒𝑒𝑒)   are concentrations 𝐷𝐷𝑖𝑖−1
(𝑡𝑡𝑙𝑙)  and   𝐷𝐷𝑖𝑖

(𝑡𝑡𝑙𝑙)  of radionuclide in the marine 
organism as in equation (5), but under equilibrium conditions.  

Expression (12) can be used for definition of unknown kinetic rates.  

Some useful information concerning kinetic coefficients for the selected radionuclides and 
some of   reference organisms can be defined from Thomann (1981), Helling et al. (2002), Fievet 
and Plet (2003), Cazykina (2003), Brown et al. (2004), Beresford et al. (2015), Keum et al. (2015), 
PREPARE (2015), Iosjpe et al. (2016), Vives I Battle et al. (2016) and Hosseini et al. (2017).  
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Estimating kinetic coefficients can differ widly (inter-comparison of some selected parameters 
and radionuclides has been performed, for example, by Vives I Battle et al. (2016)).  

Such uncertainties can be explained by definition of the reference organisms, where different 
species are described by the same reference biota. Further, great variability is associated with 
the dimensions, masses and habitats for different organisms of the same species. Because of 
this, the allometric approach is often used for the definition of kinetic parameters. This 
approach uses the following expression for definition of kinetic parameter Pk: 

                                                                𝑃𝑃𝑘𝑘 = 𝑎𝑎𝑀𝑀𝑏𝑏,          (13) 

where M is a mass of the organism and a and b are the parameters, which can be defined by 
statistical analysis. The construction of the expression (13) can easily contribute additional 
uncertainties into the definition of the kinetic parameters.  

It is necessary to note that there are also differences in kinetic models to describe the 
bioaccumulation process in marine organisms that provide a different description of kinetic 
parameters. 

Therefore, in the present study, the kinetic parameters for the selected radionuclides and 
marine organisms have been chosen as a result of a comparison of the concentrations in biota 
as calculated in: (i) the numerical simulations based on the published parameters and (ii) the 
information about concentration ratios/factors presented in the IAEA Technical reports 422 and 
479 and the ERICA data base (IAEA, 2004; IAEA, 2014; ERICA, 2019). Figures 19 -23 provide a 
few examples of concentrations in biota for selected radionuclides and marine organisms after 
numerical simulations for 1Bq/l concentration in water.  

Figures 19-21 show a comparison between the numerical simulation for kinetic and 
concentration ratio approaches for the 1 Bq / l concentration of Cs-137 in water. Figures 19 and 
20 show concentrations for small fish (prey) and seabirds, respectively. Figures also show the 
minimum and maximum concentration of Cs-137 associated with 1 Bq / l water concentration 
according to the concentration ratio / factor approach. Figures 19-20 show an appropriate 
comparison between both approaches after some time after the release date. Figure 22 shows 
concentration dynamics for different marine organisms, where it is possible to follow the 
transfer of Cs-137 between different trophic levels. 



13.10.2020, number 07 29 

 
Figure 19. Concentrations of Cs-137 in sea water (1 Bq/l) and small fish /prey (Bq/kg f.w.). Simulations are presented within 
time interval [0, 1000] days.  

 

Figure 20. Concentrations of Cs-137 in sea water (1 Bq/l) and seabirds (Bq/kg f.w.). Simulations are presented in the range 
from 0 to 1000 days. Simulations are presented within time interval [0, 1000] days. 
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Figure 21. Concentrations of Cs-137 in sea water (1 Bq/l) and biota with different trophic levels (Bq/kg f.w.). Simulations are 
presented within time interval [0, 1000] days.  

 

Figure 22 shows a comparison of concentration in mammals between the numerical simulation 
for kinetic and concentration ratio approaches (IAEA, 2014; ERICA, 2019) for the 1 Bq / l 
concentration of Pu-238 in water. Figure also show the minimum and maximum concentration of 
Pu-238 associated with 1 Bq/l water concentration according to the concentration ratio / factor. 

 

Figure 22. Concentrations of Pu-238 in sea water (1 Bq/l) and mamals (Bq/kg f.w.). Simulations are presented within time 
interval [0, 3000] days.  

Figure 23 shows a comparison of concentration in molluscs between the numerical simulation 
for kinetic and concentration ratio approaches (IAEA, 2014; IAEA, 2004) for the 1 Bq / l 
concentration of Ni-63 in water. The figure also shows arithmetic and geometric averages as well 
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as the minimum and maximum concentration of Ni-63 associated with 1 Bq / l water 
concentration according to the concentration ratio / factor. Figure 23 demonstrates that there 
is a significant difference between arithmetic and geometric averages of the concentration ratio 
for the same database (IAEA, 479). For the present study, a set of kinetic parameters was 
selected that provides a concentration in mollusks, which, after some initial time, is close to the 
IAEA (2004) concentration ratio and to the IAEA (2014) concentration ratio derived from the 
geometric average.  

 

Figure 23. Concentrations of Ni-63 in sea water (1 Bq/l) and molluscs (Bq/kg f.w.). Simulations are presented in the range 
from 0 to 500 days. 

 

3.3.1.6. Concentrations of radionuclides in marine biota 

Following the FAO/WHO (CAC, 2006) recommendations, the model simulations for fish, 
crustaceans, molluscs, sea mammals and seabirds are provided separately for each group of 
radionuclides presented in Table 1.  

It is necessary to note that during the human habit assessment for infants (Smith and Jones, 
2003; US DoHHS, 1998), which was used for the FAO/WHO guideline (CAC, 2006) levels 
development, the consumption of fish was found to be very low, while consumption of 
crustaceans and molluscs was not found at all, probably because it is generally recommended to 
avoid feeding children seafood before the age of 12–36 months, due to allergy concerns 
(Fiocchi et al., 2006; Kullet al., 2006). Therefore, the results for crustaceans and molluscs have 
to be used without regards to the infant guideline levels. 

