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1. Introduction

Nuclear wastes generated in Switzerland, both SF/HLW (spent fuel elements/high level
waste) and LILW (low and intermediate level waste), are planned to be disposed in a

geological repository.

The Swiss Sectoral Plan for Deep Geological Repositories envisages three phases for

the site selection:
Stage 1: Selection of geological siting areas

Stage 2: Selection of at least two potential sites for SF/HLW and LILW

repositories respectively
Stage 3: Site selection and general license procedure

The potential sites proposed as the result of stage 1 will be compared on the basis of
radiation doses to individuals of the most exposed group, derived from a provisional

assessment of long-term safety.

In the frame of the second stage, the Swiss Federal Nuclear Safety Inspectorate
(ENSI) is in charge of the examination and review of submitted reports with respect to
safety and technical feasibility. In view of this task, ENSI is seeking the assistance to

develop their biosphere model capabilities.

The Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra) is in
charge of conducting the performance assessment of the nuclear waste repository.
ENSI is in charge of reviewing Nagra’'s work and ensuring that it is done in accordance
with Swiss regulations and with the required level of confidence. Part of the
assessment involves the verification of the Biosphere Dose Conversion Factors

(BDCF) derived by Nagra in the context of project ‘Opalinus Clay'.

The objective of this work is the derivation of the Biosphere Dose Conversion Factors
(BDCF) by using an alternative modeling tool and the study of how several

simplifications incorporated to the model affect the results.
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The present work constitutes the basis of an expanded study aiming at developing
ENSI's biosphere modeling capabilities, including the selection of a suitable computer
program for biosphere transport and dose calculations alternative to the one used by
Nagra.

The present report is organised into six main sections:

Chapter 2 presents the methodology of the work;

Chapter 3 describes the system, conceptual and numerical model;

Chapter 4 compares the results of the BDCFs obtained with those reported by Nagra
Chapter 5 presents the results of two simplifications of the base model;

Chapter 6 gives the international context by comparing the model implemented with

those followed by other nuclear waste management organisations;

Chapter 7 presents a brief summary and the main conclusions obtained from this work.

Specific data of interest used in the development of the model are given in Appendix
Al to A5, included at the end of the report.
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2. Methodology

This project has been conducted in four steps (Figure 1):

1) Model implementation: conceptualization and parameterization of the model

and implementation in the calculation code (section 3)

2) BDCEFs: calculation of the BDCFs and their comparison with the ones obtained

by Nagra in the frame of the ‘Opalinus Clay’ project (section 4)

3) Simplifications: tests to simplify the reference case of the ‘Opalinus Clay’ project

and comparison with previous results (section 5)

4) Comparison with other BDCF assessments: comparison of the conceptual
models and, when possible, comparison of the BDCFs obtained in the

biosphere approaches elaborated by other national organizations (section 6)

% : Model implementation ]

v

érimp.ifiw
: | 4
‘ Comparison with BDCFs (New BDCEs ] [ Comparison with other ]

obtained by Nagra BDCF Assessments
v

L Comparison with BDCFs }

obtained at first stage

Figure 1. Scheme of the methodology followed in this report.

A more detailed description of the methodology is provided at the beginning of each

section when required.
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3. System description

The aim of this project is the verification of the Nagra’'s biosphere modelling developed
in the frame of the ‘Opalinus Clay’ project. Therefore, the same system followed by
Nagra for the post-closure radiological safety assessment of a deep geological
repository is considered. The repository concept under study is sited in the Opalinus
Clay of the Zircher Weinland region (Northern Switzerland) and is designed for the
disposal of spent nuclear fuel, vitrified high level wastes and long-lived intermediate

level wastes (Nagra 2002a).

The safety assessment developed by Nagra deals with the complete system, from the
waste itself to the release into the biosphere, resulting in the calculation of individual
doses to human living in the affected area. The evaluation has been split into 3

submodels each of them calculated separately, as follows (Nagra 2002b):

a. Near field: model used to evaluate the release of radionuclides from the waste
and their transport through the engineered barrier system of the repository

b. Geosphere or Far field: model used to evaluate the transport of radionuclides
through the repository host rock and adjacent geological formations

c. Biosphere: model used to evaluate the distribution of radionuclides in the
surface environment and the exposure pathways that result in an individual

dose

This project is focused on the third sub-model, the biosphere. The end point of the
biosphere assessment is the calculation of BDCFs. Nagra assumes that the timescales
of different phenomena resulting in the transfer of radionuclides to the biosphere are
short in comparison with the timescales of the radionuclides release from the Opalinus
Clay. Thus, BDCFs derived from the biosphere model will be multiplied by the releases

from the geosphere into the biosphere to obtain the individual dose.

Eight scenarios are considered in the biosphere assessment performed by Nagra.

BDCF comparison exercise is presented for the Reference Case scenario.
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Biosphere Reference Case: general description

The present climate state is the base of the Reference Case conceptualization which
considers the local geomorphological unit ‘eroding river* (Figure 2). Contaminated
groundwater from the geosphere is assumed to discharge into the Quaternary gravel

aquifer in the Rhine valley (Nagra 2003).

Dilution of radionuclides in the aquifer occurs due to the upstream groundwater flow,
lateral inflow from valley sides and precipitation. Contaminated groundwater reaches
the top soil by irrigation and it is assumed that all water used by irrigation comes from
the gravel aquifer of the studied area. Capillary rise is excluded because the distance

between groundwater table and the rooting zone is too large.

Precipitation and evapotranspiration values (1 and 0.6 m/y, respectively) are selected
as typical rates for the present climate in northern Switzerland. Erosion rate is assumed

to compensate an uplift rate of 0.1 mm/y and sedimentation is not considered.

Iow

horitzons n

unsaturated surface water
aquifer

. aquatic
sediments

rooting zone
soil

water table

saturated
aquifer

|

Figure 2: Scheme of the Reference Case biosphere system (adapted from Nagra 2003)

! Local geomorphic unit ‘eroding river’: Relatively narrow, cut-in river section where solid
material balance is dominated by erosion (e.g. V-shaped valleys, gravel terraces). Eroding
rivers cause linear erosion and act as regional base level for denudation (quotation from Nagra
2003).
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All exposure pathways have been considered to calculate the dose received by one
individual of the critical group which spends all time in the affected area. All food

consumed is cultivated and raised in the area of study.

In the following sections, the conceptual model and its numerical representation are

presented (section 3.1and 3.2, respectively).

3.1 Conceptual model

The biosphere Reference Case system is conceptualized as a compartmental model
(box model). The subsequent implementation is done in a computer program based on
compartmental modelling calculations. Nagra used the code TAME to evaluate the
dose conversion factors which are the main output of the biosphere assessment. In the
present project, AMBERO is the selected program to perform the BDCF calculations. It
is also a compartmental modelling code, which allows for an accurate reproduction of

the model developed by Nagra.
The biosphere system is divided in two parts:

- the physical biosphere, and

- the exposure pathways.

The physical part describes the components of the surface environment (e.g.
agricultural areas, lakes, rivers, aquifers, soils...) and the fluxes between them.
Exposure pathways are determined, mainly, by the human behaviour (e.g. transfer of

radionuclides through the food chain, diet habits, agricultural practices...).

The model development has the aim of obtaining the radiological impact of several
radionuclides to human. In the present report the radionuclides considered of interest
for the comparison exercise are: **C, %*Cl, "Se, | and the ***Cm decay chain. This
series includes four non-metallic elements (C, Cl, Se and I) and seven metallic ones
derived from the ?*Cm decay chain (Cm, Pu, U, Th, Ra, Pb and Po). The selection of

the Cm chain daughters is based on the half-life or radiological impact.
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Figure 3 shows the decay chain of curium. The radionuclides considered in the present

study are highlighted in green.

246cm
4.710%y
22p,
25105y 4 3s0ty
234 238
U 1.17min U
R, *Pa ¢ 4500y
230Th % =M
7.510%y 24.d
22%Ra
1.6:10°y
| 2pn
38101y 160 psec L 3.8d
Wpy oy #4Po  19.7 min #2Pg /" Alpha decay E% Beta decay
210Bj % 4B 3 min S;)me decays also emit gamma irradiation
¢ R, MBI ¢ % y g
210 214
206pp Ry, [#%Pb L% F.’b
(stable) 2210y 27 min

Figure 3: #5Cm decay chain. Radionuclides included in this study are highlighted in green.

3.1.1 Physical sub-model

Five compartments are used to represent different biosphere media appearing in the

scheme of Figure 2:

- local Quaternary aquifer (L),
- deep soil (D),

- top sail (T),

- surface water (river) (W) and
- bed sediments (B).

An additional compartment has been described that corresponds to a sink and it is

called Elsewhere (E). Figure 4 shows all the compartments of the system and the

transferences that are considered to occur between them.
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Figure 4: Reference Case model implemented in AMBER®. Boxes stand for compartments and

arrows represent radionuclide transferences between compartments. Compartment
abbreviations: T (Top soil), D (Deep soil), L (Local aquifer), S (bed Sediment), W (surface
Water) and E (Elsewhere). Transfer names are chosen as XY where X is the letter representing

the donor compartment and Y the one of the receptor compartment.

Radionuclides released from geosphere (red box called ‘RN’ in Figure 4) reach the
biosphere system through the local aquifer. Their transport from this compartment to
the rest of them (T, D, S, W, E) occurs as a result of the movement of water and
diffusion, when radionuclides are in solution, and transfer of solid material in the case
of radionuclides sorbed onto mobile solid phases. The mechanisms of radionuclide

transport are detailed below.

Water fluxes (Figure 5)

Water from the geosphere discharges in three different biosphere compartments: top
soil (precipitation), local aquifer (upstream groundwater) and surface water (upstream

water flux).

The top soil also receives water from the local aquifer, through irrigation of crops and

pastures. Water from the top soll infiltrates to the deep soil.

2
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Water of the local aquifer is also flowing to bed sediments and, reaches the surface
water compartment. The outflows of the system occur by evapotranspiration in the top

soil compartment and by water flow from the river flowing in the studied area.

Evapotranspiration \

Precipitation

Upstream uncontaminated water
Percolatlon

F outflux of water
@
Contaminated groundwater

S
Uncontaminated groundwater -w- —

Figure 5: Water fluxes considered in the Reference Case

Solid material fluxes (Figure 6)

Inflow of solid material in the system takes place through surface water and local
aquifer as suspended material in the non-contaminated water fluxes (Figure 5). Solid

material is moved between compartments by different mechanisms:

e Suspended in water: irrigation, percolation, water flux from L to S and outflow to
elsewhere

e Bioturbation: earthworms activity transporting solid material from deep to top
soil

e Erosion from the top soil to the river (W)

¢ Re-suspension of solid material in bed sediments to the surface water

A 9
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T

Figure 6: Solid material fluxes considered in the Reference Case

Diffusion

Radionuclide transport by diffusion is considered between adjacent compartments such
as top soil — deep soil — local aquifer — bed sediments. Figure 7 shows diffusive

transfers between the mentioned compartments.

7

Backward diffusionJ Forward diffusionJ

N

P ==

Backward diffusionJ Forward diffusionJ

Backward diffusion l

Figure 7: Diffusive fluxes considered in the Reference Case
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Radionuclides are transported both dissolved and attached to solid material, according
with the fluxes above. Figure 8 shows a summary of all transfer mechanisms

considered between all compartments of the biosphere model.

All fluxes will be implemented in AMBER (Figure 4).

= o

-

LD_dif

Figure 8: Reference Case model implemented in AMBER © where transferences are split up as
function of the radionuclide transport mechanism: advection (blue), diffusion (grey) and sorbed

onto solid material (brown)

3.1.2 Exposure pathway sub-model

The exposure pathway sub-model is shown in Figure 9. This part considers all the
pathways that an individual of the critical group is exposed to, and that contributes to

the annual dose received.
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The critical group is representative of the population expected to receive the highest
dose. The group represents a community of about 100 inhabitants (small village) and
the surface area considered in the study is a region large enough to supply all basic
provision for that community from local sources. Individuals are assumed to spend their
entire lifetime in the contaminated area. The human diet is derived from present-day
Swiss habits.

