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Simplified conservative method was applied to assess biosphere dose conversion factors for a scenario suggesting 
the use of contaminated water for household and drinking water supply needs, including irrigation of eatable plants. 
Calculations show that the main contribution to radiation dose is associated with the consumption of vegetables ir-
rigated by contaminated water with root uptake being considered as predominant contamination path.
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Introduction

Effective dose or the radiation risk being linearly 
coupled to it is considered as a quantitative crite-
rion for the safety assessment of any radiation haz-
ardous facility . In particular, this is also relevant for 
deep radioactive waste disposal facilities (DRWDF) 
with the demonstration of their long-term safety 
for the entire period of the RW potential hazard 
being considered as a key and most pressing issue 
addressed during their construction (or even re-
nouncing the idea of their construction) [1] . Since 
radionuclides posing hazard for millions of years 
are present in DRWDF, processes associated with 
changing climate, landscape, behavioral preferenc-
es of the population, etc . should be accounted for 
in such safety demonstrations . Reliable forecasting 
given such long timeframes seems to be quite prob-
lematic, since the maximum forecasting timeframe 
providing for more or less adequate quantitative 
estimates is currently believed to be no more than 
10,000 years [2] .

Estimates covering a time period until the radio-
nuclide release and radiation exposure on the bio-
sphere reaches its maximum values is seen as an 
alternative method allowing to make relevant fore-
casts for millions of years . Under such an approach, 
relevant task for a DRWDF located in crystalline 
rocks is somewhat facilitated, since maximum re-
lease of radionuclides occurs within a time interval 
(several thousand years [3—4]), during which exter-
nal conditions and characteristics of safety barriers 
remain relatively constant and can be quantitative-
ly characterized .

All sorts of internal and external influences and 
related processes are taken into account under safe-
ty assessments as part of developed scenarios with 
the initial or basic one being specified at their pre-
liminary stage. This scenario constitutes the first 
step and the basis of DRWDF safety assessments . 
Among its features, conservatism and the assump-
tion suggesting the constant nature of climate 
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conditions and daily living activities of populations 
being potentially exposed to the radiation impacts 
associated with the DRWDF are considered of pri-
mary importance . The second assumption seems 
to be quite reasonable, since recent studies [5–6] 
indicate that for the next 100,000 years or so the 
currently existing climatic setup will not suffer any 
significant changes1 .

Currently, long-term safety assessments are be-
ing actively performed for the DRWDF developed 
in Russia: construction activities were launched 
in the Krasnoyarsk Region (in the vicinity of Zhe-
leznogorsk city) with their first stage involving the 
construction of an underground research labora-
tory [7—9] . DRWDF’s safety demonstration is seen 
as a long iterative process embracing the entire life 
cycle of the facility with the estimates obtained to 
be improved as more information both about the 
facility itself and about its environment is gained 
and updated, including the mechanisms account-
ing for the potential exposure of personnel and the 
population .

This study is focused on demonstrating how the 
initial data are obtained for the integral models . 
The main task of such models is to perform sim-
plified conservative assessments of the radiologi-
cal impact on the population and the environment 
under a setup suggesting a shortage of initial data . 
As new information is received, models should be-
come more complex and realistic .

Based on this study, conversion coefficients al-
lowing to establish a relationship between the ac-
tivity of a radionuclide flux from the DRWDF into 
the biosphere (Bq/year) and the expected dose ex-
posure (Sv/year) were derived. Conversion coeffi-
cients are given in Sv/Bq units .

The paper focuses on a scenario suggesting that 
contaminated groundwater that was in contact 
with the DRWDF flows into a well the water from 
which is used for drinking supply, cattle watering 
and irrigation of gardens where products for own 
consumption are grown (Figure 1) .

Population

A settlement was chosen from [10] as a prototype 
for the initial data selection (mainly based on di-
etary structures) . Production grown by private farm 
households (vegetables, meat, milk), wild plants 
(mushrooms, berries) and fish caught in the river 
make up the main food source for its residents . 
Table 1 shows the average diets considered in this 

1  Perhaps a slight warming due to the greenhouse effect is 
possible, however, there no univocal opinion on this issue has 
yet emerged.

paper . Solely products being potentially suscep-
tible to contamination due to the use of water from 
the well were taken into account . To evaluate the 
kids’ diet, adult/child ratios from [11] providing 
for the main provisions of the methodology were 
applied . It should be noted that the consumption 
values used for vegetables, meat and milk are about 
2 times lower than the average European ones [11] . 
It was assumed that this diet refers specifically to 
local products potentially containing radionuclides 
released from the DRWDF . Missing products for 
proper nutrition were assumed to be imported and 
were not considered in the calculations .