Figures 24-27 shows that concentration in biota vary with time significantly for all goups of 
radionuclides. It is necessary to note that the calculations, presented in Figures 24 -27, 
correspond to the Stepovogo Bay of the Kara Sea (the compartment, where the accident 
location was chosen). 
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Figure 24. Concentration of radionuclides in biota for Group 1 (CAC, 2006). Simulations are presented within time intervals 
[0, 3] years (top) and [0,2] years (bottom].  

Radionuclide concentrations from Group 1 exceed the Guidance levels values for all marine 
organisms during the entrie period of simulations (ten years) and, therefore, cannot be 
recommended as seafood without limitations (Figure 24). Nevertheless, some biota can be used 
as sea food with the following limitations: (i) large fish can be used for adults, (ii) crustacean can 
be also used as seafood for adults after initial time of releases of radionuclides (two months, 
approximately). A similar situation is shown in Figure 25 for radionuclides from Group 2, where 
marine organisms generally cannot be recommended as seafood, except for fish, which can be 
used without restrictions. Marine mammals and seabirds cannot be recommended as seafood 
for radionuclides from Group 3, but all other marine organisms, as well as all biota from Group 4, 
have no restrictions (Figures 26 and 27). The maximum values of the total concentration for 
marine organisms for all four groups are shown in Table 3. It is important to note that the 
concentration of radionuclides from Group 1 in biota (mainly Pu-238) is low compared to the 
concentration of radionuclides from Group 3 (mainly Cs-137). However, despite this, restrictions 
on the use of seafood is more significant for radionuclides from Group 1 due to dose conversion 
factors for alpha radiation-emitting radionuclides being much higher than for gamma and beta-
emitting radionuclides. 
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Figure 25. Concentration of radionuclides i biota for Group 2 (CAC, 2006). Simulations are presented within time intervals 
[0, 3] years (top left), [0, 1.5] year (top right) and [0, 2] years (bottom). 

 

  

 

Figure 26. Concentration of radionuclides i biota for Group 3 (CAC, 2006). Simulations are presented within time intervals 
[0, 2] years (top left), [0, 1.5] year (top right) and [0, 8] years (bottom). 
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Figure 27. Concentration of radionuclides in biota for Group 4 (CAC, 2006). Simulations are presented within time intervals 
[0, 3] years (top), [0, 2] years (bottom left) and [0, 3] years (bottom right). 

 

Table 3. The maximum levels of radionuclide concentration (Bq/kg, f.w.) in marine biota in the Stepovogo Bay for different 
groups of radionuclides. 

 Group 1 Group 2 Group 3 Group 4 

Fish (prey) 19.4 79.7 569 212 

Fish (predator) 1.3 44.4 740 95.4 

Crustacean 21.2 185 416 468 

Molluscs 254 1159 1161 3212 

Sea mammals 22.6 227 1454 184 

Seabirds 16.1 881 2587 575 

 

3.3.1.7. Doses to the critical group of humans 
In the present report, the critical group of humans is defined as persons, which will use marine 
organisms from the Stepovogo Bay in spite of recommended restrictions from the previous 
section 3.3.1.6 with the following dietary data: (i) sea fish, 500 g/d; (ii) sea mammals, 80 g/d; (iii) 
sea birds, 20 g/d and (iv) seabirds eggs, 20g/d (IASAP, 2003; Hosseini et al., 2016). It is also 
assumed that concentration of radionuclides in seabirds eggs is the same as in seabirds. 

Figures 28 and 29 show the dynamic of doses from different radionuclides and the total dose 
for the critical group, respectively. Figure 30 shows that the main impact to the maximal dose 
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for the critical group (3.8 mSv, the third year after start of radioactivity releases) corresponds to 
Cs-137 (73%).  The dose of 3.8 mSv exceeds the dose from natural cases (2-4 mSv for this region 
(AMAP, 1998)) and can therefore not be ignored as consequences after the potential accident 
with NS K-27. 

 

Figure 28. Dynamic of the impact of radionuclides in the effective dose to humans. Simulations are presented within time 
interval [0, 10] years. 

 

 

Figure 29. Dynamic of the total dose to the critical group of humans using marine organisms from the Stepovogo Bay. 
Simulations are presented within time interval [0, 10] years. 
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Figure 30. Impact of the radionuclides to the maximal dose to the critical group. 

3.3.1.8 Dose rates to marine organisms  
Dose rates calculated for different marine organisms in the Stepovogo Bay (the location for the 
hypothetical accident) are presented in Figures 31-42. Figure 31 shows the impact of different 
radionuclides on the dose rate (in units of µGy/h) for small fish (prey) at the onset of discharge. 
Figure 31 shows that the main impact to the dose rate corresponds to Cs-137 (81%) and Sr-90 
(16%).   

 

Figure 31. Contribution of various radionuclides to the dose rate for small fish (prey) at the onset of discharge. 

Similarly, the effect of different radionuclides after 45 days after the release date is presented 
in Figure 32. Figure 31 shows that the main impact to the dose rate corresponds to Pu-238 
(73%) and Cs-137 (12%).   
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Figure 32. Contribution of various radionuclides to the dose rate for small fish (prey) the dose rate of small fish (prey) after 
45 days from the onset of discharge. 

Significant differences between results presented in Figures 31 and 32 are confirmed by the 
dose-rate dynamics over one year for small fish (prey) for Cs-137 and Pu-238, which are shown in 
Figure 33. Results of simulations in Figure 33 indicate that immediately after the start of 
releases, the dose-rate for small fish is dominated by external radiation, mainly from Cs-137 (and 
Sr-90, which is not shown in Figure 33). After some time (two weeks, approximately) internal 
radiation (mainly, Pu-238) dominates the dose-rate for small fish (prey) for the present release 
scenario because of relatively fast and high bioaccumulation presented in Figure 24 and the 
default radiation weighting factor of 10 for alpha radiation (see Section 2.3 of the present 
report).  

