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1 Summary

The main objective of the present study was to carry out a screening and a
sensitivity analysis of the SSI TOOLBOX source term model SOSIM. This
model is a part of the SSI TOOLBOX for radiological impact assessment of the
Swedish disposal concept for high-level waste KBS-3. The outputs of interest
for this purpose were: the total released fraction, the time of total release, the
time ?nd value of maximum release rate, the dose rates after direct releases to
the biosphere. The source term equations were derived and simple equations
and methods were proposed for calculation of these. A literature survey has
been performed in order to determine a characteristic variation range and a
nominal value for each model parameter.

The screening procedure showed that the most important radionuclides, in
terms of contribution to the source term and potential dose rates, are: C-14,
Cl-36,1-129, Cs-135, Cs-137, Sr-90, Np-237, Pu-242, Sn-126, Tc-99 and Zr-93.

The time of total release for the above radionuclides that were considered to be
highly soluble is sensitive to variations of all model parameters : diffusivity,
retardation coefficient in the backfill, porosity of the backfill and solubility limit
of the nuclides; while the total released fraction is not sensitive, except for Cs-
137, to variations of any parameter. For low solubility radionuclides the time of
total release is sensitive to variations of all parameters but the total released
fraction is sensitive only to variations of the diffusivity, the retardation
coefficient and the solubility of the uranium matrix.

The only two parameters of the model that affect the time of maximum release
rate are the diffusivity and the retardation coefficient. For high solubility
radionuclides the time of maximum release rate does not depend on the half-
life of the radionuclide. All model parameters are highly sensitive with respect
to maximum release rates.

In order to reduce the total model uncertainties the authors recommend a chan-
ge in the initial boundary condition for solution of the diffusion equation for
highly soluble nuclides.

2 Introduction

One of the MKB-95 project tasks was to develop a code for radiological environ-
mental impact assessment of the spent nuclear fuel disposal. This code, the SSI
TOOLBOX [3], is not intended for use in detailed repository evaluations, but
rather for preparation of the staff, that will be involved in licensing the
different stages of the nuclear waste disposal system.

The present study discusses the code verification of the source terra model
SOSIM, which has been designed for evaluation of the Swedish repository
concept KBS-3 [1]. SOSIM is a simple model that, with a conservative bias,

3



accounts tor some of the relevant processes tor release of radionuclides from the
exposed fuel to the geosphere.

One stage of SOSIM verification was the detailed revision of its conceptual
basis and the adequacy of the mathematical formulations. The source term
equations were derived independently and simple equations and methods were
proposed for calculation of several outputs of interest, for example: time of total
release, total released fraction, >-'*Tie and value of maximum release rates.

The model parameter values are dependent on site specific conditions and can
in practice be known only with some uncertainty. The model predictions rely on
the value that is assigned to the input parameters and variables and will there-
fore have only a certain degree of reliability. One important objective for this
study was to determine the relationship between the uncertainties in model pa-
rameter values and model predictions. In order to achieve this a characteristic
variation range for each parameter was determined and a sensitivity analysis
was performed.

The spent nuclear fuel contains a large number of different radionuclides,
which makes the source term evaluation a very complicated task. In practice it
is expected that only a few radionuclides will be of importance according to the
total released fraction and the doses they may cause when dispersed into the
biosphere. In order to identify the important radionuclides a screening
procedure was performed in this study. The calculations were carried out using
in most cases the parameter values that were used in the SKB-91 project [10].

All evaluations that were performed in this study correspond to a case when a
single canister, filled with 50 years old spent fuel, fails immediately af ar
disposal and it's whole surface area is uncovered and in direct contact with the
backfill.

3 Materials and methods

3.1 Conceptualization of the source term

According to the KBS-3 concept [1], the spent fuel will be encapsulated in
impervious and durable copper canisters. The copper canisters will be buried in
boreholes drilled in the bottom of tunnels approximately 500 m down in the
bedrock. The space between the borehole wall and the canister will be filled
with buffer material, currently anticipated to be bentonite clay. This buffer
material acts as a barrier to the transport of radionuclides released from the
copper canister to the flowing ground water in the host rock. The hydraulic
conductivity of the buffer material is expected to be at least as low as that of
the surrounding host rock. Mass transfer in the immediate neighbourhood ol
the spent fuel is assumed to be purely due to mass diffusion.



The waste package is modelled as a rectangular source with two sides from
which radionuclide release takes place. The domain for diffusion is assumed to
be infinite with zero radionuclide concentration at infinity. The boundary con-
dition at the waste surface is either in terms of concentration (solubility limit)
or dissolution rate (congruent release).