Table 1. Average dietary intake of critical populations 
adopted in the calculations, kg (l)/year

Critical 
group Water Vegetables 

(potatoes) Meat Milk

Adults 600 182 59 136

Children 260 67 24 163

Radionuclides and contaminated groundwater

Main dose-contributing radionuclides determin-
ing the potential radiation impact of the DRWDF 
at the post-closure stage and following the expira-
tion of administrative control period were consid-
ered in the performed calculations . The following 
radionuclides were considered in further analysis 
given their potential rising to the surface in a liquid 
phase: 14C, 36Cl, 79Se, 93Mo, 94Nb, 99Tc, 129I, 135Cs, 226Ra, 
235U, 238U . These radionuclides account for more 
than 99 % of the DRWDF potential radiation impact 
on the population [3—4] . Table 2 presents the decay 
constants of the listed radionuclides li = ln(2)/Т1/2,i 
(T1/2,i is the half-life of the i-th radionuclide) and 
dose coefficients for food intake accounting for the 
selected critical groups based on [12] .

Figure 1. Illustration of the calculation model
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Table 2. Decay constants and dose coefficients for 
radionuclides accounting the ingestion intake

Nuclide Т1/2, years li, year–1
Dose coefficients,  Sv/Bq

Adults* Children
14С 5.73·103 1.21·10–4 5.8·10–10 1.6·10–9

36Сl 3.01·105 2.30·10–6 9.3·10–10 6.3·10–9

79Se 6.50·104 1.07·10–5 2.9·10–9 2.8·10–8

93Mo 3.50·103 1.98·10–4 3.1·10–9 6.9·10–9

94Nb 2.03·104 3.41·10–5 1.7·10–9 9.7·10–9

99Tc 2.13·105 3.25·10–6 6.4·10–10 4.8·10–9

129I 1.57·107 4.41·10–8 1.1·10–7 1.9·10–7

135Cs 2.30·106 3.01·10–7 2.0·10–9 2.0·10–9

226Ra 1.60·103 4.33·10–4 2.8·10–7 1.5·10–6

235U 7.04·108 9.85·10–10 4.7·10–8 1.3·10–7

238U 4.47·109 1.55·10–10 4.5·10–8 1.2·10–7

* In [12] 79Se dose coefficient for adults is missing. The missing 
value was taken from [15].

It was assumed that the plume of contaminated 
groundwater enters the upper aquifer used for 
drinking and irrigation purposes . Thickness of this 
horizon was assumed as h = 30 m with its filtration 
coefficient K = 0 .1 m/day and the hydraulic head 
gradient i = 0 .023 [13, 14] . It was also assumed that 
the surface area of the radioactive plume when en-
tering the surface aquifer corresponds to the sur-
face area of the settlement (6·105 m2) and its linear 
size  accounts for L =  775 m . Groundwater 
flow in this aquifer under the settlement (Q) can be 
calculated using the Darcy law:

 Q = L·h·vDarcy  = L·h·K·i ≈ 2·104 [m3/year] . (1)

It was assumed that the flow rate of contaminated 
groundwater is negligible compared to the surface 
flow (there is no dilution of the groundwater surface 
flow) and for a single radioactivity flow (1 Bq/year) 
the concentration of radionuclide Cw [Bq/m3] in the 
aquifer and, therefore , in the well water of the set-
tlement will be equal to 1/Q ≈ 5·10–5 Bq/m3 .

Contamination of plant products due to 
irrigation with water containing radionuclides

The calculations are based on a methodology al-
lowing to estimate emissions and discharges of ra-
dionuclides under individual and collective doses 
assessments described in [11] . These models were 
developed to determine the expected radiation 
exposure from nuclear facilities based on simpli-
fied conservative estimates. This paper presents a 
methodology for operational dose assessments us-
ing minimum information being specific to a par-
ticular nuclear site . In order to simplify the models, 

a number of processes are considered using com-
plex parameters describing the effects of several 
interrelated processes .

In [11], the concept of control levels (CL) was set 
forth — these are commonly specified as being sev-
eral times lower than the standard dose limits . If 
preliminary conservative estimates show that the 
calculated values do not exceed the CL, then fur-
ther assessment is not required . If exceedance is re-
vealed, more realistic assessments involving more 
complex models are required .

Given specific features of such facilities as 
DRWDF associated with huge uncertainties in rel-
evant long-term safety assessments and with the 
results not exceeding the regulatory limits and ac-
counting for a large margin of safety being consid-
ered acceptable, the most conservative approach 
was chosen for conversion coefficient identification 
[11] .

It was believed that the exposure of plants to ra-
dionuclides and their retention on plants occurs as 
a result of irrigation with contaminated water or 
secondary dust elevation . Radionuclides reaching 
the plants surface or absorbed by their roots from 
the contaminated soil can be allocated in their tis-
sues . A number of processes can potentially lead 
to a decrease in the specific activity of nuclides 
contained in the plants, including radioactive de-
cay, a decrease in concentration due to the growth 
(weight gain) of plants, radionuclides washing off 
from the surface, leaching and tillage . Further re-
moval of radionuclides from the plants can occur 
during cattle grazing, harvesting, etc . Under sim-
plified estimates, all these processes are taken into 
account using a single empirical coefficient in an 
exponential dependence (2) .