 

Figure 33. The dose-rates dynamic due one year for small fish (prey) for Cs-137 and Pu-238, µGy/h. Simulations are 
presented within time interval [0, 1] year. 

For large fish (predators), Cs-137 dose rates dominate almost the entire time (Figure 34). It is 
interesting that, like the small fish, the effect of Pu-238 increases with time (Figure 35). 
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Figure 34. Dynamics of dose rates for large fish (predator) over two years, µGy/h. Simulations are presented within time 
interval [0, 1] year. 

 

 

 

Figure 35. Contributions of different radionuclides on the dose rate of large fish (predator) at the onset of discharge (top) 
and after two years after the start of releases (bottom). 

The dynamic of dose rates over one year for different radionuclides for crustaceans is shown in 
Figure 36, while the effect of different radionuclides on the crustacean dose rate (i) at initial 
time (immediately after the start of releases of radionuclides) and (ii)  after 15 days from the 
start of radioactivity release, is shown in Figure 37. Figures 36-37 indicate that Eu-152 
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dominates the dose-rate, but at initial time the dose rate for crustaceans is dominated by Cs-
137 because, similar to small fish, the dose rate is strongly dominated by external exposure.  

 

Figure 36. The dose-rates dynamic over one year for crustacean, µGy/h. Simulations are presented within time interval [0, 
1] year.  

 

 

Figure 37. Effect of radionuclides on the dose rate of crustaceans at initial time (top) and after 15 days after the start of 
releases (bottom), µGy/h. 
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The effect of different radionuclides on the molluscs dose rate at initial time and after 15 days 
from the start of radioactivity release, is shown in Figure 38. Figure 38 shows that Pu-238 
dominates the dose-rate for molluscs, but at initial time the dose rate is dominated by Cs-137, 
similar to the previous results. 

 

 

Figure 38. Effect of radionuclides on the dose rate of molluscs at initial time (top) and after 15 days after the start of 
releases (bottom) 

Similar to the previous results, the dose rate for mammals is dominated by Cs-137 at initial time 
(Figure 39, top). The effect of different radionuclides after 4 years, approximately, is shown in 
Figure 39 (bottom) where the dose-rate for mammals is dominated by Pu-238 and Cs-137. The 
Figure 39 (bottom) corresponds to the maximal dose-rate for sea mammals according to 
dynamic of the dose rates, which is shown in Figure 40.   
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Figure 39. Effect of radionuclides on the dose rate of mammals at initial time (top) and after 4 years of releases of 
radioactivity 

        

Figure 40. The dose-rates dynamic of Pu-238, Cs-137 and Sr-90 for mammals (left) and total dose-rate for sea mammals. 
Simulations are presented within time intervals [0, 5] years (left) and [0, 10] years (right). 

The results for seabirds are similar to those for marine mammals (see Figure 41-42). Perhaps it 
should be noted that around the time when the dose rate for seabirds is maximal (3.5 years, 
approximately after the first release time), the effects of Cs-137, Pu-238 and Sr-90 are almost 
equal. 
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Figure 41. The dose-rates dynamic of Pu-238, Cs-137 and Sr-90 for seabirds, µGy/h. Simulations are presented within time 
interval [0, 10] years. 

 

 

Figure 42. Effect of radionuclides on the dose rate of seabirds at initial time (top) and after 3.5 years of releases of 
radioactivity 

The maximum values of the dose-rates for marine organisms are shown in Table 3. The 
calculations show that only for molluscs and only during one at initial time of releases the dose 
rate exceeds the screening dose (10 µGy/h), which can be considered as a safe level below which 
the potential for significant impacts on biota would be negligible. 
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Table 3. The maximum dose-rates (µGy/h) in marine biota. 

Marine organisms Dose-rate, µGy/h 

Fish (prey) 0.79 

Fish (predator) 0.57 

Crustacean 3.3 

Molluscs 11.7 

Sea mammals 1.3 

Seabirds 1.5 

 

3.3.1.9 Consequences after additional scenarios for Cs-137 
According to the present calculations, Cs-137 is an important radionuclide for radioecological 
analysis. Therefore, following the report (Brown & Hosseini, 2019) we will consider two additional 
scenarios for potential releases of Cs-137: 6 TBq instant and 0.8 TBq continuously. 

Concentrations in water and sediment for the Stepovogo Bay are compared in Figure 43. 
Concentration after instantaneous release of 6 TBq of Cs-137 decreases for both water and 
sediment. Concentrations in water for the present approach and for the continuous release of 
0.8 TBq per year are practically the same most of the time. Concentrations in sediment is more 
significant for the present approach in comparison with the continuous release of 0.8 TBq per 
year. This can be explained by (i) the current approach also includes instant releases and (ii) 
non-instantaneous radioactivity mixing for the current modeling. The combination of points (i) 
and (ii) provides high concentration in sediment in comparison with other approaches. 
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Figure 43. Concentrations in water, Bq/m3 (top) and sediment, Bq/kg d.w. (bottom) for the Stepovogo Bay Simulations are 
presented within time intervals [0, 1] year (top), and [0, 10] years (bottom). 

Differences for concentrations in biota for the considered release scenarios depend only from 
differences of Cs-137 concentration in filtered water. Therefore, the shapes of differences for all 
marine organisms are, approximately, similar. Figure 44 shows comparison of the Cs-137 
concentration in the considered marine organisms. Figure 44 shows that the present scenario 
provides the maximal concentration in biota at initial time, while the scenario with Cs-137 
continuous releases of 0.8 TBq per year provides maximum concentration in biota after some 
time of exposure. 

Maximal values of concentration in biota for all three scenarios are shown in Table 4. 
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Figure 44. Comparison of the Cs-137 concentration in biota for all three scenarios. Simulations are presented within 
following time intervals: [0, 6] years for small fish; [0, 8] years for large fish, sea mammals and seabirds; [0, 4] years for 
crustaceans and [0, 2] years for molluscs. 