In the mathematical formulation of the SOSIM model the following assump-
tion; were made:

i) The waste is completely in contact with the fully saturated backfill
region.

ii) The release from the canister begins immediately when the canister fails.
iii) The dissolution of low solubility radionuclides is assumed to be a

congruent process. Congruent dissolution implies that the dissolution of a
given species is controlled by the solubility of the matrix, i.e. UO2 in this
case. The release rate of a nuclide from the canister will be proportional
to the time dependent ratio of the nuclide and the amount of UO2 in the
cr nister. The elements of low solubility are: Ni, Se, Sr, Zr, Nb, Pd, Sn,
•5»m, Np, Pu and Am.

iv) Highly soluble species are expected to dissolve rapidly when groundwater
penetrates the fuel cladding. While the dissolution is rapid, the rate of
release of the dissolved species from the waste package is limited by the
rate of mass transfer of the dissolved species into the surrounding porous
media. The elements of high solubility are: I, Cs, Te, C and Cl.

v) The groundwater velocity close to the waste is so low that the removal of
the nuclides from the vicinity of the source is essentially controlled by
the diffusive mass transfer through the surrounding porous media. In
other words, convective mass transfer is neglected.

vi) The adsorption of nuclides on the backfill material can be represented
through a Kj value in the governing equations by introducing retardation
coefficients.

3.2 Mathematical model

The mathematical models for SOSIM are given elsewhere [2,4,9]. Below follows
however a detailed derivation of the diffusion equations as well as a derivation
of equations for the maximum release rate and total released fraction. These
two equations have also been used when performing screening and sensitivity
analysis.



3.2.1 Model 1: Solubility limited release

Under this condition transport due to diffusion through the backfill material
can be represented by the following set of equations [41:

C
'' ' dt

C,<x,0)=0

C,<«,0)=0

for x = 0

The solution to the above set of equations is given by:

Af, Rm.

Details of the derivation are given in Appendix A (including derivation of the
equation for the boundary condition).

The mass flux of species from the waste into the surrounding porous rock can
be calculated from:

mMm0



3.2.2 Model 2: Diffusion Limited Release

Under this condition transport due to diffusion through the backfill material
can be represented by the following set of equations [2]:

• ' dt

C,ixfi)=O

C.(co,r)=0

The solution to the above set of equations is given by:

2/V

Details of the derivation steps are given in Appendix A.



The equation for the mass flux at a distance x away from the canister surface
was obtained from the above equation using the Fick first law:

2,/Xr

3.3 Ma-giirniTw release rates

The release rate from the canister for both high and low solubility nuclides,
decreases with time while the release rate from the backfill has a maximum
value. The time at which the release rate from the backfill has the maximum
value is called the time of maximum release rate and the release rate at this
time is called maximum release rate.

The equations for the time of maximum release rate from the backfill were
obtained by derivation of the mass flux equations with respect to time and
solving the obtained equations, see Appendix B.

The time of maximum release rate from the backfill for low solubility
radionuclides is:

Tmax{x\=--

- 1 +
i N D;
4 X;

8



and lor high solubility radionuclides:

2D,

The maximum release rates were calculated by inserting the time of maximum
release rate in the equations for the mass flux rate.

3.4 Total released fraction

After the canister has failed, the nuclides will be released from it and subse-
quently from the backfill, until the time when their amount in the near field
will be zero. This time is called the time of total release. Because the radionucli-
des decay with time, only a fraction of their initial amount will be released from
the backfill. The fraction of the initial nuclide inventory that has been released
from the backfill, when the release has finished, will here be called total
released fraction.

The values of time of total release were obtained by solving the differential
equation below and finding the time value that satisfies the condition of zero
amount of nuclide in the canister:

The details of derivation of the equations are given in Appendix C. To simplify
the mathematical solution it was assumed that the radionuclides do not decay
during the release. It was checked that this assumption does not lead to signi-
ficant differences in the values of total released fraction.

The total released fraction was calculated by subtracting the portion that de-
cayed at the time of total release from the initial amount of the nuclide in the
canister and dividing the resulting value by the initial inventory of the nuclide.

3.5 Screening procedure

The simplest approach in screening for unimportant radionuclides is to compare
model predictions against an arbitrarily selected limit. Two output variables
were used in this study for screening: the total released fraction and the expec-
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ted average dose rates. The total released fractions were calculated as was des-
cribed in Section 3.4. To calculate the average dose rates the ratio between the
total released fraction and th<•• time of total release was multiplied by the initial
nuclide inventory and a dose conversion factor (under the assumption that the
radionuclides were released directly from the backfill to the biosj aere). In this
study, we have used the dose conversion factor, proposed by SSI in the SKI
Project Site-94 Biosphere Model [7] for exposure to man via ingestion of water
from a contaminated well. The nominal values that wore used for the input
model parameters and variables are presented in Section 3.7 of this report.

The screening criterion was that the radionuclides with a total released fraction
less than 0.001 or a contribution to the total dose rate lower than 0.1 % were
considered to be of less importance. Those radionuclides were not included in
the sensitivity analysis.