To calculate the concentration of radionuclides 
Cv,i,1 due to direct contamination with radionuclide i 
during irrigation, the following equation was used:

 , (2)

where Cv,i,1 is the concentration of the i-th radionu-
clide in plants consumed by humans measured in 
[Bq/kg] of fresh weight;  [Bq/(m2·year)] is the in-
tensity of the i-th radionuclide release during irri-
gation per unit area; α [m2/kg] is the coefficient 
specifying part of the activity captured by the edi-
ble part of plants per unit mass (coefficient of mass 
capture = 0 .3 m2/kg for edible plants) with the fresh 
weight applied for fresh edible plants .   [year–1] is 
the effective temporary constant indicating the de-
crease in the specific activity of the i-th radionu-
clide being equal to li + lw; te [year] is the irrigation 
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time (assumed as 120 days during the season or 
0 .33 year–1); lw [year–1] is the temporary constant 
indicating the decreasing activity in the plant due to 
all processes except for radioactive decay (assumed 
to be equal to 0 .05 day–1 or 18 year–1); li [year–1] is 
the decay constant of the i-th radionuclide .

The following equation was used to calculate the 
concentration of radionuclides in plants associated 
with indirect processes — root uptake and exposure 
to contaminated soil particles:

 Cv,i,2 = Fv·Cs,i, (3)

where Cv,i,1 is the i-th radionuclide concentration in 
plants consumed by humans measured in [Bq/kg] of 
fresh weight; Fv is a factor being specific to chemi-
cal elements and indicating the concentration of 
radionuclides captured from the soil and accumu-
lated in edible parts of plants [Bq/kg of the plant’s 
fresh weight per Bq/kg of dry soil] . This factor also 
takes into account the contaminated soil particles 
being captured by plants; Cs,i [Bq/kg] is the concen-
tration of the i-th radionuclide in dry soil, which 
can be derived from the following ratio:

 , (4)

where  [year–1] is the effective temporary con-
stant indicating the decreasing concentration of 
the i-th radionuclide in the soil within the plant’s 
root system zone being equal to li + ls; ls [year–1] is 
the temporary constant indicating the decreasing 
activity in the soil  within the plant’s root system 
zone due to all processes except for the radioactive 
decay; li [year–1] is the radioactive decay constant 
of the i-th radionuclide; tb [year] is the time period 
for radionuclide release into soil (assumed as being 
equal to 104 years); r [kg/m2] is the surface density 
of the soil within the plant’s root system .

Soil contamination due to irrigation

It was assumed that during irrigation, a total of 
9 l/m2 of water was poured per day and the irriga-
tion itself was carried out for 16 days (once a week 
for 4 months) . The average irrigation intensity at 
this time was calculated as follows:

Iw = 9 l·m2·day–1 ×16 day/year×10–3 m3/l = 0,144 m/year . (5)

Given that the concentration of the i-th radionu-
clide in water used for irrigation Cw,i, accounts for 
5·10–5 Bq/m3 for a single activity flux (see above), 
the intensity of the i-th radionuclide release into 
soil and vegetation can be calculated as follows:

 = Iw·Cwi = 0,144 m/year × 5·10–5 Bq/m3 = 
 = 7,2·10–6 Bq/(m2·year) . (6)

Decreasing radionuclide concentrations in soil

The initial concentration of radionuclides re-
leased into soil may decrease subsequently due to 
soil erosion, mixing of contaminated and non-con-
taminated soil, plowing, surface runoff, downward 
movement of radionuclides due to leaching, as well 
as due to radioactive decay . Binding of radionuclides 
in the soil particle matrix is viewed as an important 
process which seems to be especially important, for 
example, for Cs . Concentration of radionuclides 
in the soil can be reduced due to root uptake and 
subsequent removal of plants during harvesting 
or eating by animals . For typical models, all of the 
above processes, except for radioactive decay, are 
described by a single time constant ls [year–1] . In 
real-life situations, ls depends significantly on the 
climate, agricultural methods, types of soils, vegeta-
tion and chemical forms of radionuclides . In the de-
scribed approach, anionic forms of nuclides, Cs iso-
topes and other nuclides are distinguished . Anions 
such as TcO4

–, Cl–, I– leach out quickly with relevant 
characteristic value of ls amounting to 0 .5 year–1 . 
For Cs, ls is assumed to be equal to 0 .05 year–1, for 
other nuclides (including non-anionic forms of Tc), 
the default values are assumed to be equal to 0 .

Specific aspects of radioactive fallout 
accounting in the model

Fallouts on the soil are possible from the atmo-
sphere and during irrigation . If foliage is available, 
radionuclides can be released into the soil due to 
leaf fall, leaching (from plants), washing off dead 
tissue, with excrements or with moving pasture-
fed animals . For typical models, it is conservatively 
assumed that all fallouts enter the soil regardless 
of their possible capture by plants’ leaves and har-
vesting . Thus, using irrigation intensity formula (4), 
one can significantly overestimate the radionuclide 
uptake by soil . This is especially true for radionu-
clides being present in anion form . Dedicated ex-
perts should be engaged in such studies to provide 
more realistic estimates .

Radionuclide concentration in the soil also de-
pends on the average soil depth, over which the fall-
out activity is being averaged, and its density, which 
in turn depends on the soil type and compaction . 
r = 260 kg/m2 corresponding to the root zone depth 
of food plants being equal to 20 cm and the soil den-
sity of 1,300 kg/m3 was assumed under this approach .