Dose is calculated as the sum of all pathways (Figure 9), classified as:

- External dose: result of the exposition of the individual to external y-irradiation
emitted by the top soill,
- Inhalation dose: inhalation of soil particulates present in the atmosphere and

- Ingestion dose: ingestion of drinking water and foodstuffs

Exposed
individual

S

e N N Y N N h
Fresh- L

Dust Extemal - . Drinking
inhalation | | irradiation Meat Milke Eggs ‘ “;?;:r water

J NV AN AN A AN AN _/

' [ [
(cate) (Pouty)
\Caule y Poultry
(Atmosphere) /"EI'\. N | NN -
- " Drinking Green Root
1 Pasture water Grain vege- vege- Fruit
(livestock) tables tables
A AN AN AN o AN S
‘ | l ! | ! ! l 11T 11 11
| i I I I I
Top Local Surface
soil aquifer water
4 ™ P —

Quantities for which Compartment with radionuclide content

values are calcu- soil calculated dynamically
lated explicitly |

Dust
inhalation

AN S

Direct exposure to individual humans from

e - —_—
(ﬁ Qliamllles fUTIWhICh the indicated pathway concentrations
] values are calcu-
Cattle

lated implicitly ————  Accumulation and uptake mechanisms

Figure 9: Exposure pathway model showing the relationship between pathways and the

physical environment (Nagra 2002a)
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The following assumptions have been considered in the exposure pathway model:

¢ Groundwater abstracted from a well in the local aquifer is used as drinking
water and for the irrigation of the agricultural land

e Crops and pasture are grown in a well-mixed rooting zone

e The radionuclides ingestion by livestock occurs via drinking water, fodder and
direct consumption of soil

e Fresh-water fish accumulate radionuclides from the river

Dose via each pathway depends on the radionuclide concentration in the physical
environment (Table 1). For example, dose via dust inhalation is proportional to the
concentration in the top soil compartment, which represents the average over the

region of interest.

Table 1: Exposure pathways and their dependence on radionuclide concentration in physical

environment compartments

Dependence on RN concentration in...
Dose Exposure pathway ) )
Top sall Local aquifer ~ Surface water
External y-irradiation X
Inhalation Dust inhalation X
Drinking water X
Fresh-water fish X
Crop X X
, Green vegetables X X
Ingestion
Root vegetables X X
Meat X X
Milk X X
Eggs X X
21
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3.2 Numerical model

This section presents the numerical model that describes the conceptual model and
allows calculating BDCFs. All expressions used to calculate transfers and doses have

been extracted from Klos et al. (1996).

The mathematical representation does not need any special adaptation for its
implementation in AMBER® because TAME is also a compartmental modelling code
and the way to calculate and develop box models is very similar. It is important to note,
before starting the description of the numerical model, the following aspects regarding
its implementation in AMBER® (Quintessa Limited 2011):

e Radionuclides are assumed to be uniformly mixed in each compartment

e A compartment is any specific part of the system being modelled (e.g. local
aquifer)

e Each transfer is ‘donor controlled’, depending directly on the radionuclide
amount present in the compartment from which RN is leaving.

e Itis considered that radionuclides decay into other radionuclides with time

In that case, the system is also split up into two sub-models for their mathematical

description.

3.2.1 Physical sub-model

The amount of radionuclide in any compartment with time is determined by Equation 1,
taking into account the exchange rates between compartments, the decay of the

radionuclide m and its ingrowth due to the disintegration of its parent nuclide m+1.

dN™
dt

AP z LN+ S |- [ |am + Z | N Equation 1
Jj J

N™ Total amount of radionuclide m in compartment i (Bq)

SM() External source term of radionuclide m to compartment i (Bg/y)

A Transfer coefficient between compartment i and compartment j (y'l)

i
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A% 14



}Q"H Decay rate of the parent nuclide m+1 (y'l)

. . -1
A Decay rate of the radionuclide m (y™)

The source term (red box in Figure 4) is only considered when calculating the amount
in the local aquifer. A normalized constant flux of 1Bq/y of each radionuclide is
assumed to enter the system. Decay rates for each radionuclide of interest are

presented in the Appendix A: Data used for Reference Case.

Transferences between compartments are characterized by the exchange rate (A))
which considers all mechanisms described in the previous section (see 3.1). The
general equation used for the calculation of transfer of a contaminant m from

compartment i to j integrates advection, diffusion and solid material fluxes (Equation 2).

1 Fii + KM
A = < J 4y +Dij> Equation 2

U0+ (1 —)piKT Al

Ag-l Transfer rate of radionuclide m from compartment i to | (y'l)
F;; Water flux from compartment i to j (m3/y)

M;; Solid material flux from compartment i to j (kg/y)

o; Volumetric moisture content of compartment i (-)

& Porosity of compartment i (-)

Pi Density of the solid material in compartment i (kg/m°)
Kg} Sorption coefficient of radionuclide m in compartment i (m3/kg)
A; Area of compartment i (m?)

l; Thickness of compartment i (m)

D;; Effective diffusion rate for contaminants in solution moving between

compartment i and j (y™)

The calculation of water fluxes, solid material fluxes and effective diffusion rates is

shown below.

21
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Water fluxes (F;;)

Precipitation, evaporation and irrigation water fluxes (Far, Fra and Fir, respectively) are
calculated converting the specific fluxes (m/y) to volumetric fluxes (m3/y) by multiplying

with the surface area of the biosphere (A;) (Equation 3 to Equation 5).

Far = RAINFALL * Ay 2 Equation 3
Fro =ETPxA; ? Equation 4
Fyr = IRRI_L * Af Equation 5

Inflow fluxes into the biosphere system are provided (Fy., Fc. and FUW)3 and the rest of

water fluxes are obtained by water mass balance (Equation 6 to Equation 10).

Frp = (Fyr + Far) — Fra Equation 6
Fpp, =Frp Equation 7
Fis = (Fpp + Fy, + Fcp) — Fir Equation 8
Fow = Fis Equation 9
Fyg = Fsw + Fyw Equation 10

Water flux values, both provided directly by Nagra and calculated as above, are

presented in the Appendix A: Data used for Reference Case.

Solid material fluxes (M;;)

The calculation of solid material fluxes depends on the transport mechanism of the
solids between compartments (see section 3.1). In the following the mechanism and
the numerical representation of each transfer considered in the model are summarized
(Table 2).

% Far stands for the precipitation flux from atmosphere (A) to top soil (T), and Fra corresponds to
the evapotranspiration (flux from top soil (T) to atmosphere (A))

% FuL = uncontaminated source flux into local aquifer, Fc. = contaminated source flux into local
aquifer, Fyw = uncontaminated source flux into surface water

21
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Table 2: Numerical terms used for the calculation of solid material fluxes

Suspended solid

material in water flow Erosion Bioturbation  Re-suspension
a;Fj M. Ag WpMpAg sw Vs (1 — &5)ps
M;r X
Myw X
Mg X
Mpy, X
M;p X
My, X X
Mpr X X
Mgy, X

a;: suspended solid concentration in compartment i (kg/m3)

M, erosion [kg/(m?y)]

W activity of earthworms: number of round trips between deep soil and top soll ™h
Mp: biomass in deep soil material (kg/m?)

Kgy - turnover rate: bed sediment to suspended solid in water column (y'l)

Vs: volume of bed sediment compartment (m3)

Each of the specified solid fluxes in Table 2 is calculated as the sum of the transport
mechanisms considered in each case. For example, solid material flux from deep to top

soil (Mpr) is obtained applying the formula Mpr = M Af + WpMpAy.

The erosion term does not only appear in the transfer from top soil to surface water but
also in the solid fluxes from local aquifer to deep soil and the subsequent flux to the top
soil. The reason is that the thickness of the three compartments is required to be
constant to achieve a steady state with the aim to calculate BDCFs. It is a manner to

compensate the loss of soil from the top soil.

Mass balance calculations have been implemented for solid material fluxes described
in section 3.1 and not cited in Table 2. Equation 11 to Equation 14 show how the fluxes

have been obtained.

21
_A 3 17



Mrp = (Myr + Mpr) — Mpy, Equation 11

Mp, = (Myp + Myp) — Mpr Equation 12
Mys = Mgy — Mg Equation 13
My g = (Myy + Mpy + Mgy,) — My s Equation 14

As in the case of water fluxes, all parameters used for solid material fluxes calculations
and the final value for each transfer flux are presented in Appendix A: Data used for

Reference Case.

Diffusion (D;;)

Diffusion is defined by two equations, forward and backward, due to the limitations of
the code to introduce non-linear equations. So, diffusion between compartments i and |
is represented as in Equation 15 for forward diffusion and the same but with

parameters of compartment j for backward diffusion.

Y lL '”liﬂ'(li' l]) Ti quation

solution (m?/y)

T; Tortuosity of the medium (-)

3.2.2 Exposure pathway sub-model

Regarding the mathematical representation of the exposure pathway sub-model,
Equation 16 gives a general expression for the derivation of the dose received by

individuals exposed to radionuclides in the biosphere environment in Sv/y.

DR = ) EHE, PN (D) Equation 16

m,exp
N™  Amount of radionuclide m (Bq)
Ppm Processing factor: conversion of N™ into a concentration in pathway p

E Exposure factor: consumption rate of foodstuff/water or occupancy of the
p modelled region

ym Dose per unit intake for radionuclide m: conversion of exposure to environmental
€XP  concentrations of radionuclides into the corresponding dose (Sv/Bq)

21
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Specific expressions for each exposure pathway are presented below. Part of the
processing factor that appears in all of them is the concentration of radionuclides in
some of the compartments of interest for dose calculation: top soil, local aquifer and
surface water (Equation 17). It is the concentration in the compartment taking into

account both radionuclide in solution and sorbed in the solid phase.

N N, _ Nw

Cr=—0, Co=—%, Cy=

Equation 17

When it is important to know the concentration in solution, other parameters such as

the porosity or the density of the media should be considered (Equation 18).

Cdrinking water __ 1+ (1 - ffilter)aLKd,L C

well Equation 18
0L+ (1 —e)pKay

fritter Fraction of solid material removed (-)

All formulas used for the calculation of the dose as a result of the exposure to a specific
pathway follow the structure of Equation 16. An example is given in the first pathway

described below (drinking water).

Drinking-water consumption

Drinking-water is assumed to be all obtained from a well in the local aquifer and not to

be filtered before consumption.

Equation 19 shows how the dose received due to the consumption of contaminated

water is calculated.

1+ (1 = fruter)@Kq

Dyweu = Hinglwatfweu 6, + (L e0)piKa, CL Equation 19
Hing Dose per unit intake on ingestion (Sv/BQ)
Lyat Total annual intake of drinking-water (m3/y) (see Equation 52)
fwenr Fraction of drinking-water obtained from a well in the local aquifer (-)

21
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In this case, the amount of radionuclide is implicit in C,_ (see Equation 17), the exposure
factor is represented by I, and the processing factor is composed by the rest of the

expression (Figure 10). The same correlation occurs for all dose expressions.

Dy (t) = E pHexp Py N™(1)
me:tpT

1+(1-fp, Im)aLKd\E-ﬁ
L

Dyen = mg watfwe{! 0, .|_ (1- EL)pLKdL

Figure 10: Correlation between the general form of dose calculation and the specific expression

for dose given by drinking-water consumption

Fish consumption

The annual individual dose due to the ingestion of fresh-water fish is given by Equation
20. The fish concentration factor represents the transfer of a radionuclide from

contaminated water through different trophic levels of aquatic foodstuff.

Dee = H. 1 LC
fr— mgff(l'i'a’dew) w

Lrs Intake of fish (kgly) (see Equation 49)

Equation 20

Ker Fish concentration factor [(Bq/kg)/(Bq/ms)]

Grain consumption

Equation 21 gives the expression to calculate the annual dose received due to the
consumption of contaminated grain. Grain could be contaminated in three ways: root

uptake, interception of contaminated irrigation water and surface contamination.
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Dyr = Hinglyy {Cgfoot + Chater— +C9 qurrace } Equation 21

uptake irrigation contamination

Igr Annual consumption of grain (kgly) (see
Equation 53)

cIr c9r c9r Radionuclide concentration in grain, each
root » ™ water— » surface concentration stands for different
uptake lrrigation  contamination  contamination ways (Bg/kg)

Following, it is presented how to calculate the radionuclide concentration in grain

depending on the contamination way.

The concentration in the grain due to root uptake is derived from the concentration of
radionuclide in the top soil using the transfer factor from the soil to the plant as it is

shown in Equation 22.

Cr
cY =K,, —— Equation 22
u;ggltce ar pr(1—er) q
K Soil-grain transfer factor [(Bg/kg, grain, fresh weight)/(Bg/kg, soil, dry

gr weight)]

Grain could also be contaminated by intercepting radionuclides from irrigation water

coming from a well in the local aquifer (Equation 23).

