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1 INTRODUCTION 

Geological disposal of spent nuclear fuel in Finland is being planned on the basis of the 
KBS-3 concept. This disposal concept is based on a series of transport barriers that will 
hinder the migration of radionuclides if a waste canister loses its integrity. The 
repository is excavated deep in the bedrock. Waste is planned to be encapsulated in 
copper canisters that will be disposed of in vertical deposition holes drilled down from 
the floors of the deposition tunnels in KBS-3V. There is also a horizontal variant of the 
concept, called KBS-3H, which is not specifically handled in this report, although the 
concepts of the report mostly apply to it, too. The space between the waste canister and 
the surrounding rock face of the deposition hole will be filled with compacted bentonite 
clay (later called as the buffer). The tunnels will be backfilled using a mixture of 
crushed rock and bentonite or other material containing swelling clay (later called as the 
backfill or the tunnel backfill). 

A detailed migration analysis of the whole multi-barrier system requires numerical 
modelling. Based on an integrated model response of the whole system, it is difficult to 
evaluate the importance of different transport barriers on the performance of the 
repository system as a whole. Understanding the relative importance of the different 
barriers and processes with varying release rates through them, makes it easier to judge 
for example the impact of various uncertainties on the release rates. 
 
In this study we analyse the performance of the individual transport barriers, and that of 
the whole system of these barriers. The goal is a simplified description of the key 
factors in the multi-barrier system. Earlier studies that describe transport barriers by 
analytical and simplified methods have been carried out, such as Nilsson et al. (1991). 
The approach there is to represent the resistances to the mass transfer of radionuclides 
with an analogous network of resistances. The model embodies transport by diffusion 
from the defective canister into a fracture that intersects the deposition hole. Contrary to 
the present model, the Nilsson et al. (1991) model is a steady state model, but it includes 
sub-models for details of the system, which are not explicitly considered in the present 
model, e.g. different types of damage of the canister, the mass transfer resistance 
created by possible penetration of the buffer or backfill material into a fracture and 
diffusion from the buffer through the rock matrix to the ceiling or floor of the rock 
fracture. Additional resistances, like the aforementioned penetration of the buffer 
material into the fracture, can easily be incorporated also in the present model.  
 
The description of mass transfer in the repository near field by equivalent flow rates 
have recently been reconsidered by Neretnieks et al. (2010), which confirmed that the 
inaccuracy of the simplified concept of equivalent flow rate is small compared to 
uncertainties in the actual flow rates and properties of the transport barriers. 
 
Romero et al. (1991) have developed a simplified compartment model that takes 
advantage of supplementing analytical and semi-analytical solutions with 
simplifications in the model. The present model resembles very closely the 
compartment model of Romero et al. (1991). However, the present model simplifies the 
description of the transport barrier system even further. Each transport barrier is 
described by a single well-mixed compartment, and back coupling of the mass transfer 
along the release path is considered to be insignificant and it is neglected. This leads to 
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a system which is analogous with a branching radioactive decay chain. The system is 
represented by four compartments, because each barrier is represented by a single 
compartment. As a fundamental extension, the present model also studies the whole 
release path to the biosphere, including also the flow path through fractures in the 
geosphere. It is also studied how well the properties of the transport barrier in the 
geosphere release path can be represented using an equivalent mixing tank model. And, 
in addition, all mass transfer coefficients between the compartments are estimated 
analytically. The goal is to describe the performance of the transport barriers by their 
temporal characteristics, and to find a common conceptualisation basis for all of the 
barriers. Computations in the present study are based on the assumption that the 
engineered transport barriers function as they are planned to function and that the mass 
transfer in the repository near-field is dominated by molecular diffusion.  
 
The relevance of the simplified description and the extraction of the key factors depends 
on the ability to reproduce the solute release rates that are consistent with detailed 
numerical computations. The end result is then a good understanding of the multi-
barrier system as a whole and its individual components. 
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2 MULTI-BARRIER SYSTEM 

The multi-barrier system in the KBS-3V disposal concept includes a copper canister, 
bentonite buffer, tunnel backfill and the geosphere. The geosphere is a natural barrier 
that secures stable and predictable chemical, hydraulic and mechanical conditions which 
are used as a basis for the technical design of other barriers, and also as a basis for the 
performance assessment of the repository system for the required period of time.  

The multi-barrier system supports the endurance of the waste canister by restricting 
fluxes of corroding species onto the canister surface. Groundwater flow is confined 
outside the deposition holes due to the barrier system, and the barriers can also protect 
waste canisters mechanically by absorbing moderate rock movements.  

The present report focuses only on the role of the multi-barrier system related to 
radionuclide releases. One important function of the multi-barrier system is to retard 
and limit radionuclide releases if a waste canister loses its integrity. Retardation means 
here that a release starting at some time at the inlet part of a component appear later at 
the outlet. This we also call a time shift in the following. Limitation means that the 
maximal release rate is lowered, but the duration of the release is lengthened. These 
temporal features of the release determine the performance of the individual barriers. 
The former feature is most important for short-lived radionuclides and the second one is 
essential for long-lived nuclides. 

 
2.1 Migration pathway 

A flow chart of solute transport along the release path through the different transport 
barriers is shown in Figure 2-1. The behaviour of this system is studied in the saturated 
conditions that are relevant for the long term safety analysis.  

The barrier system forms a chain of barriers, in which the mass is transferred only 
between neighbouring barriers. The main features of the studied migration model are 
the following: 

 All barriers are fully saturated by water. 
 Mass transfer between barriers is limited by the “upstream” barrier and the mass 

flux between two barriers is determined by assuming zero concentration in the 
target barrier, i.e. no counter pressure is caused by the downstream barrier to the 
mass flux. 

 The system is conceptualised as a system of reservoirs, in which capacities are 
connected by resistances that limit the mass fluxes. 
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Figure 2-1. Flow chart of solute mass transfer between the migration barriers. 
 
 
2.2 Dominating transport barriers 

The main functions of the transport barriers are either to attenuate (limit) solute release 
rates or to retard (delay) the transport through them, or both, once a disposal canister 
has started to leak. The present study aim at formulating a simplified representation of 
the main transport resistances and capacities of the components of the repository system 
that forms a series of multiple transport barriers.  

The response function of a transport barrier is represented by two time constants: 1) the 
delay between the start of inflow to the barrier and the outflow from the barrier and 2) 
the attenuation of the release rate, characterised by spreading in time of the solute pulse 
when passing through the transport barrier. Retardation in the transport times of the 
solute leads to attenuation of the release rates for the radioactively decaying species that 
have short half-lives or that are strongly sorbing. Spreading of the solute pulse 
attenuates also the release rates of the long-lived nuclides.  

The analysis of the barrier system is first carried out by the studying release rates of a 
non-decaying and non-sorbing tracer. The concept of response function allows an easy 
extension of the analysis to decaying and sorbing species. Application of a simplified 
response function of the total repository system is demonstrated for a few radionuclides 
that are important also in the performance assessment: Pu-239 (sorbing and solubility 
limited nuclide), C-14 (non-sorbing nuclide) and I-129 (anion and dominating nuclide 
in the previous performance assessments). 

Potential release pathways are studied by analysing first the whole multi-barrier system 
and then assessing each transport barrier one at a time. The aim is to identify a 
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dominating transport barrier or barriers that can be used to understand the most essential 
factors in radionuclide migration and also to estimate uncertainties in the transport 
analysis.   
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3 RESPONSE FUNCTION OF THE BARRIER SYSTEM 

A characteristic feature of the multi-barrier system of a geological repository is that the 
reservoir capacities and mass transfer coefficients between the neighbouring transport 
barriers may differ significantly. This can lead to a situation in which the response 
function of the whole barrier system is essentially determined by one of the barriers. 
Other barriers of the multi-barrier system support and backup the performance of the 
main barrier, and also the performance of the whole multi-barrier system in case the 
main barrier fails. The sensitivity and uncertainty analyses of the whole multi-barrier 
system can be focused on a dominating barrier in each of the analysed cases. 