Total radionuclide concentration in plants

Total concentration of a radionuclide in plants at 
the time of their consumption by animals or people 
is calculated as follows:
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 Cv,i = (Cv,i1 + Cv,i2) exp(–li th), (7)

where Cv,i [Bq/kg] is the concentration of i-th radio-
nuclide per kg of fresh weight for plants consumed 
by humans; li [year–1] is the radioactive decay con-
stant of the i-th radionuclide; th [year] is the time 
interval between harvesting and plant consump-
tion (taken equal to 14 days or 0 .038 years) .

Table 3 shows the Fv concentration factors and the 
expected radionuclide concentrations in plants for 
a single radionuclide activity flux from the DRWDF 
calculated according to (1)—(7) .

Table 3. Concentration factors and expected 
radionuclide concentrations in plants

Nuclide Fv* Cv,i,1 (Bq/kg) Cv,i,2(Bq/kg) Сv,i  (Bq/kg)

14С 0.1 1.2·10–7 1.6·10–5 1.6·10–5

36Сl 40 1.2·10–7 2.2·10–6 2.3·10–6

79Se 0.1 1.2·10–7 2.6·10–5 2.6·10–5

93Mo 0.2 1.2·10–7 2.4·10–5 2.4·10–5

94Nb 0.01 1.2·10–7 2.3·10–6 2.5·10–6

99Tc 5 1.2·10–7 2.8·10–7 3.9·10–7

129I 0.02 1.2·10–7 1.1·10–9 1.2·10–7

135Cs 0.3 1.2·10–7 1.7·10–7 2.8·10–7

226Ra 0.04 1.2·10–7 2.5·10–6 2.6·10–6

235U 0.01 1.2·10–7 2.8·10–6 2.9·10–6

238U 0.01 1.2·10–7 2.8·10–6 2.9·10–6

* No Fv values were indicated in [11] for С and Сl. Values for 
carbon were taken from [16] and for Cl from [17]. The Fv value 
for Cs corresponds to soil pH <4 (taiga).

Radionuclide uptake by animals and 
their transition to milk and meat

Radionuclide uptake by animals depends on their 
type, age, weight gain, digestibility of feed and, in 
the case of lactating animals, milk yield . This ap-
proach assumes that the feed does not contain ra-
dionuclides with solely drinking water being con-
sidered as an uptake source for the animals .

Concentration in cow milk

Radionuclide concentration in milk depends di-
rectly on its concentrations in drinking water con-
sumed by the milk-producing animals . Concentra-
tion of the i-th radionuclide in milk Cm,i is calculat-
ed based on its concentration in drinking water Cw,i:

 Cm,i = Fm (Cw,i Qw) exp(–li tm), (8)

where Cm,i [Bq/l] is the i-th radionuclide concentra-
tion in milk; Fm [day/l] is the fraction of activity passed 
from feed to milk under equilibrium conditions 

(specific for each chemical element); Cw,i [Bq/m3] is 
the i-th radionuclide concentration in water; Qw [m3/
day] is the daily water consumption by animals (for 
lactating animals it is assumed to be equal to 0 .06 m3/
day); li [year–1] is the radioactive decay constant for 
the i-th radionuclide; tm [year] is the time period 
between milking and milk consumption (1 day is 
assumed for the fresh milk or 2 .7·10–3 year) .

Radionuclide concentrations in cattle meat

Radionuclide concentration in meat is calculat-
ed similarly to its concentration in milk under the 
same restrictions:

 Cf,i = Ff (Cw,i Qw) exp(– li tf), (9)

where Cf,i [Bq/kg] is the i-th radionuclide concen-
tration in meat; Ff [day/kg] accounts for the por-
tion of activity that passes from feed to meat under 
equilibrium conditions or during slaughter (specific 
for each chemical element); Cw,i [Bq/m3] is the i-th 
radionuclide concentration in water; Qw [m3/day] is 
the daily water consumption by animals (assumed 
as 0 .04 m3/day for beef cattle); li [year–1] is the ra-
dioactive decay constant for the i-th radionuclide; 
tf [year] is the time period between slaughter and 
meat consumption (assumed to be equal to 20 days 
or 0 .055 year) .

Expected concentrations in livestock products

Table 4 provides the specific values of concentra-
tion factors, as well as the expected radionuclide 
concentrations in milk and meat .

Table 4. Concentration factors and expected 
radionuclide concentrations in milk and cattle meat

Nuclide Fm*, day/l Ff*, (day/kg) Cm,i, Bq/l (milk) Сf,i, Bq/kg (meat)

14С 9.0·10–3 8.0·10–2 2.7·10–8 1.6·10–7

36Сl 2.0·10–2 2.0·10–2 6.0·10–8 4.0·10–8

79Se 1.0·10–3 1.0·10–1 3.0·10–9 2.0·10–7

93Mo 5.0·10–3 1.0·10–2 1.5·10–8 2.0·10–8

94Nb 4.0·10–6 3.0·10–6 1.2·10–11 6.0·10–12

99Tc 1.0·10–3 1.0·10–3 3.0·10–9 2.0·10–9

129I 1.0·10–2 5.0·10–2 3.0·10–8 1.0·10–7

135Cs 1.0·10–2 5.0·10–2 3.0·10–8 1.0·10–7

226Ra 1.0·10–3 5.0·10–3 3.0·10–9 1.0·10–8

235U 6.0·10–4 3.0·10–3 1.8·10–9 6.0·10–9

238U 6.0·10–4 3.0·10–3 1.8·10–9 6.0·10–9

*No Fm and Ff values were indicated in [11] for С and Сl. Values for 
C were taken from [16] and for Cl from [17]. 
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Radiation exposure of population