 

Table 4. Maximum Cs-137 concentrations (Bq/kg f.w.) in marine biota. 

 
Concentration, Bq/kg f.w. 

Marine organisms Present approach Instantaneous release of 

6 TBq 

Continuous releases of 

0.8 TBq per year 

Fish (prey) 558 187 324 

Fish (predator) 728 169 817 

Crustacean 401 138 121 

Molluscs 1087 391 154 

Sea mammals 1445 343 1617 

Seabirds 2580 613 2887 
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Figure 45 shows the dynamic of total doses from all three scenarios for the critical group. In 
addition, Figure 45 displays that the present scenario provides the maximal dose during the 
first four years, while the scenario with Cs-137 continuous releases of 0.8 TBq per year provides 
the maximum dose during the last six years of simulations (from year 5 to year 10 inclusive). 
Figure 45 shows also that doses from the scenario involving an instantaneous release of 6 TBq 
decreases dramatically with time because of strong currents, which flush out the contaminated 
water from the Stepovogo Bay. 

Maximum values of doses for the critical group for all three scenarios are shown in Table 5. 

 

 

Figure 45. The dynamic of total doses from all thre scenarios for the critical group during ten 
years with linear (top) and logarithmic (bottom) scales. Simulations are presented within time 
interval [0, 10] years. 

Table 5. The maximum doses to humans (mSv per year) 

Present approach Instantaneous release of  

6 TBq 

Continuous releases of  

0.8 TBq per year 

2.67 0.62 3.10 
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Dynamic of dose-rates to biota is presented in Figure 46. Figure 46 shows that shapes of the 
dose-rates to crustaceans and molluscs are different in comparison with dose-rate shapes for 
fish, sea mammals and seabirds. These differences can be explained by the significant effects 
of external exposure from sediment for crustaceans and molluscs. Furthermore, Figure 46 
shows that the present scenario provides the maximal concentration in fish, mammals and 
seabirds at initial time, while the scenario with Cs-137 continuous releases of 0.8 TBq per year 
provides maximum concentration in these biota after some time of exposure. Dose rates for 
crustaceans and molluscs are dominated by the results from the present scenario.  

   

  

  

Figure 46. Dynamic of dose-rates to biota for all three scenarios, µGy/h. Simulations are 
presented within following time intervals: [0, 4] years for small fish (prey); [0, 10] years for large 
fish (predator), crustaceans, molluscs and seabirds; [0, 8] years for sea mammals. 
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Maximal values of concentration in biota for all three scenarios are shown in Table 6. 

Table 6. The maximum Cs-137 dose-rates to biota (µGy/h). 

 
Dose-rates, µGy/h 

Marine organisms Present approach Instantaneous release  

of 6 TBq 

Continuous releases of 

0.8 TBq per year 

Fish (prey) 0.46 0.17 0.16 

Fish (predator) 0.46 0.17 0.16 

Crustacean 0.40 0.14 0.13 

Molluscs 0.53 0.19 0.14 

Sea mammals 0.48 0.11 0.53 

Seabirds 0.49 0.17 0.55 

3.3.2 Consequences for the Gremikha Bay region 

Parameters for the Stepovogo Bay are used here for as a generic local box due to the lack of 
information for local parameters for description of the Gremikha Bay. 

Hence, all the above mentioned results for the Stepovogo Bay may be used for Gremikha Bay, 
except doses for human critical group due to different levels of sea food consumption across 
the two bays in question. 

Comparison of the information concerninig the seafood consumption between the Stepovogo 
Bay and Gremikha Bay is shown in Table 7 (IASAP, 2003; Hosseini et al., 2016,2017). 

Table 7. Seafood consumption, kg per year. 

Seafood The Stepovogo Bay  The Gremikha Bay 

Fish  182.5 50 

Crustacean - 1 

Molluscs - 0.5 

Sea mammals 29.2 - 

Seabirds 7.3 - 

Seabird eggs 7.3 - 
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Figure 47 and 48 show the dynamic of doses from different radionuclides and the total dose for 
the critical group, respectively.  

 

Figure 47. The dynamic of doses from different radionuclides for the critical group, mSv. Simulations are presented within 
time interval [0, 10] years. 

 

Figure 48. The dynamic of the total dose for the critical group, mSv. . Simulations are presented within time interval [0, 10] 
years. 

Figure 49 shows that the main impact to the maximal dose for the critical group (0.58 mSv, the 
third year after start of radioactivity releases) corresponds to Cs-137 (82%).  The dose of 0.58 
mSv can be related to the dose from natural cases (2-4 mSv for this region (AMAP, 1998)), and, 
therefore, cannot be ignored as consequences after the potential accident with NS K-27. 
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Figure 49. The effects of different radionuclides to the maximal dose for the critical group at Gremikha Bay. 
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4 Radioecological assessment after potential accidents 
with the nuclear submarine K-159 

4.1 Location of the potential accident with the NS K-159 

Following previous reports (Hosseini et al., 2017; Brown and Hosseini, 2019), the southern part of 
the Barents Sea is chosen as a location for a potential accident involving NS K-159. The location 
is shown in Figure 50. 

 

Figure 50. Location (a red spot) of the potential accident with the nuclear submarine K-159. 

4.2 Inventory and release scenarios for NS K-159 

The present study is based on the inventory of radionuclides and assumptions about 
radionuclide releases presented by Hosseini et al. (2017). Additionally, the two worst case 
scenarios for instantaneous and continuous releases of Cs-137 will be considered according to 
Brown and Hosseini (2019). 

Similar to NS K-27, a release pattern, divided into two fractions, was assumed: (i) an 
instantaneous release of radionuclides and (ii) a slow long-term release similar to model the 
dissolution of the uranium oxide matrix. Unlike submarine K-27, NS K-159 has two reactors, 
which will be assumed to be identical with the same release dynamic.  