 
3.1 Release rate out of the barrier system 

Mass transfer between different components of the release pathways (Figure 2-1) are 
represented by linear processes (the influence of the solubility limits is discussed later). 
The source term of the radionuclides that emanate from the fuel matrix can be separated 
from the analysis of the solute migration through the barrier system. The release rate to 
the biosphere for a given source term s(t) can be expressed as a superposition such that 

t

t dstftr
0

)()()(  ,        (3-1) 

where ft(t) is the total response function of the whole multi-barrier system. The 
behaviour of the barrier system is fully described by this response function. 

 
3.2 Response functions of individual barriers 

The release rate from an individual barrier can be calculated by convolving the inflow 
pulse to a barrier with the response function of the barrier, similarly as the outflow to 
the biosphere was calculated using the total response function of the whole barrier 
system and the source term resulting from dissolving fuel as the inflow. Analogously to 
(3-1), the release rate from a single barrier is given by 

t

dgtfth
0

)()()(  ,        (3-2) 

where g(t) is the inflow pulse to the barrier and f(t) is the response function of the 
barrier. It can be noted that the response function of the barrier, f(t), is equivalent to the 
outflow from the barrier for a Dirac pulse input at t=0.  

A convolution of two time series leads to a time series that is translated and spread in 
time compared to the original time series. For example, convolution of two Gaussian 
functions is also a Gaussian function, but the mean of the convolution is the sum of the 
means of the two convoluted functions and the variance is the sum of the two variances 
(e.g., Papoulis and Pillai 2002). Especially, it can be seen by direct substitution to 
Equation (3-2) that, if the response function is translated in time (e.g. f(t)  H(t-td)f(t-
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td), where H(t) is the Heaviside step function), then the functional form of the 
convolution remains unchanged but is translated by the same amount time. This shows 
that additional delays or time shifts in the response function of the barrier can be treated 
by simply adding the sum of the individual time shifts to the response function of the 
system.  

Spreading caused by convolution is demonstrated here for two simple rectangular 
functions. Let f(t)=1/(fu-fl) for fl<t<fu , where fl and fu are the lower and upper time 
limits, respectively, and elsewhere f(t)=0. Similarly let g(t)=1/(gu-gl), for gl<t<gu, and 
elsewhere g(t)=0. Without restricting the problem we can also assume that fu-fl<gu-gl 
(Figure 3-1). Functions f(t) and g(t) can be thought of, for example, as indicator 
functions for the spreading of the release and response pulses. Applying Equation (3-2) 
it can be seen that the convolution of the functions f(t) and g(t) is given by 

.,0

,,
))((

,,1

,,
))((

,,0

)(

uu

uuul
lulu
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ullu
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lull
lulu
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gftgf
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gft
gft

th .   (3-3) 

The total width in time of the convoluted function is lluu gfgf  
)()( lulu ggff , i.e. sum of the two individual widths. If one of the functions is 

much narrower than the other, then the shape and release rate of the resulting 
convoluted function follow those of the wider one, with some transients at the leading 
and tailing edges over a time interval that is comparable to the width of the narrower 
function. The resulting time shift in the middle of the leading edge transient is the sum 
of the time shifts of f(t) and g(t).  

Convolution of two rectangular functions is illustrated in Figure 3-1. A case where the 
convoluted functions have different widths is shown to demonstrate how easily the 
wider function dominates the variance of the convolution. A limiting case of 
convoluting two functions of equal width is also shown. In this case the original inflow 
function slightly underestimates the width of the outflow function. In the assessment of 
the radionuclide migration this is in general a conservative approximation if short half-
lives do not govern the leading edges. 
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Figure 3-1. Convolution of two rectangular functions. Variance of the convoluted 
function and the release rate is dominated by the wider function (upper figure) and the 
time shifts sum up. The lower figure shows the limiting case when the two convoluted 
pulses have equal widths. In that case the original pulse slightly underestimates the 
width of the convoluted pulse. 
 
Successive convolutions are applied to determine the response function for a system of 
several transport barriers that are connected in series. The previous example presented 
in Figure 3-1 can be interpreted as the response functions of two transport barriers in a 
series, where the inflow term to the first barrier has been a Dirac pulse at t=0 (f(t) and 
g(t) have both a unit mass in Figure 3-1). In cases such as in Figure 3-1 this means that 
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the transport barrier represented by the response function g(t) dominates the duration 
and level of the release rate up to the situation when f(t) would be broader. 

The additive nature of the variance under the convolution operation leads easily to a 
situation where one of the convoluted functions dominates the total result of the 
convolution. This is illustrated by the example in Figure 3-2, where three functions are 
convoluted. All functions integrate to a unit mass and they can be regarded as simplified 
response functions for different transport barriers. The response functions are not very 
dissimilar. The relative widths (and average release rates) have ratios of 1:2:3. Still, the 
convoluted function that describes the system where all the three barriers are connected 
in series can be represented reasonably well using only the transport barrier that is 
represented by the widest response function. In Figure 3-2 this is demonstrated by 
translating the widest response function over the convolution function. When the 
difference between the response functions is increased, the influence of the narrower 
pulses on the convolution integral converges quite quickly to that of a Dirac pulse. This 
can be seen in the example of Figure 3-3 where the relative widths (and average release 
rates) of the pulses are 1:1:5. 

 
Figure 3-2. Convolution of three pulses that have the width ratios 1:2:3. The 
convoluted function is compared with the widest function (g(t)) shifted in time (dashed 
line). The total time shift is the sum of the individual time shifts. 
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Figure 3-3. Convolution of three pulses that have the width ratios 1:1:5. The 
convoluted function is compared with the widest function (g(t)) shifted in time (dashed 
line). The total time shift is the sum of the individual time shifts. 
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4 A MULTI-COMPARTMENT MODEL 

The mathematical treatment of the system can be further simplified by taking into 
account the characteristic behaviour of mass transfer between barriers. In many cases 
mass transfer between successive transport barriers is strongly restricted by the 
interfaces between these barriers, for example, a small hole in the canister, or a thin 
fracture intersecting the deposition hole or a section of the tunnel. The thereby restricted 
mass flow from a barrier to the next leads (because of diffusive mixing) to a 
homogenized concentration profile of the solute in the pore space of the individual 
transport barriers.  

Well-mixed solute concentration profiles inside the transport barriers make it possible to 
describe the behaviour of these barriers by a multi-compartment system, in which the 
mass outflow depends linearly on the concentration (Figure 4-1). The behaviour of a 
compartment is essentially determined by the volume of its pore space and the mass 
flow out of that barrier. Due to the design of the repository system and the selected 
locations of the deposition holes, the pore volume of the next barrier in the system is 
usually much larger than the volume of the previous one. The system also tends to 
behave so that the mass transfer coefficient into a barrier is smaller than the one out of 
the barrier. This creates a very weak back coupling of the concentration in the target 
barrier to mass transfer from the preceding barrier. In the simplification of the barrier 
system, this is taken into account by assuming zero concentration in the target barrier 
when calculating the mass transfer. This is also a conservative assumption regarding 
mass fluxes. 

The following sections represent different transport barriers as mixing tanks coupled by 
mass flux resistances that are used to build a multi-compartment model of the barrier 
system. The goal is to find typical time constants for the different transport barriers and 
to also evaluate the validity of the mixing tank approximation for different barriers.  
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Figure 4-1. A multi-compartment (mixing tank) model of the migration barrier system.  
 

4.1 Mathematical model with multiple compartments  

4.1.1 Parameterisation of the compartments 

With the concept and assumptions presented above the release rates from well mixed 
volumes are characterised by solute concentrations and mass transfer coefficients. This 
offers a systematic, compact and transparent way to represent typical transport 
characteristics of the barriers. 

i)  Half-time of the solute in the compartment: The equivalent flow rates 
together with the pore volumes of the barriers give the time constants of the 
different components. The half-time of the solute in the compartment is the 
only parameter needed to describe an ideal system of perfect mixing tanks, 
where the inverse of the mean lifetime is called the decay constant. Not only 
the engineered barrier system, but also the geosphere is represented by the 
mixing tank model as described in Section 4.6. 

ii) Equivalent flow rate: The mass transfer coefficient can be expressed as 
equivalent flow rate discharging the compartment in question. The 
equivalent flow rate is an apparent volumetric flow rate. Combined with the 
solute concentration in the compartment, it gives the outflow of the solute 
mass.  

iii) Delay time: In real transport barriers there is some delay before the outflow 
starts, because the solute should first reach the outlet location. This delay 
time is treated as a time shift in the solute release rate from the barrier, and it 
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affects the duration and level of the breakthrough curve only for strongly 
sorbing nuclides that have a short radioactive half-life. 