3.6 Sensitivity analysis

Sensitivity analysis usually involves perturbation of each parameter of the
model by a small amount while leaving all other parameters at preselected
nominal values and quantifying the relative effect on the model predictions. The
parameters having the greatest influence on model predictions are then desig-
nated as the most sensitive parameters in the model. However, in environmen-
tal models, large parameter uncertainty or variability may produce results quite
different from those obtained by small parameter perturbations [5]. Consequen-
tly, we have done the sensitivity analysis by varying each parameter over its
entire expected range (see Section 3.7). Four output variables were used in the
sensitivity analysis: The time of total release and the total fraction released, the
time of maximum release rate and the maximum release rate.

It should be taken into account that under any specific set of conditions, the
choice of nominal and extreme values could be substantially different from
those given in this study. Sound judgment should always be used to evaluate
the relevance of nominal values and parameter range prior to conducting sensi-
tivity analyses.

The results of a sensitivity analysis are expressed in terms of a sensitivity index
(SI). The values of the SI were calculated by substituting the minimum and ma-
ximum values for the nominal value of a parameter, while holding other para-
meters at their nominal values, to produce a maximum and a minimum value of
the magnitude under analysis (X^^X,^). Each index can be derived using:
SI=l-(XBiI/XmJ.

3.7 Input parameter and variable values

The selection of the nominal values and range for the parameters and variables,
to be used for screening and sensitivity analysis, was done after a review of the
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relevant literature i- 8,10,12,13]. The selected values are presented in tables Dl
and D2, see Appendix D. Some comments on the values follow below.

3.7.1 Nominal values of model variables

3.7.1.1 Initial radionuclide inventory

The radionuclide initial inventory (Mi0) in one canister was calculated from the
values of activity of the radionuclide per tons of uranium, which are given in
SKB-91 [10] for the BWR spent nuclear fuel at year 2050. An amount of 1.4
tons of uranium per canister was assumed.

3.7.1.2 Initial mass of the uranium matrix in the canister

The initial mass of the uranium matrix corresponds to the mass of uranium in a
canister containing 8 BWR2 assemblies (SKB-91 reference canister).

3.7.1.3 Thickness of the backfill

The selected nominal value is the thickness of the backfill assumed in the KBS-
3 repository concept [1].

3.7.1.4 Area of the canister surface

The area of the canister surface was calculated by considering the canister to
have a rectangular cross section, with a height and width assumed to be equal
to the height and diameter of the SKB-91 reference canister. In order to reflect
the assumption that the releases are only in one direction, the obtained value of
the area was multiplied by a factor of two.

3.7.2 Nominal values and range of model parameters

3.7.2.1 Solubility of the uranium matrix

The value recommended in KBS-3 report [1] for the solubility of the uranium
matrix, under the conservative assumption of oxidizing conditions., was selected
as the nominal value for the present study. The minimum value of the selected
range of variation of this parameter corresponds to the highest value of the
interval reported in SKI-90 [8] for reducing conditions, while the maximum
corresponds to the value reported in SKB-91 [10] for oxidizing conditions.
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3.7.2.2 Solubility limits of highly soluble nuclides

The solubility of such radionuclides is often assumed to be unlimited [8]. The
values of nuclide solubility were calculated using the code MINTEQ [11]. The
calculations were done for fresh groundwater under oxidizing and reducing
conditions. The nominal values for this parameter were set to be equal to the
maximum values of the solubilities. The range was established by multiplying
and dividing by 10 the nominal values.

3.7.2.3 Retardation coefficient of the uranium matrix

The values of the Retardation Coefficients of the uranium Matrix (Rm) in
bentonite were calculated using the next equation:

The bulk density was considered constant and equal to 2000 kg/m3. The Kj and
porosity values from SKB-91 [10] were used in order to obtain the Rm nominal
values, while the minimum and maximum values reported in the literature
[1,8,10,12,13] were used to obtain the range of variation of this parameter.

3.7.2.4 Retardation coefficient of the ith radionuclide

The nominal values and range of the ith radionuclide retardation coefficient
in bentonite were calculated in the same way as the Rm values.

3.7.2.5 Diffusivity

This parameter was assumed to be radionuclide independent. The nominal
values were set to be equal to the effective diffusivity values from SKB-91,
divided by the nominal value of the porosity. The minimum value of the
parameter range corresponds to the lowest value of diffusivity in bentonite
reported in the literature [1,8,10,12] while the maximum value was set to be
equal to the diffusivity of nuclides in pure water [1].

3.7.2.6 Porosity of the backfill

This parameter was assumed to be radionuclide independent. The nominal
value was set to be equal to the value used in SKB-91 for the major part of the
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nuclides. The range was selected from the extremum values reported
[1,8,10,12].