Releases of radionuclides, which are chosen for the present simulations for submarine K-159 
also stem from the conclusions from sections 3.3.1.4-3.3.1.5 are shown in Figure 51. 
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Figure 51. Instant plus continuous releases of radionuclides from NS K-159 after a potential accident. 

Additionally, two release scenarios for Cs-137 will be considered (Brown & Hosseini (2019): (i) an 
instantaneous release of 100 TBq and (ii) continuous release of 12 TBq per year over 10 years. 

4.3 Consequences after potential accident with the nuclear submarine K-159 

4.3.1 Concentrations of radionuclides in water column 

Results of calculations presented in Figure 52 show average concentrations of radionuclides in 
the filtered water of the Barents Sea (the South-East part) over one year. Simulations 
correspond to the five most significant radionuclides for contamination in this region. Total 
concentration is dominated by the Cs-137 and Sr-90.  

 



13.10.2020, number 07 53 

 

 

Figure 52. Dynamic of concentration in filtered water of radionuclides in the Barents Sea (the South-East part) during the 
first year. Results are presented in the linear (top) and logarithmic (bottom) scales. Release had started at time=zero. 
Simulations are presented within time interval [0, 1]. 

4.3.2 Concentrations of radionuclides in sediment 

Results of calculations presented in Figure 53 demonstrate the five most significant 
radionuclides for the average contamination of the sediment in the Barents Sea (the South-East 
part). Total concentration is dominated by the Cs-137. 
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Figure 53. Dynamic of concentration of some radionuclides in sediment of the Barents Sea (the South-Eastern part). 
Simulations are presented within time interval [0, 10] years. 

4.3.3 Concentrations of radionuclides in marine biota 

Similar to section 3.3.1.6 of the present report, activity concentrations for marine organisms will 
be provided separately for each group of radionuclides presented in Table 1.  

Figures 54-57 show that average concentration in biota for all four groups is much less than 
recommended guideline levels for sea food, mainly because of relatively fast mixing of the 
radionuclides in an open sea region (the South-East part of the Barents Sea). Low 
concentrations in biota means that seafood from this region can be used without any 
limitations, but additional monitoring of the radionuclide concentrations in biota can be 
provided for the local regions for control of potential uncertainties for site-specific conditions. 

  

Figure 54. Concentration of radionuclides i biota for Group 1, Bq/kg f.w. Simulations are presented within time interval [0, 
2] years. 
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Figure 55. Concentration of radionuclides i biota for Group 2, Bq/kg f.w. Simulations are presented within time interval [0, 
10] years. 

 

 

Figure 56. Concentration of radionuclides in biota for Group 3, Bq/kg f.w. Simulations are presented within time interval [0, 
6] years. 

  

Figure 57. Concentration of radionuclides in biota for Group 4, mBq/kg f w. Simulations are presented within time interval 
[0, 4] years. 

4.3.4 Dose estimates for the critical group of humans 

For the South-Eastern part of the Barents Sea region, two critical groups will be considered: (i) 
the group located on the Kola Peninsula and (ii) Norwegian population located on the sea 
coastline with high seafood consumption. Seafood consumption for both groups is presented in 
Table 8.  
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Table 8. Seafood consumption, kg per year (IASAP, 2003; Hosseini et al., 2017, Bergsten, 2003; Iosjpe et al., 2009). 

Seafood The group located on the Kola 

Peninsula 

The Norwegian group with a high rate 

consumer of seafood  

Fish  50 73 

Crustaceans 1 14.6 

Molluscs 0.5 1.46 

 

Figure 58 shows the dynamic of the total dose for both critical groups. Figure 59 shows that the 
main impact to the maximal dose for the critical group (0.06 and 0.1 µSv for groups (i) and (ii), 
respectively), corresponds to Cs-137 (86 and 81%, respectively).   

 

Figure 58. The dynamic of the total dose for critical groups of humans located on the Kola Peninsula and on the Norwegian 
coastline. Simulations are presented within time interval [0, 10] years. 
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Figure 59. The impact of different radionuclides to the maximal dose for the critical groups of humans located on the Kola 
Peninsula (top) and on the Norwegian coastline (bottom). 

4.3.5 Dose rates to marine organisms 

Dose rates calculated for different marine organisms in the south part of the Barents Sea are 
presented in Figures 60-70. Figure 60 shows the dynamic of the dose rate (in units of µGy/h) for 
small fish (prey) with most significant contributions of radionuclides. 

The effects of different radionuclides immediately after the accident and at a time point 106 
days after the release date are presented in Figure 61. Figure 61 shows that the main effect on 
the dose rate immediately after the accident corresponds to Cs-137 (91%), while after some time 
the main effect on the dose rate is distributed between isotopes of plutonium (Pu-238, Pu-239 
and Pu-240), Cs-137 and Sr-90. Differences between different impact of radionuclides in Figure 
61 can be explained in the same way as in section 3.3.1.8, namely (i) dominant influence of 
external radiation at short times after the accident and (ii) specifics of bioaccumulation and 
exposure from isotopes of plutonium.  
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Figure 60. The dynamic of the total dose rate (in units of µGy/h) for small fish (prey) with contributions of some 
radionuclides, µGy/h. Simulations are presented within time interval [0, 4] years. 

 

  

 

Figure 61. The effect of radionuclides on the dose rate immediately after the accident (top) and after 106 days of exposure 
(bottom), µGy/h . 

Figure 62 shows that the dose rate from Cs-137 dominates the total dose rate over almost the 
entrie simulation period. At the same time, radionuclides Sr-90 and Pu-238 must also be 
considered. 
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Figure 62. The dynamic of the total dose rate (in units of µGy/h) for large fish (predator) with contributions of some 
radionuclides (top), where simulations are presented within time interval [0, 4] years, and the effect of radionuclides on the 
dose rate and after 608 days of exposure (bottom). 