The fact that the performance of individual barriers can be represented by the half-time 
of the solute and the sequential topology of the barrier system, makes it analogous to a 
chain of radioactive decays. This offers a straightforward way to solve the release rates 
of the whole barrier system.  

The equivalent flow rate is a convenient quantity by which to measure the mass transfer 
capacity out of the barrier, because it makes possible to easily compare the diffusive and 
boundary layer resistances with each other, and also to put them in an overall context of 
the hydraulic environment deep in the rock.  

Delay times have been added to the description of the barrier system in order to improve 
the applicability of the approach also to short lived nuclides. The compartment system 
can be represented as a series of successive convolutions between the response 
functions of the individual barriers. This means that the delay times of all barriers can 
simply be summed up and the response function of the system is shifted by the total 
delay time at the end of the calculation, as has been shown in Section 3.  

 
4.1.2 Chain of transport barriers 

As discussed above, release rates from one model compartment to the next are estimated 
by assuming zero concentration in the target compartment. Then the solute 
concentrations in the canister, buffer and a section of the tunnel can be represented by 
the following group of coupled equations (4-1) 

dbfdtf

dbt

dc

tbbftttfff
f

tbbtttf
t

tccbbtbf
b

cc
c

mmm
dt
md

mm
dt
md

mm
dt
md

m
dt
md

**

*

*)(

0

 ,   

(4-1) 

where * means convolution, )(t , with  the Dirac delta function, 
dct  is the 

delay time in the canister, 
dbtt  the delay time from buffer to tunnel, 

dbft  the delay 

time from buffer to fracture and 
dtft  the delay time from tunnel to fracture. Other 

notations in Equation (4-1) include the decay constants of the solute: c from canister to 
buffer, bf from buffer to fracture, bt from buffer to tunnel and tf from tunnel to 
fracture. The mass transfer coefficients and decay constants are discussed in more detail 
in Sections 4.3-5. The initial conditions are mc(0)=0, mb(0)=0, mt(0)=0 and mf(0)=0. It 
can be seen that operation *  creates a translation by time  (i.e. delay) 
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where H(t) is the Heaviside unit step function. 

We may construct an integral kernel for solving Equations (4-1). Let us assume that Gi 
is the Green’s function of the differential operator L  

)(tG
dt
GdGL ii

i
i  ,     (4-3) 

and that there is a corresponding inhomogeneous equation  
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j   .    (4-4) 

Solution to Equation (4-4) can be expressed in the form  

jij fGG *  ,      (4-5) 

which can be confirmed by direct substitution: 
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where we have applied the Leibnitz integration rule and Equation (4-3). 

The Green’s function of Equation (4-3) and the solution in Equation (4-5) can be 
applied to solve Equations (4-1). Equations (4-1) do not contain a delay time in the 
fracture so the solute mass flow of the solute out of the system will be 

dftffout mm * , which gives the solution 
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where Gf, Gt, Gb, Gc are Green’s functions (and in this case also response functions) for 
the fracture, section of the tunnel above the deposition hole, buffer and canister, 
respectively. The solution of Equation (4-7) demonstrates also that the response 
function of the whole release path is created by successive convolutions between the 
response functions of the barriers. It can also be found from Equation (4-7) that the 
solution includes translations in time, 

dfdtfdbtdcd ttttt *****
1

 and 

dfdbfdcd tttt ****
2

 for the two branches of the release path, respectively. These 

translations in time are the summed delay times of the barriers along the respective 
release paths, as already discussed in Section 3. The solution of Equation (4-7) is given 
in closed form in Appendix A.  

The verification cases considered in this report were evaluated using a recursive 
solution to an arbitrarily long chain of barriers, which lends itself quite easily to 
possible changes in the topology of the compartment model. In this approach the 
response functions were first determined without the delay times, which were added at 
the end using the time shifts in Equation (4-7). Equations (4-1) can be expressed 
(without the delays) in the general form  

11)( iiiii
i mmk

dt
md   ,      (4-8) 

where the decay constant of member i is composed of two components: i that will 
produce the next member i+1 of the chain, and an additional discharge term ki. The 
additional discharge term was here used to describe branching of the release path to one 
via buffer to fracture and to another via buffer to tunnel.  

The system of Equations (4-8) can be solved using the known solution of the Bateman 
equations  

11 iiii
i mm

dt
md   .       (4-9) 

The solution to Equations (4-9) is given by (American Nuclear Society 1987) 
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where m0p is the amount of mass of nuclide p at time t0.  
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By applying Laplace transforms, it can be shown that the solution of Equation (4-9) is 
formally equivalent to that of Equation (4-8) if the n and (initial conditions) nm0  in 
Equation (4-10) are replaced by n’ and '

0nm  (e.g., Poteri and Vieno 1989) such that 

1

1
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i
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n

pp

p
n

nnn

m
k

m

k
.        (4-11) 

The system of Equations (4-8) is solved by applying Equations (4-10) with (4-11). The 
solution Equation (4-10) is not defined for nuclides that have equal decay constants, i 
= j. In practice, this case is rare and it can be easily solved by slightly changing some of 
the ’s. 

4.1.3 Delay time 

In an ideal well mixed system, the outflow of the solute begins immediately when there 
is mass in the system. In real transport barriers there is some delay before the outflow 
start, because the solute should reach the outlet location. This delay time may be 
important for strongly sorbing nuclides and it ought to be included in the simplified 
model. The previous section shows that the multi-compartment model can be solved by 
successive convolutions of the barrier response functions. This means that the delay 
times of the barriers can be simply added together to get the total delay time of the 
whole barrier system.  

Delay time in the buffer and tunnel is determined by diffusion, and in the geosphere 
mainly by matrix diffusion, sorption and to a lesser extent by advection. Advective 
delay in the geosphere needs not to be taken into account in the present approach. It can 
be added separately to the sum of the delay times. Matrix diffusion is a process in which 
molecular diffusion enables solute particles to visit the pore space of the rock matrix 
next to the flowing fractures (Neretnieks 1980). In practice, groundwater in the pores of 
the rock matrix is stagnant and diffusion of the solute to the pore space of the rock 
matrix can cause considerable retention in the migration of the solute.  

Delay time in the geosphere 
Delay in the geosphere is based on the breakthrough curve of the unlimited matrix 
diffusion for a pulse input (e.g. Cvetkovic et al. 1999; Kekäläinen et al. 2011),  
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where parameter QWLRDu pp /  is the transport resistance and tw is the advective 
delay (if surface sorption is also included in the model then tw is replaced by Ratw, with 
Ra the retardation coefficient of surface sorption). Transport resistance is thus 
determined by porosity , pore diffusivity Dp, retardation coefficient Rp (in the pore 
system of the rock matrix), transport channel width W, length L and flow rate Q. Delay 
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time is the sum of advective delay time (Ratw) and retention caused by matrix diffusion. 
Most of the past performance assessments have omitted the advective delay that usually 
contributes very little to the total delay.  