4 Results and discussion

4.1 Total time of release and released fraction

The values obtained for total time of release and the total released fraction are
presented in table ElA, see Appendix E. After the screening procedure with res-
pect to the total released fraction the list of important radionuclides was redu-
ced to only a few, which are:

Low solubility radionuclides: Sr-90, Ni-59, Se-79, Zr-93,
Pd-107, Nb-94, Sn-126, Np-237 and Pu-242.

High solubility radionuclides: 1-129, Cs-137, Cs-135, Tc-99,
C-14 and Cl-36.

For the screening procedure relative to the dose rate the radionuclides were
divided in three groups: Cs-137 and Sr-90 in one, other high solubility radio-
nuclides in a second group and the remaining radionuclides in another group.
In order to reduce the probability that an important radionuclide will be lost in
the screening, each group was analysed independently. This complementary
screening procedure has shown, see table E1B Appendix E, that Ni-59, Pd-107
and Nb-94 are of less importance.

The radionuclides that were not discharged after both screening procedures are
the more significant in the source term and will be hereafter called important
radionuclides.

All important radionuclides have a half-life longer than 10000 years except for
Sr-90, Cs-137 and C-14. The times of total release for the important low solubi-
lity radionuclides are longer than 10000 years except Sr-90 (2000 years). The
situation for high solubility radionuclides is completely different. These radio-
nuclides will be released to the geosphere in a very short time and the total
released fractions will be close to unity.

In reality, only a portion of the nuclides such as caesium and iodine which exist
in the fuel cladding gaps, in void volume and grain boundaries is available for
rapid dissolution into the groundwater [6]. However this will in principle not
affect the result of the screening and sensitivity analysis.

The results of sensitivity analysis of the time of total release and the total
released fraction to variations of different parameters are presented in tables
E2, see Appendix E. It was shown that, for both types of nuclides, the time of
total release is very sensitive with respect to variatk is in all model parame-
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tcrs. For high solubility nuclides the sensitivity of the total released fraction
with respect to all parameters is very low. For low solubility radionuclides the
total released fraction is sensitive with respect to three parameters: the solubi-
lity of the uranium matrix, the diffusivity and the retardation coefficient of the
uranium matrix in bentonite.

The present study has demonstrated that the solubility limit of the nuclides (for
highly soluble nuclides) has a great influence on source term evaluations. At the
same time it is difficult to assign appropriate values to this parameter. It is for
example often assumed that the solubility of such nuclides is unlimited [8].

The problem with the high degree of uncertainty of the solubility limits of high-
ly soluble nuclides can be avoided if the boundary condition for diffusion is defi-
ned in terms of concentration of the nuclide in the water void volume. This app-
roach is well supported by the fact that highly soluble nuclides are released
mainly from the void volume filled with water inside the waste container [9].

4.2 Maximum release rates

The obtained values of time of maximum release rate and maximum release ra-
tes from the backfill are given in table E3, see Appendix E. For all important
nuclides of low solubility, except Sr-90, the time of maximum release rate is
very close to the total time of release (for Pu-242, Np-237 and Zr-93 even
higher). For high solubility radionuclides the time of maximum release rates
does not depend on the half live. Among them only 1-129 and Tc-99 can reach
the maximum release rate before the release is finished.

The only two parameters which have an influence on the time of maximum re-
lease rate are the diffusivity and the retardation coefficient of the nuclide in
bentonite. The sensitivity analysis has shown that the time of maximum release
rate is highly sensitive with respect to these parameters, see table E3 Appendix
E. The maximum release rates have a high sensitivity with respect to all model
parameters, see table E4 Appendix E.

The release rates obtained for C-14 and Cl-36 were higher than their initial in-
ventory in the canister. This can be explained by the short values of time of
total release of those radionuclides from the backfill.

5 Conclusions
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1. Only a few radionuclides in the spent fuel inventory will be released from the
backfill and have a significant dose rate contribution, even for the very conser-
vative assumptions of the studied source term model. These radionuclides are:

Actinides: Np-237 and Pu-242
Fission products: Sr-90,1-129, Cs-137, Cs-135, Zr-93, Tc-99 and Sn-126
Activation products: C-14 and Cl-36

2. The time of total release, for highly soluble radionuclides among those that
were mentioned above, is sensitive to variations of a11 model parameters while
the total released fraction is not sensitive, except " r Cs-137. For low solubility
radionuclides the time of total release is sensitive to variations of all parame-
ters but the total released fraction is sensitive only to variations of the diffu-
sivity, the retardation coefficient and the solubility of the uranium matrix.

3. Simple analytical expressions have been proposed for the time of maximum
release rate from the backfill. For high and low solubility radionuclides the
release rate from the canister is a monotonous function that decreases with
time.

4. For low solubility radionuclides the time of maximum release rate from the
backfill is close to the total time of release (except for Sr-90). The high solubility
radionuclides will, in most cases, not reach the maximum release rate before
the release is finished.