( ) F 1 C
1—elTHor¥or 1T, +(1 - Kqp, "
Cgurzater— = for ‘ L+ e)piKas Equation 23
irrigation Ygr (I/Vgr + ng) Af
for Food processing factor for grain (-)
Ugr Irrigation mass-interception factor for grain (m®/kg)
Yor Yield of grain (kg/m?)
w Removal of radionuclides from external surfaces of the crop by
gr weathering (the loss term is implicitly to the soil) (y™)

Removal of activity by harvesting (removed RN is implicitly transferred to
Hgy, the soil). This is a consequence of the assumption of a closed agricultural
system. (y™)
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The food processing factor is a correcting factor that takes into account the removal of
contaminants during food preparation, cooking, etc. The interception of contaminated
water by crop leaves is mathematically expressed in the first term in brackets. The

second one gives the radionuclide concentration in the irrigation water.

Surface contamination is the third way by which grain may be contaminated and it is

expressed as Equation 24.

Cr
pr(1 —er) + erpw

¢’ surface = fgrSgr Equation 24

contamination

Sgr Surface contamination factor for grain (mzlkg)

Green vegetables consumption

Dose given by consumption of green vegetables is calculated in the same way as grain
and taking into account the same mechanisms of contamination. However, specific
parameters such as surface contamination factor, harvesting rate or transfer factors are

different (Appendix A: Data used for Reference Case).

Mathematical formulation regarding green vegetables consumption dose is presented

in the following equations (Equation 25 to Equation 28)

— gv gv gv .
Dgy = Hinglgy {C root T Cowater- +C7 qurrace } Equation 25
uptake irrigation contamination
C
v T .
Co% ot =Kpp———— Equation 26

uptake v pr(1—er)

( ) F, 1 C
1 — el THov¥ov 1T, +(1 - Kqp "
ngater— = fov ° L+ e)piKas Equation 27
irrigation ng (%v + Hgv) Af
Cr
c9% surface = fgngv Equation 28

pr(1 —er) + erpw

contamination
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Root vegetables consumption

Root uptake, interception of water irrigation and surface contamination are also the
mechanisms of root vegetables contamination. Dose given by the consumption of root
vegetables (Equation 29), as well as their concentration in root vegetables resulting
from contamination via root uptake and surface contamination (Equation 30 and
Equation 31, respectively) are expressed in the same way as in the case of green

vegetables and grain.

DT'U = Hlnglgv{ T’l‘r{oot + Crz/ater_ + CTU surface } Equatlon 29
uptake irrigation contamination
Cr
v ;
root = Kppy—7—— Equation 30
uptake i pT(l - ST)
Cr
c surface = frvSrv Equation 31
contamination pr(1—er) + erpw

In the case of the concentration in root vegetables due to the interception of
radionuclides from water irrigation, the calculation is slightly different (Equation 32).
The reason is that the root is the part of the crop being consumed, therefore the
process of translocation must be considered. It refers to the transportation of
radionuclides from leaves, where contamination is entering into the plant, to the edible
part (roots).

1

Trv) ( e > o 0.+ (1 —e)pKays G
I ng(vvgv + Hgv + Trv) Af

Equation 32

TV _
water— = (fgv +

irrigation

Ty Translocation rate (y™)

21
A 23

\



Fruit consumption

The mathematical representation of the dose received for an individual due to the
consumption of fruit is shown in Equation 33. It also considers three ways of fruit
contamination and the calculation of the radionuclide concentration in fruit caused by
each contamination way is the same as for root vegetables (Equation 34 to Equation
36).

it it it .
Dfruit = Hinglfruit {Cf:golt + Cf\?tlzlter— + Cfruslurface } Equation 33
uptake irrigation contamination
, CT

Clroot = Kpruit ———— Equation 34

uzrzggke frut pT(l - ST)

fruit _ Cr .
¢ surface = — frruitSeruit (1—er) +e¢ Equation 35

contamination Pr T TPwW

it
Cf\‘:/L(Lzlter—
irrigation
F, 1 C .
_ (f 4 Tf‘ruit> 1 — e(~#rruitY fruic) g+ (1= e)piKas - Equation 36
= frruic
™ Hfruit yf‘ruit (va‘ruit + Hfruit + Tf‘ruit) Af

Meat consumption

Dose received for meat consumption (Equation 37) considers that meat may have

been contaminated via the following ways:

- Livestock drinking-water consumption

- Livestock consumption of pasture that has been contaminated via interception
of irrigation water

- Livestock consumption of pasture that has been contaminated via root uptake

- Livestock soil ingestion during grazing
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— livestock livestock livestock livestock B
Dmeat - Hinglmeatheat Iwater +1 water— +1 soil— + Isoil Equatlon 37

irrigation— pasture
pasture
Lneat Annual intake of meat (kgly) (see Equation
56)
K Concentration factor in the animal tissue
Ilivestock 1”’;52%25’2 Ilive'sltock Ilitgestock
water ir‘rigation—' ngéu_‘re sott Daily intake rates (Bq/day)

pasture

In the case of dose calculation by meat consumption, radionuclide concentration in
meat is given multiplying the daily intakes rates via each contamination way (Bg/day)

by the concentration factor in the animal tissue (day/kg).

Daily intake of radionuclides due to drinking water is obtained multiplying their
concentration in water obtained from the well by the daily consumption of water by the
animal (Equation 38). It is also assumed that all water that livestock drink comes from a

well in the local aquifer.

. 1
Jlivestock _— | C Equation 38
water we |fa 9, + (1- EL)pLKd,L L q

Daily water consumption by the animal (m*/day)

IWC

fa Fraction of water obtained from the well (-)

Equation 39 expresses the radionuclide daily intake due to the consumption of pasture

contaminated by irrigation. Concentration in pasture is calculated as for crops and then,

it is multiplied by the daily consumption of fodder and the ratio of fresh pasture to hay,

to obtain the daily intake via this mechanism of contamination.

F, 1 C
livestock  _ 1- e(_ﬂpr) L 0,+(1- gL)pLKd,L - :
I Water- = Zlyc Equation 39
irrigation— Y,(W, + Hyc) Ay
pasture
Z Ratio by weight of fresh pasture to hay (-)

Ipe Daily consumption of dry fodder by the animal (kg/day)
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Pasture may also contain radionuclides due to root uptake, and the intake by animals

due to their consumption is given as Equation 40 shows.

Cr

jivestock — | 7K, ——— Equation 40
pcslgélure pe P (1 - ST).DT
Soil-pasture transfer factor [(Bg/kg crop, fresh weight)/(Bg/kg soil, dry
p weight)]

Finally, meat may be contaminated due to the ingestion of soil by the animal. Soil

intake occurs during grazing and is expressed in Equation 41.

. C
livestock T ;
; =S5,.Z1 Equation 41
sott PETPC A —ep)pr + erpw !
Spe Weight fraction of wet soil (-)

Milk consumption

Dose given by milk consumption is expressed as for meat consumption (Equation 42).
The reason is that livestock contamination occurs via the same ways which are

described in equations from Equation 38 to Equation 41.

Dtk = HingImiePw Kmik Liwestock 4 I’l“{,flféi‘;?i + Iliggiszt—“k + Islf}?fsw(:k Equation 42
irrigation— pasture
pasture
Litk Annual consumption of milk (m3/y) (see Equation 51)
Kk Distribution factor for milk [Ba/kg)/(Ba/day)]

Regarding milk consumption dose calculation, the only differences with respect to meat
calculation are that both the annual consumption and the distribution factor are referred
to milk. Furthermore, the milk density is assumed to be equivalent to that of water, to

convert volume of milk to mass.
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Eggs consumption

The calculation of dose from eggs (Equation 43) is similar to that of meat and milk but
considering poultry and the ingestion of grain, instead of livestock and pasture,
respectively. Mechanisms by which radionuclides may enter poultry are the same four

as in the case of livestock.

Deggs = HingleggsKeggs | lnater + " water— + Tooiie” + oy ™ Equation 43
irrigation— grain
grain
Loggs Annual consumption of eggs (eggsly) (see Equation 48)
Keggs Distribution factor for eggs [Bg/egg)/(Bg/day)]

Following, the expressions for the calculation of daily intake of radionuclides for poultry

are given (Equation 44 to Equation 47).

1
pouttry — C Equation 44
water wp fpoultry GL + (1 _ gL)pLKd,L L
Lyp Daily water consumption by poultry (m®day)
fpouitry ~ Fraction of water obtained from the well (-)
F 1 C
Ipoulttry _ 1 — e(-m¥p) ITg, +(1- e)p, Kay L Equation 45
water—
irrigation— P Yp (I/Vp + HPC) Af
grain
Ly Daily consumption of grain by the poultry
[PovtTy — 1k _ Equation 46
il—- ~ ‘gpigr
;?;in (1 —-er)pr
jpoultry _ ¢ 4 Cr Equation 47
sotl 9798 (1 - er)pr + erpw
Spe Fraction of the weight of pasture made up of wet soil (-)
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In all mathematical representations of ingestion dose pathways, the annual
consumption (l,) is used. This parameter is calculated considering the annual energy
intake from food consumption and the contribution of each type of food. The
mathematical way to calculate these consumption rates are presented in the following

equations (Equation 48 to Equation 56).

Ieggs =E, feggs eggsly Equation 48
Neggs
frr .
lrp = Eg— kgly Equation 49
Nrr
Pfruit .
Ifruit =E, S kgly Equation 50
nfruit
Imin = Eo St m3ly Equation 51
Nmiik
Lwat = Iruia — ik m3/y Equation 52
NgrPgr .
I, = ka/ Equation 53
a pvegEO(l - feggs - fmilk - fff) 9y
ngvpgv i
lgy = ka/ Equation 54
9 pvegEO(l - feggs - fmilk - fff) 9y
nrvprv .
I, = ka/ Equation 55
i pvegEO(l - feggs - fmilk - fff) gy
E, .
Lyear = (1 = reg) (1 = foggs — frmite — frr) kgly Equation 56
meat

All parameters required to calculate the annual consumption of foodstuff and water for

an individual of the critical group are presented in Table 3.
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Table 3: List of parameters used in annual intake calculation

Parameter  Units Description
E, kdly Calorific value of food consumed annually
fi - Fraction of annual food energy intake obtained from i

Fraction of annual food energy intake obtained from
Preg - vegetables, after milk, eggs, fish, and fruits have been taken
into account

Fraction of energy intake from vegetable consumption coming

Pi ) from i
kJ/egg

ni kJ/m®  Food energy content of i
or kd/kg

External y-irradiation

All doses described until now are part of the received dose by ingestion of water and
foodstuff. In the exposure pathway model it is also considered external dose by y-

irradiation (Equation 57).

Doyt = GCrp Equation 57
G Groundshine factor [(Sv/y)/(Bq/ms)]

A semi-infinite plane of uniformly contaminated top soil is assumed. The individual
spends one year per year inside the contaminated region. The G value takes into

account the y-ray energy and the self-absorption factors for the soils and human tissue.

Dust inhalation

Radionuclides are inhaled via suspended soil particles whose concentration depends

on the sorption coefficient (Equation 58).
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Cr .
Daust = Hinnlair [(OTar + Oray) m] Equation 58

Hinn Dose per unit intake on inhalation (Sv/Bq)

Loir Volume of air inhaled annually by the individual (m3/y)
0, Normal occupancy rate (y/y)
a, Background dust concentration (normal occupancy situation) (kg/m®)

O¢ Dusty occupancy rate (y/y)

ar Occupational dust concentrations (higher than normal) (kg/m®)

The term in square bracket stands for the airborne concentration due to dust loading.
Two situations may be considered: normal occupational situation (dust background
levels) and dusty occupational situation when the dust level is increased due to human

activities. In this study it is assumed that an individual spends all year under a normal
situation.
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4. Comparison exercise

In this section, BDCFs obtained in the frame of the ‘Opalinus Clay’ project from Nagra
are compared with the values resulting from this study. Both conceptual model and
mathematical representation used in this project are exactly the same as the ones

followed by Nagra.

The main difference between calculations is the code used to run the model. The
results reported here are calculated by using AMBER®, while Nagra used the TAME

code.

Although Nagra gives BDCFs for a list of 25 fission and activation products and 29
radionuclides of the **Cm (**U), ***Cm (***Th), >**Cm (*’Np) and ***Cm (***U) chains
(Table 4), the verification of the model has been done for 12 radionuclides (see section
3.1).