The dynamic of total dose rates and dose rates for some radionuclides over four years for 
crustaceans is shown in Figure 63. The effect of different radionuclides on the crustacean (i) at 
initial time (immediately after the start of releases of radionuclides) and (ii) after 122 days from 
the start of radioactivity release, are shown in Figure 64. Figures 63-64 indicate that Cs-137 and 
Sr-90 dominate dose rates for crustaceans for the present release scenario. This effect is 
especially strong at initial time because of external exposure, which dominates completely the 
dose rate at this time. Figures 63-64 show that the impact from isotopes of plutonium has to be 
also considered. 
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Figure 63. The dynamic of total dose rates and dose rates for some radionuclides over four years for crustaceans, µGy/h. 

. 

  

Figure 64. The effect of different radionuclides on the crustacean immediately after the start of releases of radionuclides 
(top) and after 122 days from the start of radioactivity release (bottom), µGy/h. 

Figures 65-66 demonstrate that isotopes of plutonium (mainly, Pu-238) dominate dose rates for 
molluscs, but at initial time the dose rate is dominated by Cs-137, similar to previous results. 
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Figure 65. The dynamic of total dose rates and dose rates for some radionuclides over four years for molluscs, µGy/h. 

 

 

Figure 66. The effect of different radionuclides on the dose-rates for molluscs immediately after the start of releases of 
radionuclides (top) and after 76 days from the start of radioactivity release (bottom), µGy/h . 

Figures 67-68 show that the dose rate for mammals is dominated by Cs-137 (especially at initial 
time). Dose-rate for mammals peaks at 1.5 years, approximately. Cs-137 dominates the dose-rate 
at this time, but other radionuclides such as Sr-90 and Pu-238 have to be also considered. 
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Figure 67. The effect of different radionuclides on the dose rate for mammals immediately after the start of releases of 
radionuclides (top) and after 562 days from the start of radioactivity release (bottom), µGy/h . 

 

Figure 68. The dynamic of total dose rates with effect of most significantradionuclides for mammals, µGy/h. Simulations 
are presented within time interval [0, 4] years. 

 

Figures 69-70 show that the dose rate for seabirds is dominated by Cs-137 and Sr-90. Cs-137 
dominates the dose rate immediately after the start of release, then Sr-90 dominates dose rate 
for birds during the first two years, approximately, and finally, Cs-137 dominates the dose rate 
until the end of the simulations (ten years). 
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Figure 69. The dynamic of total dose rates with effect of most significant radionuclides for seabirds, µGy/h. Simulations are 
presented within time interval [0, 4] years. 

 

Figure 70. The effect of different radionuclides on the dose rate for seabirds immediately after the start of releases of 
radionuclides (top) and after 1.5 year of simulations (bottom), approximately, µGy/h . 

The maximum values of the dose-rates for marine organisms are shown in Table 9. The 
calculations show that dose rates for all marine organisms do not exceed the screening dose (10 
µGy/h), which is considered as safety level for potential damages for biota. 
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Table 9. The maximum dose-rates (µGy/h) in marine biota. 

Marine organisms Dose-rate, µGy/h 

Fish (prey) 4.5E-5 

Fish (predator) 2.0E-5 

Crustacean 4.3E-5 

Molluscs 3.5E-4 

Sea mammals 9.3E-5 

Seabirds 1.4E-4 

4.3.6 Consequences after additional scenarios for Cs-137 

Two additional scenarios for potential releases of Cs-137 (100 TBq instantaneous and 12 TBq 
continuous) will be evaluated in this section. Scenarios are selected from the report (Brown & 
Hosseini, 2019). 

Concentrations in water and sediment for the south part of the Barents Sea are compared in 
Figure 71 for all three scenarios. Concentration after instantaneous release of 100 TBq of Cs-
137 decreases for both water and compartments, but at the same time this scenario gives the 
highest values of Cs-137 concentrations at the initial time of simulation for water and at all time-
points for simulations pertaining to sediment. The scenario with continuous releases dominates 
the contamination in the water column after three years of exposure, approximately. The main 
reason for this dominance of the selected scenarios is the fact that they correspond to the very 
high release of Cs-137 into the marine environment. 
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Figure 71. Concentrations in water (top) and sediment (bottom) for the considered region (the south part of the Barents 
Sea). Simulations are presented within time interval [0, 10] years. 

Differences for concentrations in marine organisms for the considered release scenarios 
depend only on differences of Cs-137 concentration in filtered water. Therefore the shapes of 
differences for all marine organisms are, approximately, similar. Figure 72 shows comparison of 
the Cs-137 concentration in considered marine organisms. Figure 72 shows that the scenario 
with instantaneous release of 100 TBq of Cs-137 provides the maximal concentration in biota 
during first 3-8 years of exposure, approximately, while the scenario with Cs-137 continuous 
releases of 12 TBq per year provides maximum concentration in biota after this time. 

Maximal values of concentration in biota for all three scenarios are shown in Table 10.  
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Figure 72. Comparison of the Cs-137 concentrations in biota for all three scenarios. Simulations are presented within time 
interval [0, 10] years. 

Table 10. The maximum Cs-137 concentrations (Bq/kg f.w.) in marine biota. 

 
Concentration, Bq/kg f.w. 

Marine organisms Present approach Instantaneous release of 

100 TBq 

Continuous releases of 12 

TBq per year 

Fish (prey) 6.6E-2 1.3 3.1E-2 

Fish (predator) 9.0E-2 1.8 7.9E-2 

Crustacean 3.8E-2 7.8E-1 1.2E-2 

Molluscs 6.3E-2 1.3 1.5E-2 

Sea mammals 1.8E-1 3.5 1.6E-1 

Seabirds 3.2E-1 6.3 2.8E-1 
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Figures 73-74 show the dynamic of total doses from all three scenarios for the critical groups 
located on the Kola Peninsula and on the Norwegian coastal line. Figures 73-74 display that the 
scenario with instantaneous release of 100 TBq of Cs-137 provides the maximal dose during first 
eight years, while the scenario with Cs-137 continuous releases of 12 TBq per year provides the 
maximum dose during the last two years of simulations. These results can be easily expanded by 
combination of two factors: (i) dynamic of the large fish (predator) contamination, presented in 
Figure 72, where we have dominance of the instantaneous scenario of 100 TBq in comparison 
with other scenarios during the first eight years and (ii) the large fish is main source for human 
doses.  