5. The time of maximum release rate is sensitive with respect to only two model
parameters: the diffusivity and the retardation coefficient of the nuclide. For
high solubility radionuclides the time of maximum release rate does not depend
on the half-life of the radionuclide. The maximum release rates have a high sen-
sitivity with respect to all model parameters.

6. In order to reduce the model uncertainties, we recommend to express the ini-
tial boundary condition, in the diffusion equation for highly soluble nuclides, in
terms of concentration in the void water volume, rather than in terms of solu-
bility limits.
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8 Nomencla tu re

C,(x,t) ith radionuclide concentration in the pore water (g/m3)
CmO Solubility of uranium matrix in pore water (g/nr)
MmO Initial inventory of the uranium matrix in a waste container (g)
Rm Retardation coefficient of the Uranium matrix (-)
MiO Initial inventory of the ith nuclide in a waste container (g)
Ri Retardation coefficient of the ith radionuclidc (-)
7d Decay constant of the ith nuclide (1/y)
e Porosity of the surrounding porous medium (-)
D Diffusion coefficient of the nuclide in the pore water (m2/y)
t Time since the release of the nuclides (y)
m(0,t) Mass flux of the uranium matr ix from the waste form surface of the

was te container (g/y)
S Area of the waste form (m2)
M(t) Amount of u ran ium matrix in the canister at t ime t (g)
m(0,t)i Mass flux of the ith radionuclide from the canister into the backfill

(g/y)
M(t)i Amount of the ith nuclide in the canister a t time t (g)
CiO Solubility limit concentration of the ith soluble nuclide (g/m3)
m(x,t)i Mass flux of the ith nuclide from the backfill into the surrounding

porous rock (g/y)
Tc Time of total release from the canister (y)
Tb Time of total release from the backfill (y)
Fc Total released fraction from the canister (-)
Fb Total released fraction from the backfill (-)
Fg Fraction of the release to the backfill tha t is released to the

surrounding porous rock (-)
m imax(x) Maximum released ra te of ith radionuclide from the backfill (g/y)
Tmax(i) Time of maximum release ra te of i th radionuclide from the backfill (y)
SI Sensitivity index (-)
d Bulk density of the backfill (kg/m3)
Kd Distribution coefficient of the ith radionuclide in bentonite (m3/kg)
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APPENDIX A. Derivation of Solutions to the Diffusion Equations

A1. Derivation of the boundary condition of diffusion equation for
radionuclidcs of low solubility

The low solubility nuclides will diffuse together with the fuel matrix. The flux rate from the canister at
a certain time will be proportional to the flux rate of the uranium matrix and the ratio between the
amount of the nuclide and the amount of the matrix in the canister at this time. First we should find
the equation giving flux rate of the uranium matrix from the canister. Hence we need a solution to:

dt ' R
m

(Al- I)

satisfying the boundary condition

C=C „ x=0 t>0
i mO

and the initial condition

C.=0 x>0 t=0

Using the Laplace transform, the analytic solution to the above equations is :

2- l-5-t
R

( A l - 2 )

Taking the derivate of the above equation with respect to x and applying Fick's first law we can obtain
the equation of the mass flux rate at x= 0 :

(A1-3)

rt-t

The equation for the amount of uranium matrix in the canister at time /can be written as:

M(t)=M „ C -e-S- DR -t (A1-4)



The mass flux rate of the ith radionuclide from the canister surface is then given by the equation:

i i M(O
•*0.t).«e-jD.RB-C-.S— (Al - 5)

An expression for M(t) for the ith radionuclide can be obtained by solving the following differential
equation:

—M(t).=-m(0,t).- X-M(t). (Al-6)
dt ' i i i

Inserting the solution of the above equation in Eq. A1-5, after some simplifications we obtain the
equation for the mass flux of the ith radionuclide from the canister surface. Applying Pick's first law
we then obtain the equation of the boundary condition in case of congruent dissolution:

. -C_n-fiT-M.n-aLp(-X-t\
d c _ iUi| m iQ v \ i ) ( A l - 7 )
d Jn-D-t-M _

' nO

x=0

A2. Derivation of the solution to the diffusion equation for low solubility
radionuclides

For this condition, diffusive transport through the backfill material can be represented by the following
set of equations:

D.±-C.-X.-C=-C: (A2-1)

(A2-2)

(A2-3)

(A2-4)

Ridx

, - C • I
d c _ mO^

dx '

2 ' ' ' dt '

C(x,0)=0

C(~,0)=0

k~mMi0.exp(-V)

Jn-D-t-M „
" mO

x=0



In order to obtain the solution to the initial and boundary value problem presented in the above
equations, let

C=u-exp(-Xt)

Then eqj. A2-1 to A2-4 become

(A2-5)

D d d_ u=—u
R. d x 2 dt

(A2-6)

u(x,O)=O

u(oo,0)=0

(A2-7)

(A2-8)