Table 4: Radionuclides considered in Nagra exercise. In bold, radionuclides included in this

study.
Fission and activation products Cm chains

SH 94Nb 244Cm 246Cm

lOBe 99TC 240PU 242PU

14C 107Pd 236U 242mAm

36C| 108mAg 232U 238Pu

41Ca 121mSn 232Th 238U

59Ni 1268n 228Th 234U

60C0 129| 228Ra 230Th

63Ni 135CS 226Ra

7956 137CS 245Crn 210Pb

QOSr 151Sm 241PU ZlOPO

93MO 154Eu 241Am

93mNb 166mH0 237Np 243Cm

932r 233U 243Am

229Th 239Pu
235U
ZSlPa
227AC
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Biosphere Dose Conversion Factor (BDCF) of a radionuclide m is expressed as the
steady-state annual dose given by m and its daughters, when a constant flux of 1Bg/y

of m is entering into the system (Equation 59).

m
T

_— Equation 59
inflow,,

BDCE,, =

Df? Steady-state annual dose of radionuclide m and its daughters (Sv/y)

inflow,, Constantinflow of radionuclide m in the system (Ba/y)

Figure 11 shows the followed methodology to obtain the BDCFs. A constant flux of
1Bqg/y of each radionuclide m is the input of the physical biosphere model. The output
is the radionuclide concentration in each compartment of the system. The model is run

until steady state is reached and then, doses are calculated.

As presented above (section 3.2), the annual dose is derived from radionuclide
concentrations in the top soil, local aquifer or surface water, depending on the
exposure pathway. The total annual dose is the result of the sum of doses given by
each pathway. This dose is directly the BDCF because it is obtained for an inflow of

1Bqly (see Equation 59).

. RN
Biosphere )
model concentration Dose
inT,Land W

Figure 11: Scheme of the methodology to calculate BDCFs

In the case of the curium chain, the BDCF of each radionuclide includes the
contribution of their daughters. For this reason, they are treated separately in the

calculations. Two examples are given in Figure 12 a) and b):

A 2



a) ***Cm example: source term is given by an inflow of 1Bg/y of ***Cm. Inflow of
their daughters is fixed to zero, so that their concentration will be exclusively
due to the decay of ***Cm. The annual dose is calculated for both parent and
daughters, giving a BDCF which includes the dose due to 1Bgly of **Cm and

the dose due to the ingrowth of its decay products.

b) 2%U example: this example shows how radionuclides other than the one studied
only contribute to the dose if they are decay products of the parent nuclide (**3U

in this case). So that in this specific example doses from ?**Cm and ?**Pu are

3
2%5Cm Dose
%5Cm = 1Bq/y . .

Rest = 0 Bq/y Biosphere RN concentration |:242Pu E— + ﬁ 26Cm,
(242py, 238y, 233y, 230Th, model inT,LandW - ” / ¢ BDCF

226Ra, 210ph, 210pg)
210pg Dose /

Zero.

/

3

Cm and .
42py Duse:O/ -
#2U = 1Bafy ——
Rest =0 Bq/y Biosphere RN concentration 35 Dose 13y
(248Cm, 242py, 224y, model inT,Landw - " / r i a BDCF

Zio‘l’h’ ZZSRa’ ZLQPb’ ZLOPO}
210pg Dose /

/

b)

Figure 12: Examples of BDCF calculation when the radionuclide is part of a decay chain. a)

24°Cm and b) ***u

The comparison between the BDCF values obtained by Nagra (‘Opalinus Clay’ project)
and by Amphos21 (this project) is presented in Figure 13. The results of this simulation

are in agreement with those obtained by Nagra within a + 10% (Figure 14).

These results lead to conclude that the implementation of the model in AMBER® or
TAME has not a significant effect over the BDCF calculation. That is because the
conceptual model and its mathematical representation are the same and both codes

are based on compartmental modelling.

Aj 33



-11
,\‘12' m Nagra
=3 OA21
Q0 .13
>
D 44
= -
(@]
a -15 4
m
3’-16-
_17_
_18_
<t [(e} o (@)} (e} [qV) [e0] < o o o o
— [20] N~ N < < (%2} ™ [32] N — —
©oc g=¢g98585¢ggsys
S a F rx o o

Figure 13: BDCF comparison. Blue columns stand for Nagra results and green columns for the

results of this work.
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Figure 14: BDCF ratio between this work (A21) and Nagra results
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5. Sensitivity analysis

The calculation of BDCF does not only depend on the exposure pathway sub-model
but also on the physical biosphere description, as previously presented (Figure 15).
Two steps are considered to be relevant for the BDCF assessment. Initially, the
physical part is described and modelled defining the compartments of interest and the
radionuclide fluxes between them. The output of this step is the radionuclide
concentration in each compartment of the system which is the input of the next sub-
model (exposure pathway). A detailed dose model is developed considering all the
probable pathways that individuals of the critical group may be exposed to. Annual

dose is calculated for each pathway and the sum of all of them results on the BDCF

Exposure pathway sub-model

value.

[[' ropson ][ tocatasuiter | [ sufacewater ]]

RN concentration

Water Solid material i i
Diffusion
fluxes fluxes

Physical sub-model

Figure 15: Scheme of the relationships between BDCFs and exposure pathway and physical

sub-models.

Considering this relationships between exposure pathways and physical sub-models,
any modifications may lead to changes on the value of BDCF. In this section both sub-

models are analized.

21
: 35



- Exposure pathway sub-model (Sensitivity test 1): the contribution of each
pathway to the annual dose received by an individual is studied. The aim is to
decide whether some of the considered exposure pathways can be neglected in
the assessment, and to which radionuclides can the simplification be applied

(see section 5.1).

- Physical biosphere system (Sensitivity test 2): the radionuclide concentration in
the compartments of interest is studied in this case. From the modelling point of
view, transferences between compartments are the main processes that can
modify RN concentrations. Thus, the test is focused on assessing (see section
5.2):

o the impact of solid material fluxes on the concentration of radionculides

responsible for the dose

o the influence of diffussion

5.1 Sensitivity test 1 (Exposure pathway sub-model)

BDCF values resulting from the Reference Case scenario implemented in AMBER®O
are presented in Figure 16. From the radionuclides included in this study, ?*°Th and
?%po are the ones presenting the highest and the lowest BDCF respectively (5.3-10™"
and 9.7-10™ Sv/Bq). Other radionuclides with high BDCFs are **°Ra, **°l and **'U
(3.8:10™, 2.5.-10"%, 2.3-10*® Sv/Bq, respectively).
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-16 4

log BDCF (Sv/BQ)
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Figure 16: BDCF results from the Reference Case implemented in AMBER®
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The contribution of external irradiation, dust inhalation and ingestion of water/foodstuff
to the total dose, for each radionuclide, is presented in Figure 17. Ingestion is the main
contributor in all cases (>75%) accounting for more than a 99% of the total dose for 9
out of the 12 radionuclides investigated. Dust inhalation has a significant contribution
for 2*Cm and ?*Pu, representing 13 and 23% of the total dose respectively. The

contribution to the dose received through external y-irradiation is below 0.12%.
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Figure 17: Contribution of external irradiation, dust inhalation and ingestion to total dose

Dust inhalation and external irradiation, respectively, are doses caused by a single
pathway, whereas the main contributor to total dose, ingestion, is the result of the sum
of several pathways such as consumption of drinking-water, fish, grain, meat, ... Figure
18 indicates the contribution of each pathway considered in the exposure model to the
total ingestion dose.
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Figure 18: Contribution of ingestion pathways (water and foodstuff) to ingestion dose
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The major contributor to the ingestion pathway mainly depends on the type of element.
Two distinctive trends are identified, corresponding to non-metallic and metallic (curium
chain radionuclides) elements. More than 90% of the dose coming from the ingestion of
non-metallic elements is due to the consumption of foodstuff, mainly meat and milk.
Ingestion dose from drinking water increases in the case of the curium daughters,

responsible for 15 to 50% of the total dose due to ingestion.

Neither fish nor eggs consumption contributes significantly to ingestion dose,

accounting for less than a 1.5% of the total ingestion dose.

It is important to highlight that animal and vegetable foodstuff dose considers different

contamination ways of the product.

An example is given for the case of milk consumption. Dose is expressed as Equation
42, where four ways of milk contamination are considered. Then, the dose is calculated

separately for each contamination way, as presented from Equation 60 to Equation 63.

_ livestock ,
Dtk = Hing ik Pw KminkIwager Equation 60

_ livestock
Dtk = HingImik Pw Kmik I water=

irrigation— Equation 61
pasture
_ livestock i
Dk = HinglmitiePw Kmiuie! " soi1= Equation 62
pasture
— livestock ;
Diik = HingImitePw Kmiue Isont Equation 63

The dose given by milk consumption depends on both the radionuclide concentration in
the top soil and water extracted from a well in the local aquifer. Therefore, the tendency

to sorption is expected to have a major effect on the dose received via milk.

Non-metallic elements tend to have very low sorption coefficients (<0.01 m*/kg), thus,
contamination ways considering transfer of radionuclides in the aqueous phase are

dominant (blue and green columns in Figure 19). On the contrary, metallic elements
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present higher K, values (>0.1m®%y) and soil contamination ways are the major
contributors to the milk contamination and to the dose resulting from milk ingestion

(orange and yellow columns in Figure 19).
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Figure 19: Dose contribution to milk dose depending on the contamination pathway: drinking-
water (blue), consumption of pasture contaminated by irrigation water (green) and by root

uptake (orange) and consumption of soil (yellow)

To conclude, ingestion is the most important pathway contributor to the dose. Major
contributors to the ingestion dose are consumption of drinking-water, meat and milk.
The reason for the predominance of a particular ingestion pathway depends on the
sorption characteristics of elements. External dose and dose received through fish and
eggs consumption can be neglected. It is important to highlight that these conclusions

are only valid for the present approach and the radionuclides under study.

5.2 Sensitivity test 2 (Physical sub-model)

Radionuclide concentrations in the compartments are needed to adequately calculate
the dose received by the individual. RN concentrations mainly depend on the transfer
fluxes between different components of the biosphere system. In this section, the effect

of radionuclide transport via solid material fluxes and diffusion is studied.
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The first step of this analysis is focused on the solid material transferences. Five
different cases have been considered and compared with the reference case. In each
case, one or more solid transfer mechanisms are neglected and, in the last case, all

transferences of radionuclides sorbed onto solid particulates are eliminated (Table 5).

Table 5: Cases and mechanisms of solid material transport not considered in the model

Earth\_/vgrms Erosion Re-suspension Suspen_ded
activity material

Reference Case (RC)
Case 1 (S1) x
Case 2 (S2) x
Case 3 (S3) x x
Case 4 (S4) x x
Case 5 (S5) x x x x

The impact of the solid material flow modifications on BDCFs is presented in Figure 20.
The maximum variability of BDCFs results is obtained for **U and case 2, where no
erosion is considered (2.7 times higher than BDCF of RC). Again, it is observed that
sorption properties have an influence on the results. BDCFs of elements with lower Kq
(**c, *cl, ™se and '#I), are not affected by solid mass transfer, given their low
association with solids. Some changes are on the contrary observed for curium
daughters, presenting higher K4 values. The main solid transfer mechanism affecting
final values of BDCFs is erosion (green markers in Figure 20) and in some cases

activity of earthworms (pink markers in Figure 20) (e.g. **Ra).
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Figure 20: BDCF of each radionuclide in the Reference case (columns, right axis) and the ratio

between BDCF obtained in specific case (SX) and reference case (lines with markers, left axis).

It is important to note that, although solid material fluxes are not considered, BDCF are
always higher than for the reference case, implying that neglecting solid fluxes is a

conservative approach.

The effect observed on BDCFs (Figure 20) is the result of the variation on dose
received through each pathway. An example is presented for *°Th, the radionuclide
with the highest BDCF in the Reference Case.

The variation noted in the total annual dose to ***Th exposure (directly BDCF, see
section 4), is due to the changes produced in the ingestion dose, as shown in Figure
21. Although differences in the dose given by dust inhalation are higher, this pathway

does not contribute significantly to the total dose.