Under this approach, doses for a hypothetical 
critical group of population are simultaneously 
summed up over all radionuclides and all the con-
sidered exposure routes . However, in real-life this 
situation seems to be quite unlikely, but it can be 
considered as a reasonable approximation in case 
of typical estimates . As mentioned earlier, consid-
ered are the maximum doses for a 10,000-year long 
exposure from a source . The calculations are based 
either on the assumption of achieving equilibrium 
nuclide activities or accumulation of long-lived nu-
clides activities .

Calculation of peroral doses was performed as 
follows:

 Eing,p = Cp,i Hp DFing, (10)

where Eing, p is the annual effective dose from the 
consumption of the i-th radionuclide in the prod-
uct р [Sv/year]; Cp,i is the concentration of the i-th 
radionuclide in the product р [Bq/kg (l)]; Hp is p-th 
product consumption rate [kg/year]; DFing is the 
dose coefficient indicating the internal intake of 
the i-th radionuclide [Sv/Bq] .

Tables 1 and 2 present the assumed rations and 
dosimetric parameters, respectively .

Tables 5 and 6 summarize the expected intake 
by different routes and total doses for a single ra-
dionuclide flux from DRWDF given the considered 
critical groups .

Table 5. Expected intake given different exposure 
routes and total doses for a single radionuclide flux 

from DRWDF (children) 

Nuclide Water  
(Sv/year)

Vegetables 
(Sv/year)

Milk  
(Sv/year)

Meat  
(Sv/year))

Total  
(Sv/year)

14С 2.1·10–14 1.7·10–12 7.0·10–15 6.1·10–15 1.8·10–12

36Сl 8.2·10–14 9.8·10–13 6.2·10–14 6.0·10–15 1.1·10–12

79Se 3.6·10–13 4.9·10–11 1.4·10–14 1.3·10–13 5.0·10–11

93Mo 9.0·10–14 1.1·10–11 1.7·10–14 3.3·10–15 1.1·10–11

94Nb 1.3·10–13 1.6·10–12 1.9·10–17 1.4·10–18 1.7·10–12

99Tc 6.2·10–14 1.3·10–13 2.3·10–15 2.3·10–16 1.9·10–13

129I 2.5·10–12 1.5·10–12 9.3·10–13 4.6·10–13 5.4·10–12

135Cs 2.6·10–14 3.8·10–14 9.8·10–15 4.8·10–15 7.9·10–14

226Ra 2.0·10–11 2.7·10–10 7.3·10–13 3.6·10–13 2.9·10–10

235U 1.7·10–12 2.5·10–11 3.8·10–14 1.9·10–14 2.7·10–11

238U 1.6·10–12 2.3·10–11 3.5·10–14 1.7·10–14 2.5·10–11

Table 6. Expected intake given different exposure 
routes and total doses for a single radionuclide flux 

from DRWDF (adults)

Nuclide Water  
(Sv/year)

Vegetables 
(Sv/year)

Milk  
(Sv/year)

Meat  
(Sv/year)

Total  
(Sv/year)

14С 1.7·10–14 1.7·10–12 2.1·10–15 5.5·10–15 1.7·10–12

36Сl 2.8·10–14 3.9·10–13 7.6·10–15 2.2·10–15 4.3·10–13

79Se 8.7·10–14 1.4·10–11 1.2·10–15 3.4·10–14 1.4·10–11

93Mo 9.3·10–14 1.4·10–11 6.3·10–15 3.7·10–15 1.4·10–11

94Nb 5.1·10–14 7.6·10–13 2.8·10–18 6.0·10–19 8.1·10–13

99Tc 1.9·10–14 4.6·10–14 2.6·10–16 7.6·10–17 6.6·10–14

129I 3.3·10–12 2.4·10–12 4.5·10–13 6.5·10–13 6.8·10–12

135Cs 6.0·10–14 1.0·10–13 8.2·10–15 1.2·10–14 1.8·10–13

226Ra 8.4·10–12 1.3·10–10 1.1·10–13 1.7·10–13 1.4·10–10

235U 1.4·10–12 2.5·10–11 1.2·10–14 1.7·10–14 2.6·10–11

238U 1.4·10–12 2.4·10–11 1.1·10–14 1.6·10–14 2.5·10–11

The approach considered in the article allowing to 
assess the radiation exposure of population due to wa-
ter use was also implemented in the Ecorad software 
and calculation complex . The presented results (Tables 
5 and 6) were also obtained using this software product . 
Moreover, Ecorad calculation algorithms were built in 
accordance with a methodology approved by Rostekh-
nadzor providing for the development of standards for 
permissible discharges of radioactive substances [23], 
as well as assuming the possibility of implementing 
relevant approaches and databases used in the RES-
RAD family of program codes [24] .