(A2-9)

x=C

On multiplying both sides of A2-6 by exp(-pt) and integrating with respect to t from 0 to °° we obtain

D

R
ucxp(-p-t)dt= —u cxp(-pt)dt

d /

If we assume that the orders of differentiation and integration can be interchanged, which is true for
the functions in which we are interested, then

.2 .2 _
u-cxp(-pt)dt= u

2 2

Also integrating by parts, and using the initial condition we have

dt
u -exp(-p-t) dt=p-u



Thus A2-6 reduces to

D d 2 " "u=p-u
R2

(A2 - 10)

By treating the boundary condition in the same v/ay we obtain

u(O.t>
C . M.ft R

_ mO lO I m

R

(A2-11)

Thus the Laplace transform reduces the partial differential equation to an ordinary .The solution of
A2-10 satisfying A2-11, and for which the transformed function remains finite as x approaches infinity
is

R

hr c xP - -P-x (A2- 12)

1 R

Reference to table 2.2, item 8 [A1], shows that the function whose transform is given by A2-12 is:

M.n R

2-./D.I

Thus the solution for the equations A2-1 to A2-4 is

M.n R

.
2- D.-t

l-exp(-X.-t)



A3. Derivation of a solution to the diffusion equation for high solubility
radionuclides

For this condition, diffusive transport through the backfill material can be represented by the following
set of equations:

- • - ^ - C - X C - ^ - C (A3- I)
R d x 2 ' ' ' dt '

C(x.O)=O (A3-2)

C(.o,0)=0 (A3-3)

C(O.t)=C.o (A3-4)

In order to obtain the solution to the initial and boundary value problem presented in the above
equations, let

C.=uexp(-A.t) (A3-5)

Then eqs. A3-1/A3-4 become

^._diu=lu (A3-6)
R. d x2 dt

u(x,0)=0 ( A 3 - 7 )

u(°o,0)=0 ( A 3 - 8 )

u(O,t)=C.oexp(Xt) ( A 3 - 9 )

On mu'tiplying both sides of A3-6 by exp(-pt) and integrating with respect to f from 0 to°° we obtain

D i d , x . ,
— uexp(-pi) dl=
R j dx2

--u)-exp(-p-t) dt
/

n



If we assume that the orders of differentiation and integration can be interchanged, which is true for
the functions in which we are interested, then

2 i
ucxp(-pt)dt= u

2 2

Also integrating by pan's, and using the initial condition we have

—u|-cxp(- p-t) dt=p-u
dt

Thus A2-6 reduces to

D d^ - -u=p-u
R2

(A3- 10)

By treating the boundary condition in the same way we obtain

Q
u(O.t)=—!?_

P-X.
(A3- 11)

Thus the Laplace transform reduces the partial differential equation to an ordinary one. The solution of
A3-10 satisfying A3-11, for which the transformed function remains finite as x approaches infinity, is:

u=—— exp
P - V

(A3- 12)

1 R
I

Reference to table 2.2, item 19 (A1]r shows that the function whose transform is given by A3-12 is

U = V C O , C X P ( X , exp - x- erfc - U-t -t- cxp

fx~l
X- U •crfc

2 D.-t

t - JX- t ]



Thus the solution to the equations A3-1 to A3-4 is:

C=--C
i l

exp -x- — l-erfc
D

-JV-tUexp
2-. D.-t

• c r f c — — +- X.-t

or

C = - C • expf-Bx)erfc

-

cxp(P-x)crfc
P-x

2-JV-t
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APPENDIX B. Derivation of Equations for Time of Maximum
Release Rate

B1. Time of maximum release rate

The time of m a x i m a release rate from the canister and the backfill were calculated by taking'the
first derivate of m(O,t)i and m(x,t)i respectively and finding the zeroes of the obtained equations:

2X-t+ 1

- for low solubility radionuclides:

-m(O, t )=— E-JD-R M.-C -S-expf-X-t)—^——

— m(0,t).<0
dt '

d

dt
m(x.t).=— -E- /R~-M. -C -S-

t A y m IO mO

4Di-t+2-Dt-x-R.

it-D-M.-t
mO

-•cxp
-1 4DXt2-t-x2R.

D t

- 1 +•

Tmax(x).=-

4-X-x -R.
i i

D

4-X
( B l - 1)

- for high solubility radionuclides:

~m(0 , t )=— S-D-e-C. • : expf-X-t^
dt ' 2 l0 1 \ ' '

2
i

— m(0,t) <0
dt

— m(x,t).=—S-D-e-C. -p-exp
dt ' 4 l0

XR

D

1 R i 2
Tmax(x).= -̂x

' 2 D

-2-V-t+p2-x2

3 5

(Bl - 2)

B2. Maximum release rates
The maximum release rates from the backfill were obtained by substituting time with the time of
maximum release rate in the equations for the mass flux of the radionuclide from the backfill into
the surrounding porous rock.