The ingestion dose, as well as the total dose, differs from the reference values when

erosion is neglected (Figure 22).
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Figure 21: Dose of “"Th as a function of the exposure pathway (columns, right axis) and ratio

between dose in SX and RC (lines with markers, left axis)

Neglecting erosion affects all exposure pathways contributing to the ingestion dose.
Only meat and milk are slightly affected by earthworm activity, transporting
radionuclides sorbed onto solid particulates. Fish consumption is the only pathway

whose dose is modified due to the elimination of re-suspension processes.
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Figure 22: Dose of “"Th as a function of the ingestion exposure pathways (columns, right axis)

and ratio between dose in SX and RC (lines with markers, left axis)
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The change observed in each exposure pathway is due to the effect that solid fluxes
have on the radionuclide concentration in the different compartments. Figure 23 shows

how the elimination of the different processes affect the amount of Th in each

compartment.
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Figure 23: Amount of “"Th in top soil, local aquifer and surface water. In columns is presented

the amount in Bq of the reference case (right axis) and in lines with markers, the ratio between

the amount in the specified case and the reference case (left axis).

Erosion is the main mechanism affecting the concentration of Th in top soil and local
aquifer, while re-suspension is the one producing a higher increase on the
concentration in surface water. The effect of not considering solid material fluxes
always result in an increase of the thorium concentration which is, at most, 3.4 times

that in the reference case (RC).

The increase observed in dose through fish consumption when re-suspension is
neglected results from the higher concentration observed in surface water for S4 when
compared with the reference case. The same occurs for all pathways although not

always directly observed. The reason is twofold:

1. Calculation of doses given by foodstuff depends on the radionuclide
concentration of two compartments (local aquifer and top soil) when different

mechanism of food contamination are considered
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2. *°Th dose values presented do not only consider dose coming from thorium but
also that originating from all its daughters. So the observed effect on the final

dose is result of the variation on the concentration of all these radionuclides

An example is given in Table 6 where the amount of ?°Th in local aquifer and top soil
obtained in the reference case (RS) and those obtained when neglecting solid fluxes is
presented. Dose resulting from the consumption of milk depending on the
contamination mechanism is also shown. In this case, the dose is calculated
considering only *°Th and not its daughters. The dose ratio between both cases shows
how neglecting solid fluxes results in a dose increase.

Table 6: Amount of %

Th and dose received for consumption of milk contaminated with thorium
by different mechanisms in function of RC or S5 case. The ratio between both calculated doses

is also presented

Amount (Bq) Dose by milk (Svly)
aocel, topsol | waer  Pestee Pasle
RC - Reference Case  2.0-10*  3.8.10° | 3.1.10"®  7.8.10" 2.0-10Y 1.7.120™
S5 - No solid fluxes 2.6-10* 1.3-10* | 4.0-.10"®  1.0.20"® 6.7.20" 57.10"
ratio 1.3 3.4 1.3 1.3 34 3.4

Consumption of milk contaminated via water ingestion of livestock and the ingestion of
pasture irrigated with polluted water leads to a dose 1.3 times higher when neglecting
solid fluxes, in agreement with the increase of *°Th in the local aquifer (Equation 38
and Equation 39). In the case where soil is the mechanism of milk contamination either
directly by soil consumption or ingestion of pasture contaminated via root uptake, the
increase of the dose is in accordance with the increase of the amount of thorium in the

top soil compartment.

The same exercise has been done to evaluate the impact of diffusion on BDCFs. Three
cases have been compared: S5 (no solid fluxes), S6 where diffusion is not considered

and S7 (neither solid fluxes nor diffusion implemented in the model).
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Figure 24: BDCF of each radionuclide in Reference case (columns, right axis) and the ratio

between BDCF obtained in specific case (SX) and reference case (lines with markers, left axis).

In the approach considered, transport of radionuclides by diffusion is not an important
mechanism and no impact on BDCFs has been observed when omitting diffusion
(Figure 24). Results obtained for S7, neglecting solid fluxes and diffusion, are the same
as for S5, where only solid fluxes are eliminated. This implies that solid material fluxes
are actually affecting BDCF results and that no synergy effects exist when both

mechanisms of radionuclide transport are excluded from the simulations.
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Figure 25: Dose of “"Th as a function of the exposure pathway (columns, right axis) and ratio

between dose in SX and RC (lines with markers, left axis)
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Figure 26: Dose of “"Th as a function of the ingestion exposure pathways (columns, right axis)

and ratio between dose in SX and RC (lines with markers, left axis)

Figure 25 and Figure 26 present a comparison of ?°Th dose pathways contribution to
total and ingestion dose, respectively, as a function of the cases S5, S6 and S7. Same

conclusions as for the previous comparison exercise are obtained from both plots:
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e The increase of total annual dose is the result of increasing of ingestion dose
(Figure 25)

e Meat, milk and fruit consumption are the major contributors to the ingestion
dose, and are the ones most affected by the elimination of the solid material

fluxes (Figure 26)

Moreover, it can be seen that diffusion has no effect on any exposure pathway
considered in that model (Figure 25 and Figure 26). Thus the simplification, for the

radionuclides of study here, can be applied.

The reference case takes into account three mechanisms of radionuclide transport:
advection, diffusion and solid material transport (Figure 8). From the analysis
presented in this section, two different conclusions regarding model simplifications can

be drawn:

1. Normal simplification approach (Figure 27): the reference case model may be
simplified by disregarding diffusion, re-suspension and suspended particulates
in water flux (the latter two as mechanisms of solid material transport). BDCFs
resulting from the normal simplification approach do not significantly differ from

those derived from the reference case model.

2. Conservative simplification approach (Figure 28): both solid material fluxes and
diffusion can be eliminated if conservative calculations are of interest. BDCF

results will be slightly higher.

It is important to highlight that all conclusions dealing with simplification tests are only
valid for the specific conceptual model used and for the radionuclides selected in this

project.
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Figure 27: Scheme of simplified model considering normal approach

:

Figure 28: Scheme of simplified model considering conservative approach




6. Contextualization of the Model with other
approaches

The aim of this section is to contextualize the Reference Case conceptual model of
‘Opalinus Clay’ project developed by Nagra with biosphere approaches considered by

other organizations in their safety assessment of radioactive waste repositories.

A brief description of the biosphere models developed by different organizations (SKB,
Posiva, Andra, NIROND and NWMO) and results obtained from the PAMINA project
(European project dealing with the Performance Assessment Methodologies in

Application to Guide the Development of the Safety Case) is presented below.

6.1 SBK, Sweden

SKB (2011) presents the complete safety assessment for SR-Site which is focused in
three fields: performance of the repository, geosphere and biosphere. All information
regarding biosphere is compiled in SKB (2010) and it is supported by several reports
where more details on different biosphere aspects are given (e.g. conceptual model,

scenarios, assumptions, ...).

Dose evaluation in the mentioned assessment is based on Landscape Dose
conversion Factors (LDF) which is the annual effective dose of a radionuclide to a
representative individual from the most exposed group, resulting from a constant unit

release rate of this radionuclide to the biosphere (Avila et al. 2010).

Figure 29 shows a representation of the radionuclide model approach applied for LDF
calculations. That model has been implemented in the software package Pandora.
Pandora is an extension of codes Matlab and Simulink and it is described in more
detail in Ekstrom (2011).
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Terrestrial

Figure 29: Conceptualization of the Radionuclide model for the biosphere developed by SKB
(Avila et al. 2010). Boxes stand for compartments of the system, solid arrows for fluxes and
dotted arrows for concentration computations for non-human biota (not included in the mass
balance)

The compartment model is composed by 10 biosphere objects (boxes in Figure 29)
assumed to be potential receptors of radionuclides released from the repository.
Radionuclide transport in the system is related to water, solid material and gas
movement. The effect of biota on RN transport between compartments is also

considered.

The red arrow in Figure 29 stands for the release of radionuclides from the geosphere
entering the biosphere system through the low regolith compartment. After
radionuclides reach the biosphere their transport between compartments may occur by
different mechanisms (arrows in Figure 29):

- Transport of radionuclides dissolved in water by advection and diffusion (dark
blue arrows, 2 in Figure 29)
- Gas emanation and transport (light blue arrows, 3 in Figure 29)
- Radionuclides sorbed onto solid material
- Sedimentation/re-suspension (black arrows, 4 in Figure 29)
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- Terrestrialization (dark brown arrows, 5 in Figure 29)

- Biological uptake/decomposition (green arrows, 6 in Figure 29)

The exposure model uses the activity in different environmental media to calculate
doses to human which is an individual representative of the most exposed group.
Individuals are assumed to spend all their lifetime in the region of Forsmark and all

foodstuff consumed is produced in the contaminated area.

Both external and internal exposures pathways are considered and internal dose
comes from inhalation of contaminated air and ingestion of contaminated water and
foodstuff.

Four scenarios have been considered, three of them are part of the reference glacial
cycle (temperate, periglacial and glacial conditions) and one regarding the global

warming climate case.

LDF values obtained for the different scenarios are presented in Figure 30. The
assessment has been done for 40 radionuclides although in the figure only the ones of

interest for the present study are presented.
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Figure 30: LDF (Sv/ly per Bqgly) for the interglacial, permafrost, glacial and global warming

scenarios considered by SKB (data from Avila et al. 2010)

Avila et al. (2010) analyse the contribution of the pathways to total annual dose finding
that in all cases ingestion of food and water are responsible of more than 90% of the

received dose (Figure 31).
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Figure 31: Contribution of external irradiation, dust inhalation and ingestion to total dose of the

interglacial scenario (data from Avila et al. 2010)

6.2 Posiva, Finland

Olkiluoto was selected in 2000 as the site for the final disposal repository. Safety

analyses are still in progress for the licence application of the disposal facility.

Kyllonen and Keto (2010) carried out a biosphere analysis to obtain dose conversion
factors for Olkiluoto. Radionuclide transport models are basically the same as for the
ones used for the assessments in the case of the L/ILW waste of the Olkiluoto and

Loviisa repositories.

The mentioned study included seven fission products (*°Cl, *Ni, "°Se, *Mo, *Nb,
12651, 12°| and '*Cs) and four scenarios (sea, transition, lake and well scenario). Figure
32 shows a scheme of the lake and well approach where radionuclide flows and dose
paths are represented. Sea scenario is not analysed because the dose factors were
several orders of magnitude lower than the ones for the transition scenario due to the
high dilution in the sea. In addition, the transition model will be simplified because the
resulting dose factors were smaller than the ones of the lake and sea scenarios
(Kyllénen and Keto 2010).
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Figure 32: Flow diagrams and dose paths of the lake (left) and well (right) scenario (Kyllénen
and Keto 2010)

More details on the mathematical representation and assumptions considered in both
scenarios are reported in Kyllénen and Keto (2010). The following figures present the
results obtained in the lake and well scenarios (Figure 33 and Figure 34). In both
cases, the dose conversion factors (DCF) are represented for the three fission products
that are considered in the present project (black markers in figures and right axis). The
contribution of the considered exposure pathways to the total dose is also shown. In
the lake scenario, consumption of foodstuff (including drinking water) is the only

contributor to the ingestion dose.
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Figure 33: DCF of the lake scenario (markers, right axis) and the relative contribution of
ingestion, inhalation and external radiation (columns, left axis) (data from Kyllénen and Keto
2010)
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Figure 34: DCF of the well scenario (markers, right axis) and the relative contribution of
ingestion of food and water, inhalation and external radiation (columns, left axis) (data from
Kylldnen and Keto 2010)

Ingestion is the main dose exposure pathway in the lake and the well scenario. Both
dust inhalation and external irradiation are negligible. Their contribution is lower than
0.01%.

The units in which Kylldnen and Keto (2010) report dose conversion factors for the well
scenario are different from those of the lake scenario because they are given per rate

of abstraction from the well, i.e. normalised to dm?, as shown in Figure 34.

Kyllonen and Keto (2010) compare their results with the ones reported in Karlsson and
Bergstrom (2000). In the study of Karlsson and Bergstrom (2000) the ecosystem
specific dose conversion factors (EDF) are obtained by the calculation of the annual
dose given by an annual release of 1Bq of each radionuclide. In that case, the list of
radionuclides of interest is more comprehensive than in Kyllénen and Keto (2010)
including natural chain radionuclides. The conceptual model is based on the approach
followed in Sweden for the SR 97 exercise, and the calculation is done for each
biosphere object considered (well, lake, running waters, coastal area, agricultural land

and peat bog.).