The delay time caused by matrix diffusion in the geosphere transport is based in this 
work on reaching a prescribed level of the breakthrough curve. The maximum release 
rate in the breakthrough takes place at time 23/2 ut , when the advective delay is 
omitted (tw=0). Delay time in the geosphere is determined by the time when the release 
rate is greater than an arbitrary fraction, 1/c, of the maximum release rate. This is 
calculated from equation cuftf rr /)3/2()( 2 by assuming that tw=0. The two 
solutions to this equation are  

ec

ut

ec

ut

l

e

3/20

2

3/21
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1W3

2

1W3

2

  ,        (4-13) 

where te is the early time solution, i.e. before the time of the maximum release rate, and 
tl is the late time solution caused by tailing of the breakthrough curve. W0 and W-1 are 
the branches of the Lambert W function (e.g. Weisstein 2003) defined as W0(0) = 0, 
W0(-1/e) = W-1(-1/e) = -1 and W-1(0-) = - . To avoid overestimation of the delay time, a 
small fraction of the maximum release rate (1/c=1/300) is used to indicate the delay 
time to avoid underestimating the mass fluxes of short lived nuclides. For c=300 in 
Equation (4-13), we find 21.0 ute . The selected delay time is shown in Figure 4-2.  
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Figure 4-2. Dimensionless breakthrough curve of matrix diffusion. The delay time 

21.0 ute  of the geosphere, which corresponds to a release rate that is about 1/285 of 
the maximum release rate, is also indicated. 
 

Delay time in the buffer and tunnel 
Delay time in the buffer and tunnel is estimated using two simple one-dimensional 
approaches: i) diffusion time from a point source to a zero concentration boundary, and 
ii) spreading of a solute mass by diffusion in an infinite medium.  

It is convenient to treat the problem in the dimensionless form using variables
2/ sDt  and sx / , where D is the diffusion coefficient and s is, for example, the 

distance from outflow point to the source. In one dimensional diffusion, the distribution 
of solute after an instantaneous release of unit mass at =0 and 0  is given by 
(Carslaw and Jaeger 1959) 

2
4

)(
exp

);,(

2
0

0f  ,       (4-14) 

In the first option, the boundary condition of zero concentration is constructed by 
introducing a mirror source of the original source. Combination of a source at =1 and 
a mirror source at =-1 gives zero concentration at =0. The mass flux of the solute at 

=0 is then given by  
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The delay before the outflow starts can be estimated based on the cumulative mass flux, 

2
1erfc')'()(

0

djmc  .       (4-16) 

Based on Equation (3-1), this result also gives the solute mass flux for a fixed 
continuous unit source at x=s. The dimensionless delay time is then given by 

212 erfc4
1

c

d
ms

Dt  ,        (4-17) 

where erfc-1 denotes the inverse function of the complementary error function and mc is 
a suitable level of the cumulative mass flux. The delay time for both continuous and 
pulse sources can be defined by this equation. A short delay time was chosen, 
corresponding to a cumulative mass flux of 1/10 000 (mc=10-4) for a pulse source, to 
avoid underestimating the mass fluxes of short lived nuclides. This choice gave a delay 
time of 033.02sDtd . It is also interesting to note that the mass flux resulting from 
Equation (4-15) is of the same form as Equation (4-12) for the breakthrough curve of 
matrix diffusion with u=1/2. Using this relation and the chosen definition for the 
geosphere delay, td=0.1·u2, we find that 025.02sDt d . This result shows that the 
definitions of the delay times lead to slightly longer delay times in the near-field 
transport of the repository than in the far-field transport. The chosen delay time together 
with two diffusive breakthrough curves is shown in Figure 4-3.  

The second approach to finding the delay time is to determine when the concentration 
begins to raise at the outlet. This time is estimated for a case where a fixed unit 
concentration is fixed at the inlet of the barrier, and the starting point in the increase in 
concentration at the outlet is estimated by diffusion in an infinite medium. In the 
dimensionless form the solution for the concentration is given by 

2
erfc),(c  .         (4-18) 

At the outlet 1 , this solution leads to the same solution as Equation (4-16) above  

2
1erfc),1(c  .         (4-19) 

The same delay time results when a constant concentration is assumed at the source 
location and concentration at the outlet is followed, or a continuous source is assumed at 
the location of the source and mass flux at the outlet is followed. 



24 

 

 
 

 
Figure 4-3. Delay time (t D/s2 = 0.033) for the dimensionless mass flux of the solute at 
the outlet after a release of unit mass at the inlet, and for concentration at the outlet 
with a unit concentration at the inlet (the concentration curve has an equal functional 
form to that of the cumulative mass flow at the outlet after a release of unit mass).  
 

4.1.4 Sorbing nuclides 

Sorption increases the bulk capacity available for the nuclide. Let us consider, for 
example, the mass balance in the diffusion equation 

 wp
t CD

t
C  ,          (4-20) 

where Ct is the total bulk concentration, Cw the concentration in the mobile water phase, 
 the porosity and Dp the pore diffusivity. Taking into account that 

wst CCC )1( , where Cs is the sorbed concentration,  the density of the 
medium, and wsd CCK /  , Equation (4-20) can be expressed in the form 

wp
w

d CD
t

C
K)1(  .      (4-21) 

This result shows that the capacity of the pore volume coupled to the temporal variation 
is increased from  by term related to the sorbed mass of the solute, i.e. by )1( pR  
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with d
p

K
R

)1(
1  the retardation coefficient. The total capacity of the pore 

volume for a sorbing nuclide is increased by the retardation coefficient 

 bulkp
sorb

pore VRV   .        (4-22) 

This means that sorbing nuclides can be modelled using the same equivalent flow rates 
that have been estimated for the non-sorbing nuclides, but increasing the pore volume 
capacity of the transport barrier by the retardation coefficient when determining the time 
constant of the barrier. Equation (4-21) shows also that the delay time for a sorbing 
nuclide is the product of the retardation coefficient and the delay time of a non-sorbing 
nuclide.  

 
4.2 Fuel degradation  

The present study does not consider fuel degradation as a transport barrier. The role of 
the temporal characteristics of it is, however, equivalent to that of a barrier. Dissolution 
of fuel matrix into groundwater is the source term of radionuclides into the waste 
canister which is the first transport barrier. Dissolution takes place by two processes: an 
instant release of degradation products and gradual leaching of the fuel matrix. The 
release from fuel is well represented by a Dirac pulse, which means that the outflow of 
the instantly released radionuclides from the multi-barrier system equals the response 
function of the system. Gradual leaching of fuel matrix is described using a constant 
release rate and a rectangular-shaped release pulse based on the inventory of the 
radionuclide. Safety assessment calculations have typically applied leaching times of 
106 or 107 years, which corresponds to a constant leach rate of (10-7–10-6 )/a.  

 
4.3 Waste canister  

4.3.1 Mass transfer coefficient 

One of the basic cases in safety analysis is the following. Mass transfer from the 
canister to the bentonite buffer takes place by diffusion through a small hole in the 
canister (Figure 4-4). The mass transfer coefficient is estimated by combining steady 
state diffusion through the hole with subsequent spreading of the solute into the 
bentonite.  
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Figure 4-4. Diffusion through a small hole in the canister wall. 
 
The rate of mass flow of the solute through the hole in the canister is determined based 
on the one dimensional steady state diffusion, 

10
102)( CCq
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tmd

ch
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ch ,      (4-23) 

where Dw is the molecular diffusion coefficient in water, C0 is the concentration in the 
canister, C1 is concentration in the bentonite side of the hole, rh

2 the area and rh the 
diameter of the hole, and qch the equivalent flow rate through the hole.  

The rate of mass flow through the hole to the bentonite is determined by assuming 
steady state radial diffusion from the canister wall to the bentonite. Diffusion of the 
solute to the bentonite through the hole is assumed to be into the half space (a solid 
angle of 2 ) outside the canister wall. In this way we find that   
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where Deb is the effective diffusion coefficient in bentonite, R1 the inner and R2 the 
outer radius of the hemispheric volume of bentonite, C1 the concentration on the 
bentonite side of the hole (distance R1 from centre of the hole) and C2 the concentration 
in bentonite at a distance of R2 from the centre of the hole. In practice, R1 is the radius 
of the hole and a zero concentration is assumed at a distance of R2. qhm is the equivalent 
flow rate on the bentonite side of the hole. 

Connecting the mass transfer coefficients in series for the hole and the bentonite on the 
other side, we find that  
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dt

tmd 1)(
020 , (4-25) 

where qch and qmh are the equivalent flow rates through the hole in the canister and on 
the bentonite side of the hole, Vc is the void volume in the canister, c the decay 
constant of the solute in mass transfer through the hole, and mc the solute mass inside 
the canister. It has been assumed that concentration is zero in bentonite at a distance of 
R2 from the hole (see Equation (4-24)). 