APPENDIX C. Calculation of Time of Total Release and Total
Released Fraction

C1. Time of total release

For both release model? the time of total release (T ) was calculated by solving one of the next
equations (considering that the radionuclides do not decay i.e

rTc
m(O,t).dt=M.0

JO

For the time of total release from the canister (Tc).

-Tb
m(x.t).dt=M.o

Jo

For the time of total release from the backfill (Tb).

A very simple mathematical expression for the time of total release from the canister can be obtained
fromC1-1:

M=M . R=R C=C _ For low solubility nuclides.

M=M.O R=R. c=lC
io For high solubility nuclides.

The C1-2 equations were solved by numerical approximation using the secant method. An
appropriate initial guess value has to be selected in order to assure the convergence of the
solution. A value that falls between the time of maximum release rate and the root of the
equation, will in most cases be an appropiate initial guess.



C2. Total released fraction

The fraction of the initial inventory that is relesed from the canister (at time Tc) to the backfill
(Fc) and from the backfill (at time Tb) to the geosphere (Fb) can be calculated by the formula
C2-1 and C2-2 respectively:

Fc=exp(- X.Tcj (C2- 1)

Fb=expf- X.-Tb) (C2- 2)

The fraction of the activity that had been released to the bentonite and is released to the
geosphere (Fg), can be calculated by the formule C2-3:

Fg=exp[-MTb-Tc)] (C2-3)



APPENDIX D. Input Parameter and Variable Values

Table 01 . Preselected nominal values and ranges for nuclide
dependent and nuclide independent parameters
Model 1: Congruentia! dissolution

Param.

S
D
Porosity
x
MmO
CmO
Rm

Ri
Ni
Zr
Pd
Nb
Sn
NP
Pu
Se
Sr
Sm
Am

Units Min. Val. Nom. Val.

Nuclide independent parameters

m2
m2/y

(-)
m
g

g/m3

1.00E-03
0,1

2.38
1.00E+02

13,5
1.28E-02

0,25
0,38

1.40E+06
360

1.50E+05

Nuclide dependent parameters

Max. Val.

6.00E-02
0,35

714
2.90E+05

6
1.00E+02

6
3.00E+02
3.70E+02

6
6

140E+03

4.00E+03
1.60E+O4

80
1.60E+03
1.70E+04
2.40E+04
4.00E+05

24
80

8.00E+03
2.40E+04

6.00E+03
3.00E+04

2.40E+04
3.00E+04
4.00E+05
6.00E+03
1JOE+04

5.70E+04



Table D2. Preselected nominal values and ranges for nuclide
dependent and nuclide independent parameters
Model 2: diffusion limited release

Param.

S
D
Porosity
X

Units

Nuclide

m2
m2/y

m

Min. Vai.

independent parameters

1.00E-03
0,1

Nom. Val.

13,5
1.28E-02

0,25
0,38

Max. Val.

6.00E-02
0,35

Nuclide dependent parameters

Ri
I
Cs
Tc
C
Cl

CiO
I
Cs
Tc
C
Cl

MiO
1-129
Cs-137
Cs-135
Tc-99
C-14
CI-36

g/m3

g

1
1

60
1

13
13
13
5,3
7

1
4.00E+02
8.00E+02

1
1

130
130
130
53
70

278,5
610,6
758,2
1210
0,331
1,257

30
1.00E+04
1.40E+03
1.00E+04

1300
1300
1300
530
700



APPENDIX E. Tables of results.

Table E1 A. Time of total release and total released
fraction from the backfi l l .

Nuclide

1-12 3
Cs-137
Cs-135
Tc-99
C-14
CI-36
Ni-59
Ni-63
Se-79
Sr-90
Zr-93
Nb-94
Pd-107
Sn-126
Sm-151
Np-237
Pu-238
Pu-239
Pu-240
Pu-242
Am-241
Am-243

T decay
y

1.57E+07
3,01 E+01
2.95E+06
2.14E+05
5.73E+03
3.00E+05
8.00E+04

100
6.50E+04

28,8
1.50E+06
2.00E+04
6.50E+06
1.00E+05

90
2.14E+06

88
2,41 E+04

6570
3.76E+05

433
7370

T release i

y

57,4
578
578

1.20E+03
1.2
1.7

1.90E+04
1.90E+04
1.C0E+03
2.00E+03
5.00E+04
1.00E+04
2.00E+03
6.80E+04
3.00E+04
6.80E+04
6.40E+05
6.40E+05
6.40E+05
6.40E+05
6.80E+04
6.80E+04

Fractioi
(-)

1,000
0,003
1,000
0,996
1,000
1,000
0,848
0,000
0,986
0,001
0,977
0,707
1,000
0,624
0,000
0,978
0,000
0,000
0,000
0,307
0,000
0,002

Table E1B Contribution of nuclides to the total
dose rate.