The EDFs obtained from modelling the lake and well scenarios are presented bellow
(Figure 35 and Figure 36, respectively). Ingestion is, again, the main exposure pathway
but, in the case of some radionuclides of the curium decay chain (***Cm, **?Pu and

30Th) dust inhalation represents almost 50% of the total dose.
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Figure 35: EDF of the lake scenario (markers, right axis) and the relative contribution of
ingestion of food and water, inhalation and external radiation (columns, left axis) (data from

Karlsson and Bergstrom 2000)
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Figure 36: EDF of the well scenario (markers, right axis) and the relative contribution of
ingestion of food and water, inhalation and external radiation (columns, left axis) (data from
Karlsson and Bergstrom 2000)
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6.3 Andra, France

A description of the biosphere modelling and the calculation of dose conversion factors
are reported in Albrecht et al. (2005). Three reference biospheres have been identified
as the ones that may potentially occur in the region of Meuse/Haute-Marne which are
temperate biosphere, boreal biosphere and tundra biosphere (from the former to the

latter, both temperature and precipitation decrease).

The biosphere model is developed assuming that radionuclides reach the system
through water compartments. From there, radionuclides are transferred to the rest of
the physical components of the system (atmosphere, soil), non-human and human

biota. The transfer model is represented as a compartment model shown in Figure 37.

Ingestion Ingestion
Ingestion I Ingestion
Animal products External exposition
T \ Inhalation
) Ingestion
Ingestion \
Plants Air
Drink 4 7y Y
Irrigation, Root transfer Suspension
Inundation Soil, sediment
Irrigation, 1
inundation Precipitation

Source

Figure 37: Compartmental model and exposure pathways to human dose (translated from
Albrecht et al. 2005)

Dose conversion factors are obtained separately when considering the release from
the geosphere to the well or the river. The analysis has been done for 59 radionuclides.

The results obtained for the well scenario in the temperate reference biosphere for the
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nuclides studied in the present report are shown in Figure 38. Generally, radionuclides
of the curium decay chain are the ones with a higher dose conversion factor. Albrecht
et al. (2005) found that the dose received for individuals exposed to these
radionuclides comes mainly from the ingestion of water and foodstuff. However, some
exceptions are observed for specific radionuclides such as *°Nb (not treated in the

present study) whose dose is mostly given by external irradiation.
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Figure 38: Dose conversion factor (DCF) in Sv/y per Bg/L for the well scenario in the temperate

reference biosphere (data from Albrecht et al. 2005)

Probabilistic calculations have been performed by Albrecht and Miquel (2010) for two

radionuclides (***Cs and "°Se). Three exercises have been carried out:

Introduction of the probabilistic values of all selected parameters.

2. Introduction of only the probability functions of the parameters related with the
physical system (e.g. precipitation or distribution coefficients).

3. Introduction of probabilistic valued for societal parameters (food consumption or

spent time in contaminated area).

The mean conversion factor for °Se obtained from the first exercise (5.8-10° Sv/y per
Bg/L) was lower than the value of the deterministic calculations from the Albrecht et al.
(2005) study (1.0-10° Sv/y per Bg/L). However, the latter is in the range of two
standard deviations (2.0-10° Sv/y per Bg/L). Analysing results from all exercises, the
authors conclude that the overall uncertainty of dose conversion factors is mainly due

to the uncertainties of physical parameters.
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6.4 NIROND, Belgium

Biosphere modelling is part of the safety assessment carried out since the 1980s in the
Belgian approach. The last published report is SAFIR 2 (Safety Assessment and
Feasibility Interim Report) (NIROND 2001) where the work performed from 1990 to
2000 is reported. SAFIR reports have the objective to advice on the qualities of the
Boom Clay Formation located at the Mol-Dessel site which is the potential area for the

construction of the final and irreversible disposal of Belgian high level wastes.

Dose conversion factors (DCF) are calculated as the maximum annual dose per unit of
input flux or per unit of concentration of the radionuclide in the biosphere receptor
concerned. Biosphere receptors are the medium in the biosphere that will receive the
radionuclides after their migration through the aquifer (NIROND 2001). In that

assessment, the following receptors have been considered:

- Well
- Surface water
- Small water courses: Witte Nete and Desselse Nete
- Larger water courses, rivers: Kleine Nete (two sections considered: up
and downstream)
- Saoll

In all cases, radionuclides are assumed to reach the biosphere system through the
aquifer and afterwards, they are transported to the rest of the biosphere receptors. In

each receptor the DCF is calculated.

The exposure pathway model differs in function of the biosphere receptor in which DCF
is calculated. A summary of the exposure pathways considered in each biosphere

receptor is presented in Table 7.
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Table 7: Types of exposure of the critical group for each biosphere receptor (X = exposure

pathway considered, O = exposure pathway not considered)

Type of exposure Cause (_)f . Well Desselse  Witte  Kleine Soil
contamination Nete Nete Nete
Ingestion of
Drinking water X @] X X @]
Food crops Irrigation X X X X @]
Food crops Soil @) @] @] @) X
Meat/milk Irrigation X X X X @]
Meat/milk Watering of cattle X X X X 0]
Meat/milk Soil O O O O X
Fish @) 0] X X 0]
Inhalation of re-suspension
On fields/pasture Irrigation X X X X 0]
On fields/pasture Soil (0] 0] 0] (0] X
Inhalation of radon exhalation
On fields/pasture Irrigation X X X X 0]
On fields/pasture Soil (0] @] @] (0] X
External irradiation
On fields/pasture Irrigation X X X X @]
On fields/pasture Soil (0] @] @] (0] X
On banks of water courses o] @) X X @)

Figure 39 shows the results obtained for each biosphere receptor. The highest DCF in

all cases are given by "°Se, #®°Th and *°Ra. Besides the scenarios listed before, an

additional one, neglecting agriculture, is considered. This scenario has been also

calculated because water balance of the considered soil does not normally allow for
agriculture under present day condition. Thus, including agriculture results in a

conservative approach.
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Figure 39: Biosphere dose conversion factors (DCF) per receptor: rivers (Svly per Bgly)
(rhombus, left axis) and well and soil (Sv/y per Bq/m3) (triangles, right axis) (data from NIROND
2001)

6.5 NWMO, Canada

The Nuclear Waste Management Organization (NWMO) is responsible of the long-term
management of Canada's used nuclear fuel. They develop the Canadian Concept-
Generation 4 (CC$4) system model for postclosure safety assessment of a deep
geologic repository for spent CANDU fuel. The model consists of five interlinked sub-
models: the wasteform, the containers, the engineered barriers, the geosphere and the

biosphere.

The mentioned project has been focused on the description of the biosphere sub-
model. The biosphere system has been divided into four sub-systems for calculation

purposes:

a) Surface water

b) Soil for a garden and forage field
c) Local atmosphere

d) Food chain

Radionuclides escaping the geosphere may come into the biosphere system via three

ways: the well, the lakebed sediments and the soils at the top of the saturated aquifer.
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Dose calculations are performed for an individual of the most exposed group living near
the discharge areas. Individuals of the critical group are supposed to spend all their
lifetime in the contaminated area and to be self-sufficient (no import of food from

outside the region of study).
In the following the four sub-models of the biosphere system are briefly described.

a) Surface water sub-model (Figure 40): it is assumed that all radionuclides
discharged from the geosphere arrive to the lake. Several processes such as

runoff, atmospheric suspension, deposition and sedimentation are considered.

Domestic

use e
{
Irrigation @ A
Runoff W L

% Suspension Deposition
A T 1

=1 Lake Sedimentation
=l

Biological
wtake

Discharge
fo lake

Compacted
Geosphere sediment Fracture

Zone

Figure 40: Transport processes considered in the lake (surface water) sub-model (NWMO,
2011)

b) Soil sub-model for a garden and forage field (Figure 41): this model calculates
the concentration of contaminants in the surface (rooting or cultivated) soll
layer. Radionuclides can be transferred to the soil by irrigation with water

extracted from a well or the lake.
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Figure 41: Transport processes considered in the soil sub-model (NWMO, 2011)

c) Atmosphere sub-model (Figure 42): this model tries to calculate radionuclide
concentrations in air resulting from the suspension of particulates and gases
from soils, vegetation and water bodies.

Fire

* Crop residue Dispersion
 Forestfire ———p; Deposition

* Fuel (wood, peat)

(lake)
Suspension Release

13 (soil) from
domestic well)
1 (water) water

g B Lake

Figure 42: Transport processes considered in the atmosphere sub-model (NWMO, 2011)

d) Food chain (Figure 43): the aim of this sub-model is to calculate the dose to
humans from all important exposure pathways. That calculation depends on the
radionuclide concentration in the biosphere compartments which has been

& .




obtained from the previous three sub-models. Different ways of animal and
plant contamination have been considered: root uptake, leaves, inhalation and

water/soil/plants ingestion.

Air immersion —

Water immersion ———

—> External
Ground exposure ——
Exposure to

building materials

Inhalation TOTAL DOSE

Plants

Terrestrial animals

(milk, meat, birds)

Fish ————— Ingestion
Soil
Water

Figure 43: Scheme of the exposure pathways considered in the food chain and dose model.

6.6 PAMINA, European project

PAMINA was an integrated project part of the 6™ framework programme of the
European Commission called Performance Assessment Methodologies in Application
to Guide the Development of the Safety Case. The aim of the project was to improve
and harmonise methodologies and tools for demonstrating the safety of deep
geological disposal of long-lived radioactive waste and spent fuel in different geological
environments. The project finished in 2009 and all published information are available

at http://www.ip-pamina.eu/.

A comparison of the methodologies and tools used by different countries for developing

biosphere models was presented in Galson et al. (2009).
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A list of participants and the tools and databases they used for the biosphere modelling

and dose assessment is presented in Table 8.

Table 8: Summary of tools and databases used in biosphere and dose assessments by the

participants (Galson et al. 2009)

Tool / Database

Purpose

No information supplied

No information supplied

Excel, AMBER,
GoldSim v9.6,
RESRAD v6.4

Algebraic expressions and data are
encoded in Excel. For some
applications the other codes are
employed and results are used for
Quality Assurance (QA).

GIS database,
UNTAMO toolbox

POTTI database

BSAdb

PANDORA/
EIKOS

Details of the landscape elevations
and other spatially bounded data.
UNTAMO handles the site data
using the ArcGIS environment.
Interfaced to the biosphere

Research database for site
descriptive data.

Biosphere assessment database -
used for assessment data (in
conjunction with other external
databases).

Technical implementation of the
biosphere models based on
Matlab/Simulink. PANDORA is
developed in conjunction with SKB,
Sweden, EIKOS is used for
sensitivity analysis.

EMOS, EXCON,
EXMAS

EMOS is an integrated package for
safety assessment including the
modules EXCON and EXMAS for
calculation of the radiation
exposure from radionuclide
concentrations or fluxes.

EMOS, EXCON,
EXMAS

EMOS is an integrated package for
safety assessment including the
modules EXCON and EXMAS for
calculation of the radiation
exposure from radionuclide
concentrations or fluxes.

No information supplied

Participant Country
FANC Belgium
ONDRAF/NIRAS Belgium
& SCKICEN 9
NRI & RAWRA Czech Republic
POSIVA Finland
Andra France
GRS-B Germany
GRS-K Germany
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Library of FEPs for the assessment
model.

Distributions of the DCFs for
MiniBIOS radionuclides transported via
groundwater.

NRG Netherlands Radiation EXPOSure in terms of
EXPOS maximum dose rates for
individuals.

FEP database

Code developed to conduct
UNSAM sensitivity and uncertainty analyses
of mathematical models.

Modelling tool in which the
assessment model is implemented.

ENRESA Spain AMBER Used for both deterministic and
probabilistic calculations.
NDA UK No information supplied

The authors analysed the approaches of all participants identifying similarities and
discrepancies between them. Commonalities and differences between the biosphere

description and treatment are summarised below.

- Phased approach to assessment: the complexity of the biosphere model

evolves with the progress of the disposal programme.

- The exposure mechanism considered: exposure pathways considered are
similar between agencies: consumption of foodstuff and water, inhalation of
dust and external irradiation. Dose coefficients for ingestion and inhalations are
selected from ICRP in all cases but conversion factors that give external y-dose

are not the same.

- Assumption of present-day conditions and consideration of climate-change
scenarios: Present day conditions used as benchmark for future radiological
impacts. Different climatic scenarios are also defined. Some agencies take into

account human activities.

- Dose constrains and timescale/situation dependency: Euratom Directive 96/29
provides a dose constraint value of 1mSv/y for member of the public but
regulators in different countries may have adopted more strict limits, generally,

0.1, 0.25 or 0.3 mSv/ly. Regarding timescale issue, most of the participants
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conduct 10,000 years of quantitative dose evaluations. In addition, results
should be interpreted as illustrative measures to complement other safety

indicators due to the high uncertainty of evaluating such a long period of time.