Typical values for the different parameters and mass transfer coefficients which were 
applied in the case studies are shown in Tables 4-1 and 4-2 
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Table  4-1. Typical values for non-sorbing nuclides of the mass transfer coefficients 
from the canister to buffer. 

 Notation Value Unit Value Unit 
Hole      
Diameter d 1 mm   
Diffusion coefficient Dw 2·10-9  m2/s   
Canister thickness 
(copper overpack) 

lc 5 cm 
 

  

Equivalent flow rate 

c

wh
ch l

Drq
2

 
3.14·10-14 m3/s 0.99 mL/a 

Mouth of the hole 
Distance  R1=rh 0.5 mm   
Distance R2 5 cm   
Effective diffusion 
coefficient in 
bentonite (neutral) 

Deb 1.2·10-10 m2/s   

Effective diffusion 
coefficient in 
bentonite (aninon) 

Deb 1·10-11 m2/s   

Equivalent flow rate 
(neutral) ebhm D

RR
RRq 2

21

21 3.7·10-13 m3/s 12 mL/a 

Equivalent flow rate 
(anion) ebhm D

RR
RRq 2

21

21 3.1·10-14 m3/s 1 mL/a 

Hole and mouth of the hole  
Equivalent flow rate 
(neutral) 

hmch

hmch
c qq

qqq  
2.9·10-14 m3/s 0.9 mL/a 

Equivalent flow rate 
(anion) 

hmch

hmch
c qq

qqq  
1.6·10-14 m3/s 0.5 mL/a 

Canister Volume Vc 0.7 m3 700 L 
Solute decay 
constant (neutral) 

c

c
c V

q  
1.3·10-6 1/a   

Solute decay 
constant (anion) 

c

c
c V

q  
7·10-7 1/a   

Half-time  
(neutral) 

c

T )2ln(
2/1  

530 000 a   

Half-time 
(anion) 

c

T )2ln(
2/1  

980 000 a   
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Table 4-2. Equivalent flow rates and half-lives of the solute concentration in the 
canister for different nuclides. 

Nuclide Equivalent 
flow rate 

Retardation 
coefficient 

T1/2 

C-14 0.9 mL/a 1 530 000 a 
I-129 0.5 mL/a 1 980 000 a 
Pu-239*) 0.9 mL/a 1 530 000 a 
*) no solubility limit 

 

4.3.2 Delay time 

To support comparison with other transport barriers the delay times through the hole 
were estimated for different nuclides (Table 4-3). The delay time is very short for all 
tracers, because diffusion in bentonite on the other side of the hole is not included in the 
delay time of the canister.  

Table 4-3. Delay times from the canister to buffer. 

Parameter Notation Value 
Distance s 0.05 m 
Diffusion coefficient Dw 2e-9 m2/s 
Retardation coefficient  C-14 Rp 1 
Delay time  C-14 wpd DsRt 033.02

 11 h  
Retardation coefficient  I-129 Rp 1 
Delay time  I-129 wpd DsRt 033.02

 11 h 
Retardation coefficient  Pu-239 Rp 1 
Delay time  Pu-239 wpd DsRt 033.02

 11 h  
 

4.3.3 Solubility limited nuclides 

The release rate of gradual leaching is limited by the leaching of fuel matrix. The same 
amount of fuel matrix is dissolved per year, but the amount of radionuclides in that part 
of the fuel matrix decreases because of radioactive decay. Solubility limited release 
differs from that of gradual leaching so that the strength of the source remains constant 
and is determined by the concentration of the nuclide in the saturated water phase and 
the equivalent flow rate.  

A simple approximation of the possible onset of solubility limitation is determined 
based on the inventory of the nuclide and fuel dissolution rate. Solubility limit is 
assumed to determine the release rate if the latter is smaller than the one caused by fuel 
dissolution in the beginning of the release.  

Solubility limitation also influences the behaviour of canister interior as a transport 
barrier. Basically, each transport barrier is represented by an equivalent flow rate and a 
half time that is determined by the pore volume of the barrier. In the case of solubility 
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limited release, the release rate from the canister is determined only by the equivalent 
flow rate and the solubility limit. The volume capacity of the canister has no effect on 
the release rate in this situation. When transport through the barrier system is 
considered, this fact is taken into account by applying a very short half time for the 
canister in Equation (4-1). It also means that processes that take place after 
concentration decreases below the solubility limit are taken into account only 
approximatively in the present simplified approach. In practice, it is assumed that fuel 
degrades immediately. This overestimates slightly the duration of solubility limitation 
when the degradation rate is low and the radioactive half-life of the nuclide is short. The 
tailing of the released inventory when concentration is below the solubility limit is 
evaluated by representing the canister with a mixing tank model that is mimicked by the 
source term. 

The solubility limited release rate is determined such that 

ccAcsl qAqNMf max  ,        (4-26) 

where fcsl is the activity release rate, M the solubility limit, NA the Avogadro’s number,  
the nuclide’s decay constant, Amax the solubility limited volumetric activity of the 
nuclide, and qc [m3/a] the equivalent flow rate through the hole and bentonite side of the 
hole. 

Solubility limitation ends when the whole inventory of the nuclide in the canister is 
decreased enough by radioactive decay and by solubility limited release through the 
hole in the canister (for simplicity it is assumed that there is no production of the 
nuclide). In the case the nuclide is produced, its decay chain and the release rates of the 
parent nuclides need also to be modelled. Here the number of nuclides in the canister is 
given by  
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 ,    (4-27) 

where t is time, qc the equivalent flow rate through the canister and the bentonite side of 
the hole, Amax the solubility limited volumetric activity of the nuclide,  its decay 
constant, and N(0) its inventory in the beginning. The duration of the solubility limited 
source, ts, can be solved from cs VAtN max)(  and we find that  

  
cc

c
s VAqA

NqA
t

maxmax

max )0(
ln .         (4-28) 

After time ts the concentration of the nuclides in the canister is less than the solubility 
limit. Release from the canister after ts is determined by representing a simple mixing 
tank model by the tail of the source term. 
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A simple approximation of the possible solubility limited release can be found by the 
following steps (for radioactive  nuclides): 

1.  Determine the release rate using the initial inventory and the fuel dissolution rate: 
dcd rNf )0()0( , where N(0) [Bq] is the inventory and rd [1/a] the fuel dissolution 

rate. 

2.  Determine the solubility limited release, cslf , using Equation (4-26). 

3.  If )0(cdcsl ff  apply the solubility limited release, i.e. a constant release of cslf  

for t < ts with 
cc

c
s VCqC

NqCt
maxmax

max )0(ln . The release rate from the canister is 

determined by the equivalent flow rate through the hole in canister and the 
solubility limited concentration of the nuclide. For the half time of the canister we 
assign a small value because its volume does not affect the release rate when the 
solubility limit is operative. However, the volume of the canister and the 
corresponding half time determine the tail of the release rate for t > ts, while the 
half times in Equation (4-1) are constant and they must be small when t < ts. A 
practical solution to approximate the release rates at the late times t > ts is to 
represent them with an appropriate source term that mimics the release rate from a 
well-mixed canister: )/)(exp()( max ccscscsl VqttqCttf . It is also assumed 
that short-lived early transients before the solubility limit is reached can be 
neglected. This assumption causes a slight overestimation of the mass fluxes out 
of the canister during the early transient. 

4. If cdcsl ff  apply the release rate based on fuel dissolution, i.e. 

dcd rtNtf exp)0()(  for t < ts with ds rt /1 , where rd is the dissolution rate 
of the fuel.  

In practice all computations are such that the radioactive decay is taken into account 
only at the end: The release rates are then multiplied by exponential decay factors. In 
this approach the source terms above ( cslf  in Equation (4-26) and cdf  in point 4 above) 
need to be multiplied by the corresponding inverse of the exponential decay factor, 

)exp( t , where  is the decay constant of the radioactive decay. 