Conclusions

 Conversion coefficients (CC) enabling to estab-
lish relationship between the activity of a radio-
nuclide flow from deep RW disposal facilities into 
biosphere (Bq/year) and the expected radiation ex-
posure (Sv/year) were derived in this study, namely, 
for a scenario suggesting contaminated water use 
for drinking purposes, as well as cattle watering 
and irrigation of farm households where products 
are grown for own consumption .

Tables 5 and 6 demonstrate that the main dose 
contribution is associated with the consumption of 
vegetables being watered with contaminated water . 
Vegetable contamination is mainly due to root up-
take2 . This fact is considered as a distinctive feature 
of the radiation exposure associated with DRWDF 
and relevant biospheric coefficients. Length of the 
source exposure (indicated as tb in formula (4)) is 

2Apparently, conservatism of the model applied is associated 
precisely with the factor Fv indicating the way in which the 
radionuclides are concentrated from the soil into plants. Values 
of this parameter are more than an order of magnitude higher 
than those used in more realistic models. 
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assumed to be equal to 10,000 years, whereas for 
“common” nuclear power facilities the characteris-
tic value of tb in [11] accounts for 30 years . For this 
reason, the exponential factor  
taking into account the correction for achieving 
equilibrium radionuclide activity in the biosphere 
depending on the characteristic values of  can 
increase by several orders of magnitude . This fact 
highlights the accumulation of long-lived radionu-
clides in the soil and the predominance of radiation 
exposure during the consumption of contaminated 
plant products compared to drinking water . For 

"common" nuclear power facilities, a reverse trend is 
usually observed .

A comparison of CC for two critical groups, “adults” 
and “children”, shows that they lie within the same 
order — the maximum CCchildren/CCadults ratios are ob-
served for 79Se (3 .6), 36Cl (2 .6), 99Tc (2 .9), whereas for 
135Cs this ratio accounts for 0 .4 . These differences are 
much smaller than the accuracy of the models applied, 
and for future assessments it seems reasonable to con-
sider if among the population only one critical group 
(adults) should be distinguished . Moreover, only one 
critical group is commonly used in safety assessments 
abroad which is explained by the same reasons .

Table 7 provides a comparison of the calculated 
CCs for a critical group of adults with the CCs used 
in some international safety assessments for the 
considered radionuclides . It should be noted that 
in the international safety assessments acceptable 
risk CCs values were given (10–6 year for the consid-
ered operations) . The CC values were recalculated 
based on the values of linear radiation risk coef-
ficients provided in relevant studies. These coeffi-
cients relate the risk of malignant neoplasms and 
hereditary defects per an effective dose unit .

Table 7. Comparison of CC from this study (adults) and 
from international safety assessments (Sv/Bq)

Nuc
lide

Present 
study [16] UK [18] UK [19] 

Finland
20] 

Sweden
14С 1.7·10–12 1.02·10–12 1.21·10–11 3.33·10–13 5.4·10–12

36Сl 4.3·10–13 1.29·10–13 1.49·10–12 3.33·10–13 5.8·10–13

79Se 1.4·10–11 1.4·10–12 1.64·10–11 1·10–12 1.2·10–9

93Mo 1.4·10–11 1.73·10–13 1.72·10–12 3.33·10–14 9.0·10–13

94Nb 8.1·10–13 2.99·10–12 3.47·10–11 1·10–12 4.0·10–12

99Tc 6.6·10–14 2.03·10–14 2.08·10–13 3.33·10–14 9.0·10–13

129I 6.8·10–12 3.24·10–12 3.27·10–11 1·10–12 6.5·10–10

135Cs 1.8·10–13 4.97·10–13 5.79·10–12 3.33·10–13 4.0·10–14

226Ra 1.4·10–10 4.89·10–11 5.21·10–10 3.33·10–12 3.8·10–12

235U 2.6·10–11 1.4·10–12 1.40·10–11 3.33·10–12 1.9·10–12

238U 2.5·10–11 1.37·10–12 1.37·10–11 3.33·10–12 1.9·10–12

Radiation effects in [16, 18—20] were calculated 
using more realistic models accounting for the 
setup at particular DRWDF sites with the land-
scape parameters differing from those assumed in 
[10—11] . However, being obtained using different 
methods, CC values basically differ within an order 
of magnitude only .

It should be noted that in addition to using a sim-
plified conservative model [11], conservatism of the 
estimates also results from an assumption suggest-
ing that the contaminated underground flow is dis-
charged into the surface layer of sedimentary rocks . 
The most likely ground water discharge way for the 
DRWDF case could be its discharge into underflow 
area of a river [14, 21] . Preliminary estimates show 
that CC in this case becomes several orders of mag-
nitude lower [22] due to large dilution in the river 
channel (water flow in the section for a large river 
can be several thousand m3/sec) .

As mentioned before, the above approach is sim-
plified and conservative and can only be used for 
preliminary assessments . If under this approach 
the DRWDF  radiation exposure appears to be ac-
ceptable, then the safety of the facility is very likely 
to be ensured . On the contrary, negative results 
obtained only indicate the necessity of conducting 
more realistic research and acquiring additional in-
put data .