Regulatory guidance/fixed parameters, exposed groups: the evaluation is
referred to a critical group that is generally defined by present day habits and
practices. Sometimes more than one exposed group is identified, each showing

differences in location and lifestyle.

Food consumption rates: in general an average of present-day food
consumption rates is used; it is assumed that all food comes from the most
contaminated area. Consumption rates for future climate scenarios are based

on present-day analogous sites. .

Age groups considered: Usually a unique age group of adults; some agencies

define different age groups.
Assessment philosophy: pessimistic, cautious, or equitable.

Deterministic vs. probabilistic modelling: Most of the participants performed
deterministic evaluations but in some countries probabilistic calculations have

been conducted.

Use of radionuclide-specific biosphere models: generic models are
implemented for most radionuclides. Some exceptions are made for °H, *'C,

%Cl, “Se and **I.

Non-human biota: generally it is not considered due to difficulty in

conceptualization and parameterisation

Health effects: only radiological effects are considered and only some

organizations include chemical toxicity of radionuclides.
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6.7 BDCF comparison

In this section, BDCF obtained in this work by following the ‘Opalinus Clay’ project
approach developed by Nagra (grey columns in Figure 44) are compared with the
results from the biosphere models from other radioactive waste management agencies

(markers in Figure 44) described in previous sections (from section 6.1 to 6.4).

In the graph (Figure 44), dose conversion factors calculated from a unity influx source

(1Bgly) and not the ones from a unit concentration source (1Bg/L) are plotted.

A wide range of DCF values is observed for all radionuclides selected in this project.
The maximum difference (6 orders of magnitude) is obtained for ?°Po between SKB

and the Nagra approach results.
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Figure 44: Comparison of BDCF of the present study (grey columns) and the dose conversion
factors obtained in different approaches of national radioactive waste management agencies

(markers)

Differences observed between approaches are mainly due to the conceptualization of
the biosphere model and the parameterization of the required data. In fact, in most
cases the conversion factor is calculated for a specific biosphere subsystem and not for

the whole biosphere system as it is done in the case of Nagra’'s approach. In addition,
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almost all models neglect the well scenario and the use of groundwater for agriculture

or stockbreeding.

When comparing only with the models considering the well scenario (purple (SKB),
yellow (Posiva in 2010) and orange (Posiva in 2000) markers in Figure 44, SKB and
Posiva results are higher for all radionuclides. Posiva’s model (Figure 32, right side) is
based on an influx of contaminated water directly to the well without assuming the
dilution effect of the aquifer as it is assumed in Nagra’'s approach. This may lead to a
higher radionuclide concentration in drinking water, foodstuff and soil, thus resulting in
a higher dose. SKB developed a more complex model than the one used in Nagra’'s
approach, and the difference between final results may be due to both the model

description and the selected data for the required parameters.
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7. Summary and Conclusions

The Swiss Federal Nuclear Safety Inspectorate (ENSI) is in charge of reviewing the
work developed by the National Cooperative for the Disposal of Radioactive Waste
(Nagra) in Switzerland. Within the context of the ‘Opalinus Clay’ project, the
performance and safety assessment exercise developed by Nagra involved the

derivation of Biosphere Dose Conversion Factors (BDCF).

The objective of the work reported in this document is the derivation of Biosphere Dose
Conversion Factors (BDCF) by using an alternative modeling tool and the study of how

several simplifications incorporated to the model can affect the results.

The present work also constitutes the basis of an expanded study aiming at developing
ENSI's biosphere modeling capabilities, including the selection of a suitable computer
program for biosphere transport and dose calculations alternative to the one used by

Nagra.

Along this work, the compartmental code AMBER® has been used to obtain the values
of the BDCF, in contrast to the code TAME used in the assessment of Nagra. The
results obtained are in agreement with the ones reported by Nagra, which is a

confirmation of the validity of the numerical implementation in AMBER®O.

The project has been divided into four sections dealing with (1) the description of the
conceptual model and its implementation in AMBER®, (2) the comparison exercise
between BDCF results obtained by Nagra and the ones derived in this study, (3)
sensitivity analyses of the results versus different exposure pathways and
contamination paths and (4) the comparison of the BDCF resulting from the reference
model with the ones obtained by other biosphere approaches carried out by different

national radioactive waste management agencies.

Twelve radionuclides have been included in the analyses: four non-metallic elements
(**c, *cl, se, 1) and 8 metallic elements that are part of the decay chain of ?*°Cm
(242Pu 238U 234U 230-|-h 226Ra ZlOPb ZlOPO)

Results of the present study are in good agreement with the BDCFs presented by

Nagra in the context of the ‘Opalinus Clay’ project.
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According to the results, ingestion is the pathway contributing most to the total received
dose for an individual of the critical group (these conclusions are valid for the

radionuclides and the system under study).

Two general trends can be distinguished between metallic and non-metallic elements
when analysing their contribution to the ingestion pathway. Metallic elements present
high sorption coefficients, resulting in higher concentration in the top-soil and bed
sediments, while non-metallic elements are more concentrated in the local aquifer and
surface water. Ingestion of milk provides a good example to study this distinctive
behaviour. Soil consumption and pasture consumption contaminated by root uptake
are the main mechanisms of milk contamination in the case of metallic elements, while
drinking water and consumption of pasture contaminated by irrigation are the ones

dominating for non-metallic elements.

The elimination of the solid material fluxes in the model results in calculated BDCF
higher than the ones of the reference case, therefore resulting in a conservative

approach or simplification.

A comparison has been done between the model implemented and the approaches
followed by different radioactive waste management agencies such as SKB, Posiva or
Andra. A summary of conclusions obtained in the PAMINA project regarding dose
conversion factors and biosphere modelling is also presented. A wide range of DCF
values is provided in literature, mainly due to the conceptualization of the biosphere
system and the database used for calculations.

The following three aspects of the comparison and sensitivity analyses exercise can be
highlighted:

1. The model implemented in TAME by Nagra is absolutely transportable to the
AMBER code. The results do not depend on the numerical code used, in this
case AMBER® can be used to implement the conceptual model developed for
the Opalinus Clay exercise.

2. The sensitivity analyses have shown that ingestion is the main contributor to the
dose, and that the exposure pathways through fish and eggs can be neglected
in the assessment without jeopardizing the accuracy of the results (always for

the radionuclides and for the model treated in this report).
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3. For most of the metallic radionuclides included in the analyses, BDCFs up to 3
times larger are obtained if solid material fluxes are neglected. This highlights
the relevance of properly describing the association of radionuclides with solid
material as well as the adequacy of selecting an appropriate set of data to

describe solid/radionuclide interactions.
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Appendix A: Data used for Reference Case

All data used for BDCF calculations are presented in this appendix and are classified

as follows:

Specific radionuclide data
Non-radionuclide dependent data used in physical sub-model
Radionuclide dependent data used in physical sub-model

Non-radionuclide dependent data used in exposure pathway sub-model

o 0N e

Radionuclide dependent data used in exposure pathway sub-model

Al. Specific radionuclide data

Table 9: Radionuclides of interest in the present study, their daughters and half-life (st = stable

isotope)
Radionuclide Daughter Half-life (y)
“c N (st) 5.7-10°
Non-metallic *cl Ar (st) 3.0-10°
elements 9ge 9B (st) 1.1-10°
29 129%e (st) 1.6-10
24%Cm 242py 4.7-10°
#2py 28y 3.8:10°
“u v 4.5-10°
Metallic iy 2Th 2.5:10°
elements 230 226R4 75.10°
zzeRa 210Pb 1.6-103
210%pp 21%pq 2.2.10*
20po 205pp (st) 3.8-10"
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A2. Non-radionuclide dependent data used in physical sub-

model

Table 10: Data selected for parameters used in the development of the physical sum-model

which are independent on the radionuclide

Parameter Units Value
As m? 2.3:10°
D, m?ly 0.038
ETP mly 0.6
Generic data RAINFALL mly 1
IRRI_L m/y 0.5
M, kg/(m?-y) 0.27
ap kg/m?® 0.1
ap kg/m? 0.001
&p - 0.4
Lp m 2
_ My, kg/m? 0.1
Deep soil data
oo kg/m? 2650
0p - 0.3
Tp - 3.9
W, y! 20
a, kg/m? 0.001
& - 0.2
Local aquifer L, m 20
data L kg/m® 2650
0, - 0.2
T, - 8.6
aj, kg/m?® 0.1
Surfadc; a\L/vater Dy m 3.95
Ly m 3500
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Parameter Units Value

Pw kg/m® 1000
Wiy m 100
& - 0.5
Ksw y! 1
Bed sediments Ds m 0.1
data ps kg/m?® 2650
0, - 0.5
Ts - 2.9
ar kg/m® 0.001
er - 0.4
. Ly m 0.25
Top soil data
pr kg/m® 2650
o, - 0.3
Tr - 3.9

Table 11: Water (m®y) and solid material (m®y) fluxes and effective diffusion rate (y™)

implemented in the model (calculated as described in section 3.2)

Transference Flux Value
Water 2.1-10°
Deep soil = Local aquifer Solid material 1.2-10°
Diffusion 7.3-10*
_ _ Solid material 5.2.10°
Deep soil = Top sall o 3
Diffusion 5.8:10
_ _ Solid material 6.2-10°
Local aquifer — Deep soll o 5
Diffusion 2.2:10°
Water 2.6-10°
Local aquifer — Bed sediments Solid material 2.6-10°
Diffusion 4.4-10*
Local aquifer — Top sall Water 1.2.10°
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Transference Flux Value

Solid material 1.2.10°

Bed Sediments — Local aquifer Diffusion 6.6-10™
_ Water 2.6-10°

Bed Sediments — Surface water ] _ ;
Solid material 4.6-10

Water 2.1-10°

Top soil = Deep sall Solid material 4.6-10°

Diffusion 4.7-10°

Top soil = Surface water Solid material 6.2:10°

Water 1.2:10%

Surface water — Elsewhere ] _ 0
Solid material 1.2-10

Surface water — Bed Sediments Solid material 4.6-10'

Table 12: Water fluxes (m3/y) entering the biosphere system

Flux  Description Value

FeL Flux of contaminated deep groundwater into local aquifer 1.3-10°
Ful Flux of uncontaminated deep groundwater into local aquifer 1.5.10°
Fuw  Flux of uncontaminated water into surface water 1.2-10%
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A3. Radionuclide dependent data used in physical sub-model

Table 13: Sorption coefficients (Ky) expressed in m3/kg for both types of soil considered in the

model

Element Coarse* Fine**
C 0.005 0.005
Cl 0 0
Se 0.001 0.01

I 0.0001 0.001
Cm 1 10
Pu 1 10

U 0.1 1
Th 1 10
Ra 0.1 1
Pb 0.1

Po 1 10

* Grain size of L and S
** Grain size of D, T and W

Table 14: Radionuclide transfer rates in y'l by advection, solid material transport, diffusion and

total transfer rates implemented in the model (calculated as described in section 3.2)

Deep soil = Local aquifer

Element Advection Solid material Diffusion Total
C 5.5-10% 1.5-107 8.9-10° 5.5-10%
o] 1.5-10° 0.0-10° 2.4-10° 1.5-10°
Se 2.8:107 1.5-107 45.10° 2.8:102
| 2.4-10" 1.3-107 3.9-10* 2.4-10™"
Cm 2.8-10° 1.6-107 4.6-10° 2.8-10°
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Pu 2.8-10° 1.6-107 4.6-10° 2.8-10°
U 2.8-10™ 1.6:107 4.6-107 2.8-10"
Th 2.8:10° 1.6:107 4.6-10°® 2.8:10°
Ra 2.8-10* 1.6-107 4.6-107 2.8-10"
Pb 2.8-10* 1.6-107 4.6-107 2.8-10"
Po 2.8:10° 1.6-107 4.6-10°® 2.8:10°
Deep soil = Top sall
Element Advection Solid material Diffusion Total
C 6.9-10* 7.1-10" 1.4-10°
cl 0.0-10° 1.9-10° 1.9-10°
Se 7.0-10™ 3.6:10™ 1.1-10°
| 6.0-10™ 3.1-10° 3.7-10°
Cm 7.1-10* 3.7-10” 7.1-10"
Pu 7.1-10" 3.7-107 7.1-10"
U 7.1-10" 3.7-10° 7.2.10"
Th 7.1-10* 3.7-10” 7.1-10"
Ra 7.1-10* 3.7-10° 7.2.10"
Pb 7.1-10" 3.7-10° 7.2.10"
Po 7.1-10* 3.7-10” 7.1-10"
Local aquifer = Deep soll
Element Advection Solid material Diffusion Total
C 6.3-10° 2.0-10° 8.3-10°
o] 0.0-10° 1.1-10* 1.1-10*
Se 5.8-10° 9.5-10° 1.5-10°
| 3.3-10° 5.4-10° 5.7-10°
Cm 6.4-10° 1.0-10° 6.4-10°
Pu 6.4-10° 1.0-10° 6.4-10°
U 6.4-10° 1.0-107 6.5-10°
Th 6.4-10° 1.0-10°® 6.4-10°
Ra 6.4-10° 1.0-10” 6.5-10°
Pb 6.4-10° 1.0-107 6.5-10°
Po 6.4-10° 1.0-10°® 6.4-10°
% .