In the case of concurrent release of isotopes of the same element the situation becomes 
more complex. The solubility limited concentration of the element is a superposition of 
the concentrations of the different isotopes. The relative concentrations of the isotopes 
are time dependent. For the rate of change of the ith isotope of the m possible isotopes 
we thus have the expression 

m

j
j

i
ci

M
iii

i

tN

tN
CqtMtN

dt
tdN

1

max11

)(

)(
)()(

)(  ,    (4-29) 
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where Mi-1 and M
i 1  refer to the parent of isotope Ni. These equations need to be solved 

numerically in parallel with transport modelling of all the decay chains, where different 
isotopes of the element appear. This task is outside the scope of the present study. 

4.3.4 Response functions 

The response function of the waste canister was studied using the typical parameters 
given in Tables 4-1 and 4-2. It was determined applying Equation (4-25) as well as with 
the numerical REPCOM model (Nordman and Vieno 1994). The two response 
functions are in good agreement (Figure 4-5).  

 
Figure 4-5. The response function of the canister for three different nuclides as 
determined from Equation (4-25) (circles) with the estimated diffusive delay times, and 
by using the REPCOM model (solid lines). Response functions are shown without 
radioactive decay. 

4.4 Buffer  

The space in the deposition hole around the waste canister is filled using bentonite clay. 
Solute transport through the buffer material may take two different routes: there is 
always a connection from the deposition hole to a section of the deposition tunnel above 
it and it is possible that the deposition hole is intersected by a water conducting fracture.   
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Solute transport along the two parallel release pathways, from the buffer to the fracture 
and from the buffer to a section of the deposition tunnel, is discussed in the 
corresponding sections below. 

4.4.1 Mass transfer coefficient 

From buffer to fracture 
We assume that a subhorizontal fracture intersects the deposition hole (Figure 4-6). 
Hydraulic conductivity of the bentonite buffer is very low, and in practice the 
groundwater flows around the deposition hole filled by the buffer. Mass transfer from 
the bentonite buffer into the groundwater flowing in the fracture takes place by solute 
diffusion. Thereby a concentration profile is formed in the fracture from the buffer 
surface at the perimeter of the deposition hole outwards into the fracture.  

 
Figure 4-6. Mass transfer from the buffer material in the deposition hole into a fracture 
that intersects the deposition hole will result in a concentration profile in the fracture 
around the hole. Groundwater flowing along the fracture will transport the solute mass 
into the geosphere. 
 
Mass transfer of the solute carried away by the groundwater flow in the intersecting 
fracture can be represented by an equivalent flow rate given by (e.g. Neretnieks 1982) 

bbfbf
bb

b

dh

w
vdh

b mCq
V

m
r

vD
br

dt
tmd

2

4
22

)(
 ,    (4-30) 

where qf is the equivalent flow rate for the mass transfer from the buffer into the 
fracture, b the porosity of the buffer, Vb its the volume, rdh the radius of the deposition 
hole, 2bv the volume aperture of the fracture, Dw the molecular diffusion coefficient in 
free water, and is the flow velocity in the fracture. A shorthand notation of bf is used 
for the decay constant of the solute mass transfer from the buffer to the fracture. 

Typical values for the different parameters and mass transfer coefficients are given in 
Tables 4-4 and 4-5. 
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 Table 4-4. Typical values for non-sorbing nuclides of the mass transfer coefficients 
from buffer to fracture.  

Parameter Notation Value Unit Value Unit 
Radius of the 
deposition hole 

rdh 0.88 [m]   

Fracture volume 
aperture 

2bv 3·10-4 [m]   

porosity of 
buffer (neutral) 

b 0.43    

porosity of 
buffer (anion) 

b 0.17    

Molecular 
diffusion coef. 

Dw 2·10-9 [m2/s]   

Groundwater 
flow velocity 

v 1.6·10-8 [m/s] 0.5 m/a 

Equivalent flow 
rate 

dh

w
vdhf r

vD
brq 2

4
22

6.34·10-12 [m3/s] 200 mL/a 

Volume of the 
buffer 

Vb 15.3 [m3]   

Solute decay 
constant 
(neutral) bbpb

bf
bf VR

q
 

3.0·10-5 [1/a]   

Solute decay 
constant (anion) 

bbpb

bf
bf VR

q
 

7.7·10-5 [1/a]   

Half-time 

bf

T )2ln(
2/1  

23 000 [a]   

Half-time 

bf

T )2ln(
2/1  

9 000 [a]   

 

Table 4-5. Equivalent flow rates and half-lives of the solute concentration of three 
nuclides from buffer to fracture. 

Nuclide Equivalent 
flow rate 

Pore volume Retardation 
coefficient 

T1/2 

C-14 200 mL/a 6.6 m3 1 23 000 a 
I-129 200 mL/a 2.6 m3 1  9 000 a 
Pu-239 200 mL/a 6.6 m3 14 300  3.2·108 a 

 

There is a small probability that the hole in the canister is adjacent to the fracture 
intersecting the deposition hole, so that diffusion distance through the bentonite buffer 
to the fracture is the minimum distance determined by the thickness of the buffer. In this 
case there will be an early transient in the mass transfer rate to the fracture, which could 
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be important for nuclides that are strongly sorbing and have a short radioactive decay 
time. Such a transient can be modelled by introducing an additional sub-compartment 
for the volume of buffer between the hole and the fracture, or by representing the buffer 
as a superposition of two response functions with different time constants. In order to 
maintain the generality of the discussion, the latter approach is applied in the present 
report. The shorter time constant represents the situation in which the concentration near 
the fracture has not yet reached the level of the well mixed concentration. 

The early transient in the mass flux to the fracture is modelled by representing the 
response function of the buffer as a sum of a transient response (qtb) and a well mixed 
response (qbf) such that 

btb
ftb

bf
ftb

btb
ftb

bf
ftbb m

m
m

m
m

Cq
m
m

q
m
m

dt
tmd

0000

11)(

 
,
 

(4-31) 

where the total released mass is divided between an early transient (mftb) and a well-
mixed response (1-mftb) using the approach presented below. 

The mass fraction of the early transient and the time constant of the transfer of this mass 
fraction is estimated as follows. The shortest diffusion distance from the canister surface 
to the fracture is the thickness of the buffer (lb). The volume, where the concentration is 
clearly higher before equilibrium, is chosen so that the mass released during the 
transient phase is maximised. The hole in the canister is assumed to be in the lid 
(Figure 4-7). This means that the transient volume is composed of two dissimilar parts: 
the upper part is the deposition hole filled by the buffer material on top of the canister 
and the lower part is the buffer material that is located between the canister and the 
deposition hole. The transient volume is thus given by 

tbbdhdhtbdhtb slrrsrV ))(( 222   .       (4-32) 
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Figure 4-7. Volume of the buffer with a higher solute concentration that creates the 
early transient in the mass flux to the fracture. 
 

The diffusion area from this volume of an initially high concentration to the rest of the 
buffer is thus  

))((2 22
bdhdhtb lrrA   .         (4-33) 

The equivalent flow rate from the volume of increased concentration to the rest of the 
buffer is given by 

tb

ebtb
tb s

DAq  ,           (4-34) 

where Deb is the effective diffusion coefficient in the buffer and stb the diffusion 
distance defined by the vertical size of the volume (cf. Equation (4-32)). The time 
constant for diffusion between the defined volume and the rest of the buffer can be 
expressed in the form 

tbpbb

tb
tb VR

q  ,           (4-35) 

where Rpb is the retardation coefficient in the buffer. Mass flow to the fracture during 
the transient phase is determined by estimating the elevated solute concentration in the 
defined volume compared to the base case where the solute is well mixed over the 
whole buffer. Equilibration of the initially high concentration in that volume and the 
rest of the buffer is determined by considering only diffusion in the buffer and 
neglecting the mass transfer to the fracture at this point. This can be done because the 
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(equivalent) flow rate between these two parts (9500 mL/a) is much larger than that to 
the fracture (200 mL/a), see Table 4-7. This also means that the time constant in 
Equation (4-35) determines the duration of elevated concentration in the buffer next to 
the fracture, and thus also determines the time constant for the early transient phase.  