Maximum values of doses for the critical group for all three scenarios are shown in Table 11. 

 

 

 

Figure 73. The dynamic of total doses from all three scenarios for the critical group located on the Kola Peninsula during 
ten years (top) and last four years (bottom), µSv per year. 
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Figure 74. The dynamic of total doses from all three scenarios for the critical group located in Norway during ten years 
(top) and last four years (bottom), µSv per year. 

Table 11. The maximum doses to humans (µSv per year)  

Present approach Instantaneous release of 

100 TBq 

Continuous releases of 

12 TBq per year 

Location 

5.45E-2 1.07 5.13E-2 The Kola Peninsula 

8.24E-2 1.62 7.71E-2 The Norwegian coastal line 

 

Dynamic of dose-rates to biota is presented in Figure 75. Figure 75 shows that the scenario with 
instantaneous release of 100 TBq of Cs-137 provides the maximal dose-rates to biota during 
first 5-8 years of exposure to fish, all time of simulations (10 years) for crustaceans and mollusks 
and 8 years for sea mammals and seabirds. The scenario with Cs-137 continuous releases of 12 
TBq per year provides maximum dose-rates to fish, sea mammals and seabirds after this time.   
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Figure 75. Dynamic of dose-rates to biota for all three scenarios, µGy/h. Simulations are presented within time interval [0, 
10] years. 

Maximal values of concentration in biota for all three scenarios are shown in Table 12. 

Table 12. The maximum Cs-137 dose-rates to biota (µGy/h). 

 Dose-rates, µGy/h 

Marine organisms Present approach Instantaneous release of 

100 TBq 

Continuous releases of 12 

TBq per year 

Fish (prey) 1.3E-5 2.5E-4 6.6E-6 

Fish (predator) 1.7E-5 3.4E-4 1.5E-5 

Crustacean 1.2E-5 2.4E-4 1.5E-5 

Molluscs 1.6E-5 3.1E-4 1.6E-5 

Sea mammals 6.0E-5 1.2E-3 5.1E-5 

Seabirds 6.1E-5 1.2E-3 5.3E-5 
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4.3.7 Notes about different modelling approaches for radioelogical assessment 

As previously described, this report provides additional information on radioecological 
assessment following potential releases of radionuclides in the marine environment, which is a 
supplement to previous results presented in (Brown & Hosseini, 2019; Hosseini et al., 2016, 
2017). 

Contrary to results for Stepovogo and Gremikha Bays, simulations for the Barents Sea are 
significantly different from the results presented in (Brown & Hossein, 2019; Hosseini et al., 
2017). 

These differenses can be mainly explained by the diferent modelling approaches, which have 
been used in this report and reports published by Brown & Hosseini (2019) and Hosseini et al. 
(2017). Therefore, a number of points should be noted for better understanding of the source 
for differences between these results. 

As mentioned above, radioecological assessment includes the following aspects: (i) dispersion of 
radionuclides in the marine environment; (ii) concentration of radionuclides in marine organisms 
based on point (i). (iii) dose assessment for humans based here on (ii) and (iv) dose assessment 
for biota based on points (i) and (ii). 

The methodology for the calculation of the points (ii), (iii) and (iv) in the present report and 
reports (Brown & Hosseini 2019) and (Hosseini et al., 2017) are the same or closely related, while 
modelling approaches for the description of the dispersion of radionuclides are significantly 
different.  

The results presented in reports (Brown & Hosseini 2019) and (Hosseini et al., 2017) are based on 
the propagation of radionuclides in the ocean space in accordance with a high-resolution 
hydrodynamic model. The results of this report are based on the propagation of radionuclides in 
the oceanic space, divided into boxes. 

We will briefly examine the differences between the two model approaches. Hydrodynamic 
models provide modeling based on the fine resolution of the ocean space and supplement 
information regarding currents, heat fluxes, winds, ice cover, etc. Box modelling uses more or 
less not so fine (or ’low resolution’) compartments in the oceanic space and average advection 
of the water masses. It is obvious that hydrodynamic modeling can provide more accurate 
results for the dispersion of radionuclides compared to box modeling provided the necessary 
information. On the other hand, it is impossible to have satisfactory information on, for example, 
winds and currents for prediction of dispersion radionuclides in the future. For such predictions, 
box modeling can provide more accurate and robust simulations. During the IAEA MODARIA 
program, radionuclide scattering simulations from the hydrodynamic models (Eulerian and 
Lagrangian) and box models were tested and compared with monitoring data (Periáñez et al., 
2016; Periáñez et al., 2016a). It was noted that an "ideal" model that can be used on all spatial-
temporal scales does not exist (Periáñez et al., 2016). 

Let us now consider some special features of the high-resolution hydrodynamic model (Antipov 
et al., 2015; Sarkisyan, et al., 2010; Ibraev et al., 2012), which is the basic model for results of 
radionuclide dispersion in reports (Brown & Hosseini 2019) and (Hosseini et al. 2017). 