Local aquifer — Bed sediments

Element Advection Solid material Diffusion Total
C 5.1.10° 2.6-108 4.1-10° 5.2.10°
Cl 2.8-10* 0.0-10° 2.2.10° 2.8-10*
Se 2.4-102 2.4-10°% 1.9-10* 2.4-10°
| 1.3-10% 1.3-10°% 1.1-10° 1.4-107
Ccm 2.6-10° 2.6-10® 2.1-107 2.6-10°
Pu 2.6-10° 2.6-10°® 2.1-107 2.6-10°
U 2.6-10* 2.6-10°® 2.1-10° 2.6-10*
Th 2.6-10° 2.6-10® 2.1-107 2.6-10°
Ra 2.6-10™ 2.6-108 2.1-10° 2.6-10"
Pb 2.6-10* 2.6-10°® 2.1-10° 2.6-10*
Po 2.6-10° 2.6-10® 2.1-107 2.6-10°
Local aquifer = Top soll
Element Advection Solid material Diffusion Total
C 2.3.10° 1.2-10°% 2.3-10°
Cl 1.3-101 0.0-10° 1.3-10*
Se 1.1-10% 1.1-10°% 1.1-107°
| 6.1-102 6.1-10° 6.1-10°
Ccm 1.2-10° 1.2-10°® 1.2-10°
Pu 1.2-10° 1.2-10°® 1.2-10°
U 1.2.10* 1.2-10°% 1.2.10*
Th 1.2.10° 1.2-10°% 1.2:10°
Ra 1.2-10* 1.2-10°® 1.2-10*
Pb 1.2.10* 1.2-10°% 1.2.10*
Po 1.2:10° 1.2-10°% 1.2:10°
Bed sediments — Local aquifer
Element Advection Solid material Diffusion Total
C 9.2-107° 9.2-107°
Cl 1.3-10° 1.3-10°
Se 3.6-10* 3.6-10*
| 1.0-10° 1.0-10°
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Cm 4.9.10" 4.9.10*
Pu 4.9.10* 4.9.10*
U 4.9-10° 4.9-10°
Th 4.9-10* 4.9.10*
Ra 4.9-10° 4.9.10°
Pb 4.9.10° 4.9.10°
Po 4.9.10" 4.9.10"
Bed sediments — Surface water
Element Advection Solid material Diffusion Total
C 1.0-10* 9.3.10* 1.1-10*
Cl 1.5-10° 0.0-10° 1.5-10°
Se 4.0-10* 7.3-101 4.1-10t
| 1.2:10° 2.1.10* 1.2-10°
Ccm 5.5.102 1.0-10° 1.1-10°
Pu 5.5-102 1.0-10° 1.1-10°
U 5.5-10* 1.0-10° 1.5-10°
Th 5.5.102 1.0-10° 1.1-10°
Ra 5.5.10* 1.0-10° 1.5-10°
Pb 5.5-101 1.0-10° 1.5-10°
Po 5.5.102 1.0-10° 1.1-10°
Top soil = Deep sall
Element Advection Solid material Diffusion Total
C 4.4-10* 4.8-10° 5.7-10° 4.5.10"
Cl 1.2-10* 0.0-10° 1.6-10* 1.2-10t
Se 2.2.10* 4.9-10° 2.9-10° 2.3-10%
| 1.9-10° 4.2.10° 2.5.10° 1.9-10°
Cm 2.3-10* 5.0-10° 2.9-10° 5.3-10°
Pu 2.3-10* 5.0-10° 2.9-10° 5.3-10°
U 2.3.10° 5.0-103 2.9-10° 7.3-10°
Th 2.3-10* 5.0-103 2.9-10° 5.3-10°
Ra 2.3-10° 5.0-10° 2.9-10° 7.3-10°
Pb 2.3.10° 5.0-103 2.9-10° 7.3-10°
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Po 2.3-10-04 5.0-10-03 2.9-10-06 5.3-10-03
Top soil = Surface water
Element Advection Solid material Diffusion Total
C 6.5-10™ 6.5-10™
Cl 0.0-10° 0.0-10°
Se 6.7-10™ 6.7-10*
| 5.7-10™ 5.7-10"
Ccm 6.8-10™ 6.8-10™
Pu 6.8-10™ 6.8-10™
U] 6.8-10™ 6.8-10™
Th 6.8-10™ 6.8-10™
Ra 6.8-10™ 6.8-10™
Pb 6.8-10™ 6.8-10™
Po 6.8-10™ 6.8-10™
Surface water — Elsewhere
Element Advection Solid material Diffusion Total
C 1.1E* 5.3E° 1.1E*
Cl 1.1E* 0.0E° 1.1E*
Se 1.1€* 1.1E! 1.1E*
| 1.1* 1.1E° 1.1E*
Ccm 1.1E* 1.1E* 2.1E*
Pu 1.1E* 1.1E* 2.1E*
U 1.1€* 1.1E3 1.2*
Th 1.1E* 1.1E* 2.1E*
Ra 1.1E* 1.1e° 1.2*
Pb 1.1€* 1.1E3 1.2*
Po 1.1€* 1.1E* 2.1E*
Surface water — Bed sediments
Element Advection Solid material Diffusion Total
C 2.0E? 2.0E?
Cl 0.0E° 0.0E°
Se 4.1€E1 4.1E7
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| 4.1E7 4.1E7

Cm 4.1E? 4.1E2

Pu 4.1E? 4.1E?

U 4.1E! 4.1E!

Th 4.1E? 4.1E2

Ra 4.1E* 4.1E*

Pb 4.1E* 4.1E*

Po 4.1E? 4.1E2
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A4. Non-radionuclide dependent data used in exposure

pathway sub-model

Table 15: Data selected for parameters used in the exposure pathway sub-model which are

independent of the radionuclide

Parameter Units Value
E, kJly 2.9-10°
Fpitk - 0.46
Iriia m’ly 1.1
f} Filter - 0
fwen - 1
Fogg - 0.018
Human data s - 0012
Preg - 0.72
B, - 0.79
Py - 0.066
P., - 0.15
Prruit - 0.045
Lyir m’ly 8020
Of - 0
Nimilke kJ/m?® 2.8-10°
Negg kJ/egyg 3.1-10°
Ner kJ/kg 5.7-10°
Food data Ngv kJ/kg 1.1-10°
Ny kJ/kg 3.0.10°
Mg kJ/kg 1.4-10*
Nmeat kJ/kg 8.7-10°
N fruit kJ/kg 2.2.10°
Grain data Sy kg/kg 9.0-10°
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Parameter Units Value
lg m?/kg 0.66
Y, kg/m® 0.61
Hy y*' 1
Sgv kg/kg 2.0-10™
Green gy m*/kg 0.14
vegetables )
data Yov kg/m 3
gv y* 2
Srv ka/kg 0
Root Ly m%/kg 0.1
vegetables 5
data Yy kg/m 4
Hyy y* 1
Struit kg/kg 2.5.10*
. Heruit m?/kg 0.16
Fruit 5
Y}ruit kg/m 25
Hfruit y_l 1
Lye m°/d 0.03
Cattle data Lpc kg/d 20
Agrink -
Z - 5
Sep kg/kg 0.1
Pasture data 5
Hp m*/kg 0.33
Y, kg/m? 1.2
Lyn m®/d 2-10™
Poultry data Iy kg/d 0.07
Pdrink - 1
Environment Ar kg/m’ 5:10°
data Af kg/m® 1-10°
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A5. Radionuclide dependent data used in exposure pathway sub-model

Table 16: Concentration ratios (K; for fish, grain, green vegetables, pasture and root vegetables) and transfer factors (K; for meat, milk and eggs)

Element Krr Kq Kgy Kineat Ktk Ky Ky Keggs Krruie

(Ba/kg)/ (Ba/kg)/ (Ba/kg)/ (Ba/kg)/ (Ba/kg)/ (Ba/kg)/ (Balkg)/ (Ba/egg)/ (Balkg)/

(Bg/m?®) (Ba/kg) (Ba/kg) (Ba/d) (Ba/d) (Ba/kg) (Ba/kg) (Ba/d) (Ba/kg)

C 4.6-10° 3.0-10" 2.0-10° 3.1-10% 1.2.10% 1.0-10° 1.0-10° 1.0-10* 1.0-10°

Cl 1.0-102 4.5-10* 5.0-10° 8.0-10% 5.0-10° 1.3-10" 7.5-10° 1.0-10° 7.5-10°

Se 2.0-10* 3.6-10% 3.5:107 3.2.10* 4.0-10° 2.5-10" 3.8:107 4.8-10" 5.0-10*

| 5.0-10% 3.6-10™ 1.9:10% 3.6-10° 9.9-10° 1.0-10* 5.6-10° 1.5-10" 5.0-10%

Cm 2.5-10% 1.1-10° 2.0-10* 2.0-10" 5.0-10° 5.0-10* 3.0-10* 4.4.10* 3.0-10*

Pu 5.0-10° 1.8-10° 1.4-10" 2.0-10° 1.0-10” 9.5-10° 3.0-.10" 3.9-.10" 1.0-10™

U 2.0-10° 1.3-10° 3.8-10" 3.4.10" 3.7-10" 9.5.10™ 5.7-10" 5.1-10 1.0-10™

Th 3.0-10% 7.1-10" 3.8-10* 2.0-10" 5.0-10° 9.5.10™ 5.7-10* 5.0-10% 5.0-10%

Ra 2.5.107 1.4-107 1.6-10° 9.0-10™ 4.0-10" 4.0-10° 3.0.10° 4.6-10° 4.0-10°

Pb 1.0-10™ 1.7-107 1.8:10° 4.0-.10" 2.6-10™ 45.10° 2.7-10° 4.6-10° 1.0-102

Po 5.0-10 2.0-10" 2.0-10* 4.0-10° 3.0-10* 2.0-10" 2.0-10* 5.0-10° 2.0-10*
214
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Table 17: Food processing retention factors (F;) and weathering rates (W)

Element F W, Wo Fgv Wov Ee Wy (i Trruie
- y* y* - y* - y* y* y*
C 0.15 8.4 18 0.5 18 0.5 18 18000 18000
cl 0.15 8.4 18 0.5 18 0.5 18 2.0 2.0
Se 0.15 8.4 18 0.5 18 0.5 18 2.02 0.12
| 0.5 8.4 18 0.5 18 0.5 18 2.0 0.33
Cm 0.15 8.4 18 0.5 18 0.5 18 0 0
Pu 0.1 51 18 0.5 51 0.5 18 0 0.19
U 0.15 8.4 18 0.5 18 0.5 18 0.18 0.19
Th 0.15 8.4 18 0.5 18 0.5 18 0.18 0.13
Ra 0.15 8.4 18 0.5 18 0.5 18 0.18 0.073
Pb 0.15 8.4 18 0.5 18 0.5 18 0 0.11
Po 0.15 8.4 18 0.5 18 0.5 18 0.18 0.11
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Table 18: Dose coefficients for ingestion (Di,g), inhalation (Di,,) and external exposure from

radionuclides in soil (G)

Element Ding Dinn G
(Sviy)!
Sv/B Sv/B

4c 5.8-1071° 5.8-10° 0

36| 9.3-10™%° 7.3-10° 0

“se 2.9-10° 6.8-10° 0
129 1.1-107 3.6-10® 3.1.101

25Cm 2.1-107 9.8-10° 0

242p 2.4-107 1.1-10* 0

8 4.8-10® 8.0-10° 0
=4y 4.9-10°% 9.4-10° 2.7-103
B0ThH 2.1-107 1.0-10* 3.0-10"3
226Ra 2.8-107 9.5.10° 5.5.1012
210py, 6.9-107 5.7-10° 6.2-10%
210pq 1.2-10° 4.3-10° 5.5-10™
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