Diffusional mass transfer between the two parts can be described by the equations 

0)0(,)0(

)(

0
rb

tbpbb
tb

rbtb
tbbpbb

tbrb

rbtb
tbpbb

tbtb

C
VR

mC

CC
VVR

q
dt

dC

CC
VR

q
dt

dC

 ,        (4-36) 

where Ctb and Crb  are the concentrations in the volume of increased concentration and 
the rest of the buffer, respectively. Vb is the total volume of the buffer and a mass m0 is 
initially released to the volume of increased concentration. Solution for the 
concentration in that (transient) volume is given by  

tb

tbb

tbbtbpbb

btb

bpbb
tb V

VVt
VVVR

Vq
VR

mtC
)(

exp1)( 2
0 .   (4-37) 

Equation (4-37) gives the concentration with respect to the well mixed condition, where 
a mass m0 has been released to the whole buffer. The additional mass transferred from 
the buffer to the fracture because of the increased concentration in the discussed 
volume, is estimated by applying Equation (4-37) for the concentration and the 
equivalent flow rate from the buffer to the fracture, and we find that  

02

0

)(

exp)(

m
VVVRVRq

VVRqq

dtttCqm

bftbtbbpbbbpbtbbfb

bftbbpbbtbbf

bftbbftb

 .    (4-38) 

Note that the time evolution of the concentration in the (transient) volume next to the 
fracture given in Equation (4-37) was determined assuming no mass outflow from the 
buffer. Applying this concentration in Equation (4-38) leads to the total released mass 
that is greater than m0 by the transient mass fraction. The mass fraction of the transient 
is estimated to be 0mmm tbftb . 
 
The mass fraction of the transient release of mass given by Equation (4-38) is shown as 
a function of height of the transient volume ( tbs ) in Figure 4-8. There is a minor 
difference between neutral and anionic species so that the maximum transient mass for 
neutral ions is obtained when height of the transient volume is tbs = 1.26 m and 
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m21.1tbs  for anions. The mean value of tbs = 1.24 m was used for both anions and 
neutral ions.  

 
 

Figure 4-8. The transient by released mass fraction divided by its maximum value as a 
function of a half of the height of the transient volume (stb). 
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Table 4-6. Specification of the buffer region in the transient phase between the hole in 
the canister and the fracture. 

Parameter Notation Value Unit 
Radius of the 
deposition hole 

rdh 0.88 [m] 

Thickness of the 
buffer 

lb 0.35 [m] 

Vertical half height 
of the sub-
compartment 

stb 1.24 [m] 

Area of diffusion for 
the transient volume 

))((2 22
bdhdhtb lrrA  3.1 [m2] 

Volume of the 
transient behaviour tbbdhdhtbdhtb slrrsrV ))(( 222  4.9 [m3] 

Total volume of the 
buffer 

Vb 15.3 [m3] 
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Table 4-7. Estimated time constants and the nuclide masses released during the 
transient release of mass from the buffer into the fracture. 

Parameter Notation Unit C-14 I-129 Pu-239 
Solute decay 
constant for a well-
mixed buffer bbpb

bf
bf VR

q
   

[1/a] 3.04·10-5 7.69·10-5 2.13·10-9 

Porosity b [-] 0.43 0.17 0.43 
Equivalent flow rate 
from the transient 
volume to the rest of 
the buffer 

qtb  [mL/a] 9 500 789 9 500 
 

Equivalent flow rate 
from a well-mixed 
buffer to fracture 

qbf  [mL/a] 200 200 200 

Effective diffusion 
coefficient 

Deb [m2/s] 1.2·10-10 1·10-11 1.2·10-10 

Retardation 
coefficient 

Rpb [-] 1 1 14 300 

Solute decay 
constant for the early 
transient from buffer 
to fracture 

tbpbb

tb
tb VR

q   
[1/a] 4.4·10-3 9.4·10-4 3.1·10-7 

Half-time of the 
transient 

tb

T )2ln(
2/1  

[a] 156 740 2.2·106 

Mass fraction of the 
transient release 

1// 00 mmmm tbftb

and  
Eq. (4-38) 

[-] 0.0096 0.11 0.0096 

 
 

From buffer to tunnel 
Mass transfer from the buffer to the tunnel takes place by diffusion along the deposition 
hole (Figure 4-9). This mass transfer by diffusion is handled analogously to that from 
the canister to the buffer. The main difference is that in this case the diffusion pathway 
is filled by the buffer material and its radius is larger. 



41 

 

 
 

 
 Figure 4-9. Mass transfer by diffusion from the deposition hole to the tunnel. 

 
Mass transfer from the buffer to the tunnel is thus determined by 

bbtbbt
bb

b

c

ebdhbt mCq
V

m
s

Dr
dt

tmd 2)(  ,     (4-39) 

where qbt is the equivalent flow rate for the mass transfer from the buffer to the tunnel, 
b the porosity of the buffer, Vb its volume, rdh the radius of the deposition hole, Deb the 

effective diffusion coefficient in the buffer, sc the distance from the top of the canister to 
the floor of the tunnel, and bt the decay constant of the solute mass transfer from the 
buffer to the tunnel. 

Typical values for the different parameters and mass transfer coefficients that are 
applied in the computations are given in Tables 4-8 and 4-9.  
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Table 4-8. Typical values for non-sorbing nuclides of the mass transfer coefficients 
from the buffer to the tunnel. 

Parameter Notation Value Unit Value Unit 
Radius of the deposition hole rdh 0.88 [m]   
Distance from the canister to 
the tunnel floor 

sc  2.5 [m]   

porosity of the buffer 
(neutral) 

b 0.43    

porosity of the buffer (anion) b 0.17    
Effective diffusion coefficient 
in the bentonite (neutral) 

ebD  1.2·10-10 [m2/s]   

Effective diffusion coefficient  
in the bentonite (anion) 

ebD  1.0·10-11 [m2/s]   

Equivalent flow rate 
(neutral) 

c

ebdh
bt s

Drq
2

 1.2·10-10 [m3/s] 3 700 [mL/a]

Equivalent flow rate 
(anion) 

c

ebbh
bt s

Drq
2

 9.7·10-12 [m3/s] 310 [mL/a]

Volume of the buffer Vb 15.3 [m3]   
Solute decay constant 
(neutral) 

bbpb

bt
bt VR

q

 

5.6·10-4 [1/a]   

Solute decay constant  
(anion) 

bbpb

bt
bt VR

q

 

1.2·10-4 [1/a]   

Half-time (neutral) 

bt

T )2ln(
2/1  

1 200 [a]   

Half-time (anion) 

bt

T )2ln(
2/1  

5 900 [a]   

 
 

Table 4-9. Equivalent flow rates and half-lives of three solutes from the buffer to the 
tunnel. 

Nuclide Equivalent 
flow rate 

Pore volume Retardation 
coefficient 

T1/2 

C-14 3 700  mL/a 6.6 m3 1 1 200 a 
I-129 310    mL/a 2.6 m3 1 5 900 a 
Pu-239 3 700 mL/a 6.6 m3 14 300 1.8·107 a 
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4.4.2 Delay time 

From buffer to fracture 
Delay time in the buffer in mass transfer from the canister hole in the canister into the 
fracture is estimated using the diffusion time through the 35 cm thick layer of bentonite 
from the wall of the canister to the wall of the deposition hole (Table 4-10). 

 
Table 4-10. Delay times from the buffer into the fracture. 