Nuclide T decay Contrib. T.dose rate
y % Sv/y

6.60E-03

1.70E-03

Group 1
Cs-137
Sr-90

Group 2
1-129
Cs-135
Tc-99
C-14
CI-36

Group 3
Zr-93
Sn-126
Np-237
Pu-242
Others

30,1
28,8

1.57E+07
2.95E+06
2.14E+05
5.73E+03
3.00E+05

1.50E+06
1.00E+05
2.14E+06
3.76E+05

91
9

23,6
0,19
0,9

73,1
2,18

2,68
3,72
85,7
4,6
3,3

9.70E-05



Table E2.: A-Sensitivity index for total released fraction.

Nuclide Rm Porosity Ri CmO D CiO

1-129
Cs-135
Cs-137
Tc-99
C-14
CI-36
Ni-59
Sr-90
Se-79
Zr-93
Nb-94
Pd-107
Sn-126
Np-237
Pu-242
Am-243

1
1
1

0,51
1

0,08
1

0,44
1
1

0
0
1
0
0
0

0,16
1

0,05
0,02
0,38

0
0,26
0,02
0,47

1

0
0
1
0

0,3
0

0,19
1

0,23
0,04

0,3
0,03
0,69

1

1
1
1
1
1

0,72
1

0,99
1
1

0
0
1

0,01
0
0

0,87
1

0,16
0,25
0,99

0
0,99
0,25

1
1

0
0
1

0,05
0
0

Table E2. B- Sensitivity index for time of total release.

Nuclide Rm Porosity Ri CmO D CiO

1-129 0,84 0,36 0,98 1

Cs-135 0,36 0,96 0,98 0,8
Cs-137 0,35 0,97 0,98 0,8
Tc-99 0,38 0,87 0,98 0,8
C-14
CI-36
Ni-59
Sr-90
Se-79
Zr-93
Nb-94

0,99
1
1

0,97
0,99

0,31
0,38
0,56
0,79
0,84
0,51
0,64

1

0,96
0,98
0,96
0,97

1
1
1
4
1

1

0,98
0,98
0,98
0,98
0,98
0,98
0,98

0,75
0,8

Pd-107 1 0,79 1 0,98
Sn-126 0,97 0,49 0,98 1 0,98
Np-237 0,97 0,47 0,95 1 0,98
Pu-242 0,89 0,37 0,99 0,98 0,98
Am-243 0,97 0,47 0,93 1 0,98



Table E3 Time of maximum release rate and maximum
release rates from the backfill. Sensitivity
index for Tmax(i).

Nuclide

1-129
Cs-137
Cs-135
Tc-99
C-14
CI-36
Ni-59
Ni-63
Se-79
Sr-90
Zr-93
Nb-94
Pd-107
Sn-126
Sm-151
Np-237
Pu-238
Pu-239
Pu-240
Pu-242
Am-241
Am-243

Tmax(i)
y

5.6
2256
2256
4513
5,6
5,6

17348
1240
135
87

83765
6286
451

54585
1679

125218
11936
189548
101064
658330
6348
24300

SI(D)
(-)

0,98
0.98
0.98
0.98
0.98
0,98
0.96
0.88
0.98
0.89
0.97
0,95
0,98
0,94
0,88
0.97
0,87
0.88
0,88
0,91
0,88
0,89

SI (Ri)
(-)

0,97
1.00
1,00
0,96
1,00

1,00
0,98
1.00
0,99
1,00

1,00

0.99
0,97
0.99
0,98
1,00
0,86
0,89

m max(i)
Bq/y

7.57E+06
1.93E+10
1.20E+08
2.16E+09
1.64E+11
2.70E+09
4.14E+07
1.69E+10
7.24E+07
4.83E+12
1.30E+07
2.94E+06
1.14E+07
6.99E+06
1.11E+10
1.96E+06
3.84E+10
1.25E+09
3.28E+09
4.88E+06
8.72E+10
2.92E+08



Table E4 Sensitivity indexs for maximum release rates.

CiONuclide Porosity

Low sol. 0,71
High sol. 0,71

1-129
Cs-137
Cs-135
Tc-99
C-14
CI-36
Ni-59
Ni-63
Se-79
Sr-90
Zr-93
Nb-94
Pd-107
Sn-126
Sm-151
Np-237
Pu-238
Pu-239
Pu-240
Pu-242
Am-241
Am-243

Rm

0,98

Ri
0,82

1
0,92
0,64

1

0,96
0,87
0,96
0,89
0,94

0,98

0,90
0,83
0,90
0,88
0,94
0,62
0,66

CmO

1

D
0,98

1
0,98
0,98
0,98
0,98
0,79
0,65
0,87
0,67
0,84
0,78
0,87
0,75
0,64
0,83
0,62
0,65
0,65
0,69
0,65
0,67
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