References

1 . Federalnye normy i pravila v oblasti ispolzovani-
ya atomnoj energii «Zahoronenie radioaktivnyh 
othodov . Principy, kriterii i osnovnye trebovaniya 
bezopasnosti» (NP-055-14) . [Federal standards and 
rules in the field of use of atomic energy. Disposal 
of radioactive waste . Principles, criteria and basic 
safety requirements (NP-055-14))] . Approved by the 
Decree № 379 by the Federal Environmental, Indus-
trial and Nuclear Supervision Service of Russia of 
October 19, 2004 . 21 p . (In Russian) .
2 . Chapman N ., McCombie Ch . Principles and 

standards for the disposal of long-lived radioactive 
wastes . Waste Management Series, Volume 3, Elsevier 
Science, 2003 . 293 p .
3 . Safety Case for the Disposal of Spent Nuclear Fuel 

at Olkiluoto — Assessment of Radionuclide Release 
Scenarios for the Repository System 2012 . Posiva Oy 
POSIVA 2012-09, December 2012 . 443 p .
4 . Long-term safety for the final repository for spent 

nuclear fuel at Forsmark . Main report of the SR-Site 
project, Svensk Kärnbränslehantering AB Technical 
Report TR1101, Volume I, March 2011. 271 р.
5 . Modelling and Data for Radiological Impact As-

sessments (MODARIA) . URL: http://www-ns .iaea .
org/projects/modaria/ . (Accessed 7 .02 .2019) .



Radioactive Waste № 3 (8), 201970

Models for the Safety Analysis of RW Disposal Facilities

70

6 . Solomon S ., Qin D ., Manning M ., Chen Z ., Mar-
quis M ., Averyt K . B ., Tignor M . and Miller H . L . (eds .) . 
Climate Change 2007: The Physical Science Basis . 
Contributions of Working Group I to the Fourth As-
sessment Report of the Intergovernmental Panel on 
Climate Change . Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY USA, 2007 . 
996 p .
7 . Lobanov N . F ., Beygul V . P ., Kamnev E . N . et al . 

Federalnyj obekt okonchatelnoj podzemnoj izoly-
acii dolgozhivushchih RAO na Gorno-himicheskom 
kombinate. [Federal facility for final underground 
isolation of long-lived radioactive waste at the 
Mining and Chemical Combine] . Bezopasnost yad
ernyh tekhnologij i okruzhayushchej sredy — Safety 
of Nuclear Technologies and the Environment, 2011, 
no . 1: Final isolation of radioactive waste, pp . 18—
23 . Aveilable at: http://www .atomic-energy .ru/ar-
ticles/2017/01/11/23479 . (Accessed 11 .07 .2019) . (In 
Russian) .
8 . Kudryavtsev E . G ., Gusakov-Stanyukovich I . V ., 

Kamnev E . N . et al . Federalnyj obekt podzemnogo za-
horoneniya otverzhdennyh radioaktivnyh othodov v 
Rossii: prakticheskie shagi k sozdaniyu . [Federal fa-
cility for underground disposal of solidified radioac-
tive waste in Russia: practical steps to create] . Bezo
pasnost okruzhayushchej sredy – Environmental Safety, 
2008, no . 4, pp . 106—112 . (In Russian) .
9 . Abramov A . A ., Beigul V . P . Sozdanie podzemnoj 

issledovatelskoj laboratorii na uchastke «Enisejskij» 
Nizhnekanskogo massiva: sostoyanie i dalnejshee 
razvitie rabot . [Developing an underground research 
laboratory on the Yenisei Site of the Nizhnekan-
sky Massif: state and further development of work] . 
Bezopasnost yadernyh tekhnologij i okruzhayushchej 
sredy — Safety of Nuclear Technologies and the En
vironment, 2017, no . 8 (108) . Aveilable at: http://
www .atomic-energy .ru/articles/2017/08/22/78690 . 
(Acces sed 5 .02 .2019) . (In Russian) .
10 . Grigorev A . I ., Pankratov L . V ., Skudarnov S . E ., 
Churikova Y . S . Estimation of the modern doses of an 
artificial exposure for the inhabitants of the settle-
ments located on the coast of Yenisei in a zone of su-
pervision of FSUE «mining and chemical establish-
ment» . Radiation Hygiene, 2012, no . 5 (2), pp . 26—34 . 
(In Russian) .
11 . Generic models for use in assessing the impact of 
discharges of radioactive substances to the environment . 
Safety reports series no. 19, IAEA, Vienna, 2001 . 229 p .
12 . NRB-99/2009 . Normy radiacionnoj bezopasnosti . 
Sanitarnye pravila i normativy SanPiN 2 .6 .1 .2523-
09 [Sanitary rules and norms . SanPiN 2 .6 .1 .2523-09 . 
Radiation Safety Norms (NRB 99/2009)] . 2009, 93 p . 
(In Russian) .
13 . Ozersky A. Yu. Osobennosti filtracii podzemnyh 
vod v massive kristallicheskih porod v yuzhnoj chasti 