The model has a resolution of about 3 km on a horizontal grid and the vertical resolution of the 
grid is 49 levels with a variable step (6 m in the upper layer. If the volume of 3 · 3 · 6 · 109 m3 will 
be used as the starting volume for the release of 50 TBq Cs-137, the initial concentration in this 
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volume will be equal to 9.26 · 105 Bq/m3 at time 0 (beginning of dispersal process). In about a 
month the concentration of Cs-137 will be in range of 100-1000 Bq/m3 in the larger area (20 × 
180 km) with volume of 5·1010 - 5·1011 m3 . This estimate corresponds to the results in Figure 76, 
adopted from the report (Brown & Hosseini 2019). It is necessary to note that this region of high 
concentration of radionuclides is a relatively small part of the actual part of the Barents Sea 
(10%, approximately). The other parts of the Barents Sea have much lower concentration of Cs-
137 (up to zero). In contrast to the fine resolution hydrodynamic model described by Antipov et 
al. (2015), the box for radionuclide releases for the simulations in this report (the southeastern 
part of the Barents Sea) has volume 4.59·1013 m3. And since box modeling uses a uniform 
distribution of radionuclides in the boxes, the initial radionuclide concentration in the box will be 
2-3 orders of magnitude lower than the concentration predicted by the hydrodynamic model 
under the initial phase of radionuclide dispersion. At the same time, the average concentration 
of radioactivity in the region must be much better matched between the models due to (i) a 
relatively small part of the Barents Sea with a high radioactivity concentration predicted by the 
hydrodynamic model and (ii) non-instantaneous mixing in the oceanic space of the present the 
box modeling approach, where the concentration of radionuclides exhibits practically no 
reduction in the box during the first 100 days, approximately, as shown in Figure 52 (time for 
propagation of radioactivity within the initial box). It is also noticeable that Figures 52 and 76 
show similar results for the Cs-137 concentration after 100 days, approximately. 

 

Figure 76.  Maximum activity concentrations of Cs-137 in sea water (Bq/l), fish, molluscs, crustaceans, seals and seabirds 
(Bq/kg f.w.) associated with instantaneous releases to the marine environment at a) the seabed (NS K-159 burst at the 
bottom) and b) the surface (NS K-159 burst at the surface). 

Therefore, it is possible to made a statement about compatible average concentration between 
both modelling approaches, while the hydrodynamic model describe propagation of radioactivity 
in the sea in a much more detailed way than the box modelling during the initial time after 
potential accident. It is interesting to note that this statement supports one of the 
recommendations from Periáñez et al. (2016) to use the different dispersion modes: For 
estimating radioactivity propagation in hours, days and months, it is better to use Lagrangian 
and Eulerian hydrodynamic models, but to estimate the spread of radioactivity over time for 
years, it is better to use box modeling. 

Furthermore, spatial distributions of biota in the Barents Sea are presented, for example, in 
(Ingvaldsen & Gjøsæter, 2013; Eriksen et al., 2012; Fall et al., 2018). Radioecological assessment 
is based on evaluation of concentration of radionuclides in biota. It is difficult to associate a 
concentration of radionuclides in different marine organisms with the concentration of 
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radioactivity in a water column without averaging over significant sea regions in the absence of 
natural boundaries (for example, bays and fjords). Perhaps that is why concentrations in marine 
organisms in (Antipov et al. 2015) may only be presented in comparison with the parts of an 
ocean with different concentrations of Cs-137, because it will otherwise be necessary to use 
additional assumptions about potential movement and residence time for marine organisms in 
different parts of the Barents Sea. 

Finally, the reports (Brown & Hosseini 2019) and (Hosseini et al., 2017) as well as the current 
report use a conservative estimate of potential release scenarios for radionuclides. From this 
point of view, the results of the potential accident with the K-159 submarine in the Barents Sea 
presented in this report, correspond to the average concentrations in marine environment and 
biota for the conservative scenarios, while the high concentration values in the water column 
and biota presented in (Brown & Hosseini 2019) and (Hosseini et al., 2017) corresponds to the 
maximum potential constraints for these endpoints. It is also important that the results 
presented in (Antipov et al., 2017; Brown & Hosseini 2019 and Hosseini et al., 2017) can be used 
concurrently with monitoring for estimating real releases of radionuclides from submarine K-159 
in the event of an actual accidental release.  
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5 Conclusions 

The present report can be viewed as a supplement to the previously published results (Hosseini 
et al., 2015, 2016, 2017; Brown and Hosseini, 2019), and provides additional information 
concerning radioecological assessment after potential releases of radionuclides into marine 
environment following a possible accident involving a Russian nuclear submarine of the types K-
27 and K-159. 

As an addition to the previous studies (Hosseini et al., 2015, 2016, 2017; Brown and Hosseini, 
2019), the present simulations were carried out with two factors: (i) the water-sediment 
interactions into the process of distribution of radionuclides in the marine environment and (ii) a 
wide set of radionuclides. This radioecological assessment was done in part to allow for a 
comparison with the previous studies. 

Present simulations have been carried out using the modified approach for compartmental 
modelling, which uses the non-instantaneous dispersion of radioactivity in the marine 
environment. 

These simulations demonstrate that there are two factors particularly important for 
radioecological assessment: (i) selection of release scenarios and (ii) initial location for potential 
releases including geographical positions, water exchange between surrounding sea regions and 
biota close to the source of contamination. For instance, results for the same release scenarios 
for small locations such as bays are very different than in open sea regions. 

The results of the present study also show that the inclusion of a wide set of radionuclides can 
be very important for the radioecological assessment in comparison with using only Cs-137. For 
instance, isotopes of plutonium can dominate the doses to biota. 

Simulations demonstrate that for some marine organisms (for example crustaceans and 
mollusks), the concentration of radionuclides in sediment can provide a significant part of the 
external exposure. 

It is also shown that it is impossible to use two approaches for the bio accumulation process at 
the same time: (i) bio accumulation based on the concentration factor/rate approach and (ii) 
kinetic modelling of the bioaccumulation process. Simultaneous use of these two approaches 
provides a wrong description of the bioaccumulation process and concentration of 
radionuclides in biota, especially during the first period of exposure. In this connection, the 
correct definition of the kinetic parameters for bioaccumulation process for different 
radionuclides and biota becomes one of the most important tasks for improvement of the 
radioecological risk assessment methodology. 
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