Enisejskogo kryazha [Features of groundwater filtra-
tion in an array of crystalline rocks in the southern 
part of the Yenisei Ridge] . Kompleksnye problemy 
gidrogeologii — Complex problems of hydrogeology . 
Abstracts of the report of the scientific conference. 
St . Petersburg, Russia, October 23—25, 2013, St . Pe-
tersburg State University Publ ., 2013, pp . 110—113 . 
(In Russian) .
14 . Rumynin V . G ., Schwartz A . A . Obieemnoe gidro-
geologicheskoe modelirovanie [Volumetric hydro-
geological modeling] . Preparation of project docu-
mentation for the construction of facilities for the 
disposal of radioactive waste . St . Petersburg Division 
of IEG RAS Publ ., 2014, 115 p . (In Russian) .
15 . Eckerman K ., Harrison J ., Menzel H-G ., Clem-
ent C. H. Compendium of Dose Coefficients based 
on ICRP Publication 60 . ICRP Publication 119. Ann . 
ICRP 41(Suppl .), 2012, 132 p .
16 . Walke R ., Thorne M ., Limer L . RWMD Biosphere 
Assessment Model: Terrestrial Component . Quintes-
sa Report 18025/TR/002 for AMEC, 2016 . 192 p .
17 . Thorne M . C . A Point-scale Model for Cl-36 
Transport in Soils and Plants . A report produced for 
United Kingdom Nirex Limited MTA/P0011b/2006-1: 
Issue 3, March 2007 . 34 p . URL: https://rwm .nda .gov .
uk/publication/point-scale-model-for-ci-36-trans-
port-in-soils-and-plants (Accessed 7 .02 .2019) .
18 . Geological Disposal . Disposal System Safety Case: 
Data Report . Nuclear Decommissioning Authority Re
port no. DSSC/422/01, December 2016 . 163 p .
19 . Disposal of nuclear waste . Radiation and Nuclear 
Safety Authority, Guide YVL D .5 / 13 .02 .2018 . URL: 
https://www.stuklex.fi/en/ohje/YVLD-5 (Accessed 
7 .02 .2019) .
20 . Avila R ., Per-Anders Ekström P-A ., Per-Gustav 
Åstrand P-G . Landscape dose conversion factors 
used in the safety assessment SR-Site . Swedish Nu
clear Fuel and Waste Management Co Technical Re
port, December 2010, 163 p .
21 . Kochkin B . T ., Malkovsky V . I ., Yudintsev S . V . 
Nauchnye osnovy otsenki bezopasnosti geologiches-
koi izoliatsii dolgozhivushchikh radioaktivnykh otk-
hodov Eniseiskii proekt [Scientific basis for assess-
ing the safety of geological isolation of long-lived 
radioactive waste (Yenisei project)] . Moscow, IGEM 
RAS Publ ., 2017, 384 p . (In Russian) .
22 . Otsenka dolgovremennogo radiatsionnogo vozde-
istviia PGZRO na naselenie za schet migratsii radion-
uklidov v vodnoi faze Podgotovka proektnoi dokumen-
tatsii po stroitelstvu obieektov okonchatelnoi izoliatsii 
radioaktivnykh otkhodov . [Assessment of the long-
term radiation effects of a PGZRO on the population 
due to the migration of radionuclides in the aqueous 
phase . Preparation of project documentation for the 
construction of final isolation of radioactive waste]. 
JSC VNIPIpromtekhnologii, 2014, 153 p . (In Russian) .



Radioactive Waste № 3 (8), 2019 7171

Dose Conversion Factors Derived for Population Residing 
 in the Ground Water Discharge Area Contiguous to RW Geological Repository

23 . Prikaz Rostekhnadzora ot 22 12 2016 № 551 
Ob utverzhdenii Metodiki razrabotki normativov 
dopustimykh sbrosov radioaktivnykh veshchestv 
v vodnye obieekty dlia vodopolzovatelei [The De-
cree by the Federal Environmental, Industrial and 
Nuclear Supervision Service of Russia of December 
22, 2016 № 551 «On approval of the Methodology 
for the development of standards for permissible 

discharges of radioactive substances into water bod-
ies for water users»] . (In Russian) .
24 . Yu C ., Kamboj S ., Wang C ., Cheng J-J ., 2015, 
Data Collection Handbook to Support Modeling 
Impacts of Radioactive Material in Soil and Build-
ing Structures . Environmental Science Division, 
ANL/EVS/TM-14/4, Argonne National Laboratory, 
IL, U .S .

Information about the authors:

Bogatov Sergey Aleksandrovich, PhD, Senior Researcher, Nuclear Safety Institute of RAS (52, Bolshaya 
Tulskaya st ., Moscow, 115191, Russia), e-mail: sbg@ibrae .ac .ru .

Arakelyan Aram Aykovich, Junior researcher, Nuclear Safety Institute of RAS (52, Bolshaya Tulskaya st ., 
Moscow, 115191, Russia), e-mail: arakelyan@ibrae .ac .ru .

Bibliographic description

Bogatov S . A ., Arakelyan A . A . Dose Conversion Factors Derived for Population Residing in the Ground 
Water Discharge Area Contiguous to RW Geological Repository . Radioactive Waste, 2019, no . 3 (8), 
pp . 80—90 . DOI: 10 .25283/2587-9707-2019-3-80-90 . (In Russian) .