Parameter Notation Value 
Distance lb 0.35 m 
Pore diffusion coefficient 
(neutral) 

bebpb DD /  2.8·10-10 m2/s 

Pore diffusion coefficient 
(anion) 

bebpb DD /  5.9·10-11 m2/s 

Retardation 
coefficient  

C-14 Rpb 1 

Delay time  C-14 
pbbpbd DlRt 033.02  0.46 a 

Retardation 
coefficient  

I-129 Rp 1 

Delay time  I-129 
pbbpbd DlRt 033.02  2.2 a 

Retardation 
coefficient  

Pu-239 Rp 14 300 

Delay time  Pu-239 
pbbpbd DlRt 033.02  6 600 a 

 

From buffer into tunnel 
Delay time in mass transfer from the canister hole to the tunnel floor is estimated using 
the diffusion time through the 2.5 m thick layer of bentonite in the deposition hole 
between the top of the canister and the floor of the tunnel (Table 4-11). 
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Table 4-11. Delay times from the buffer to the tunnel floor. 

Parameter Notation Value 
Distance sc 2.5 m 
Pore diffusion coefficient (neutral) Dp 2.8·10-10 m2/s 
Pore diffusion coefficient (anion) Dp 5.9·10-11 m2/s 
Retardation 
coefficient  

C-14 Rpb 1 

Delay time  C-14 
pbcpbd DsRt 033.02  23 a 

Retardation 
coefficient  

I-129 Rpb 1 

Delay time  I-129 
pbcpbd DsRt 033.02  110 a 

Retardation 
coefficient  

Pu-239 Rpb 14 300 

Delay time  Pu-239 
pbcpbd DsRt 033.02  3.4·105 a  

 

4.4.3 Response functions 

The simplified response functions of the mass transfer from the buffer into the fracture 
and from the buffer into the tunnel were compared with numerical simulation results 
obtained using both the REPCOM (Nordman and Vieno 1994) and COMSOL 
multiphysics (COMSOL 2009) models. The numerical models were constructed 
assuming that the hole in the canister is located in its lid. The fracture was assumed to 
be located next to the hole in the canister to have the smallest diffusion distance through 
the buffer (the thickness of the buffer) and the least mixing of the solute in the buffer. 
Therefore, the case used here for verification is the least favourable one for the 
simplified approach. 
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Figure 4-10. Conceptual model used in the REPCOM and COMSOL computations. QF 
indicates the equivalent flow rate to the fracture and the location of the fracture. 
 
 
COMSOL simulations were applied to study issues connected to the physical diffusion 
process and geometrical representation of the diffusion problem. The model contained 
about 400,000 degrees of freedom that described in three dimensions the buffer material 
and the fracture intersecting the deposition hole. The properties of the fracture, 
groundwater flowing in the fracture, dimensions of the deposition hole, and properties 
of the buffer material for a neutral nuclide were taken from Table 4-4 to ensure that the 
same equivalent flow rate and time constants were applied in the COMSOL model as in 
the simplified model. The geometry of the COMSOL model is shown in Figure 4-11. 

Canister 

Bentonite 

Backfill 

Source at the top of the canister 

Q F 
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Figure 4-11. Geometry of the COMSOL model. 
 

REPCOM is a compartment model that has been used previous performance 
assessments in the near field analysis of the repository. It is able to simulate diffusive 
solute transport in the buffer material of decay chains and solubility limited elements. 
The deposition hole and the buffer material were represented in a two dimensional axi-
symmetric geometry by about 150 compartments. A close-up of the top of the canister 
in the REPCOM model is shown in Figure 4-12.  
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Figure 4-12. Geometry of the REPCOM model.  
 

From buffer to fracture 
Response functions determined by the different approaches described above are shown 
for the typical case in Figure 4-13. The simplified response function for a non-sorbing 
nuclide is characterised by a time constant of 9,000–20,000 years and a delay time of 2–
9 years. Based on the simulations, well mixed conditions dominate the response 
function of non-sorbing nuclides after about 1,000 years (Figures 4-13 and 4-14). 

Numerical simulations show that there is an early transient phase of the release rates. 
The main part of the transient is reproduced by both numerical methods. However, the 
geometrically more accurate COMSOL simulations also show a very quick and early 
transient phase that does not exist in the REPCOM simulations. The early and quick 
transient phase of the response function determined by COMSOL can be explained by 
the location of the defect in the canister with respect to the direction of the water flow in 
the fracture, and by the realistic water flow profile in the three dimensional COMSOL 
model. First, the nuclides spread quickly to the upstream location of the intersection 
between the fracture and the deposition hole, where the concentration of the nuclides is 
zero and nuclides are carried along the buffer surface by convection. The nuclides 
continue migrating with the flow near the buffer surface. This reduces the net release of 
nuclides in the downstream parts of the fracture intersection line causing a drop in the 
release rate. Eventually this initial behaviour levels off to the asymptotic behaviour. 
Numerical inaccuracy also affects the late time tailing of the response function in the 
COMSOL simulations.  
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Figure 4-13. Response functions of three nuclides from the buffer to the fracture, 
Equation (4-39). REPCOM results are shown by solid coloured lines and COMSOL 
result for a non-sorbing neutral nuclide (C-14) is shown by a black line. The well mixed 
model with the estimated transient part (Equation (4-31)) is shown by open circles. The 
well mixed model without the early transient (Equation (4-30)) is shown for Pu-239 by 
dots. All response functions are shown without radioactive decay. 
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Figure 4-14. Close-up of Figure 4-13 at early times showing a transient in the response 
functions of the non-sorbing nuclides. Results of REPCOM simulations are shown by 
solid coloured lines. Response functions from the buffer into the fracture as determined 
by Equation (4-31) are shown by open circles. The delay time of the diffusion in the 
buffer is greater for Pu-239 than the 1000 year time window of the figure.  
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Figure 4-15. Another close-up of Figure 4-13 showing the very early transient 
behaviour in the COMSOL simulations (black line) of a neutral non-sorbing nuclide (C-
14). Results of REPCOM simulations are shown by solid coloured lines. Response 
functions from the buffer into the fracture as determined by Equation (4-31) are shown 
by open circles. The delay time of diffusion in the buffer is greater for Pu-239 than the 
200 year time window of the figure. 
 

From buffer to tunnel 
Response functions determined by the simplified and numerical approaches were 
compared for the typical case shown in Table 4-8. The simplified response function for 
a non-sorbing tracer was characterised by a time constant of 1,000–6,000 years and a 
delay time of 100–400 years.  

Well mixed conditions dominate the response functions of non-sorbing nuclides after 
2,000–4,000 years. In the COMSOL simulations we had some (numerical) difficulties 
with the long-time behaviour of the response function, but the early transient was quite 
similar in both numerical solutions. However, there was some difference in the timing 
of the transients at the COMSOL and REPCOM results, which became detectable for 
sorbing nuclides. The COMSOL simulations (scaled by the retardation coefficient of 
Pu-239, Rpb=14 300) indicate raising of the Pu-239 response function about 100,000 
years later than the REPCOM simulations (cf. Figures 4-18 and 4-19).  
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Figure 4-16. Response functions from the buffer to the tunnel determined by the 
simplified model (circles) with the estimated diffusive delay times, and by the REPCOM 
model (solid line). Response functions are shown without radioactive decay. 
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Figure 4-17. Close-up of Figure 4-16 at early times showing the early transients of the 
response functions. 
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Figure 4-18. Response functions from the buffer to the tunnel of Pu-239 determined by 
the simplified model (circles) with the estimated diffusive delay times, by the REPCOM 
model (solid blue line) and by COMSOL simulation results scaled by the retardation 
coefficient (Rpb=14 300) of Pu-239 (solid black line). Response functions are shown 
without radioactive decay. 
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Figure 4-19. Close-up of Figure 4-18 at early times showing response functions from 
the buffer to the tunnel of Pu-239 determined by the simplified model (circles) with the 
estimated diffusive delay times, by the REPCOM model (solid blue line) and by 
COMSOL simulation results scaled by the retardation coefficient (Rpb=14 300) of the 
Pu-239 (solid black line). Response functions are shown without radioactive decay. 
 

4.5 Tunnel section  

Deposition holes will be bored in the floor of the deposition tunnels. One release 
pathway from a canister goes from that deposition hole to the tunnel above and 
eventually to the fracture intersecting the tunnel. The part of the tunnel above the 
deposition hole, which is included in the model, is called here the tunnel section. 
Typically, the length of the tunnel section is a few meters. Mass transfer from the tunnel 
section to the fracture intersecting the tunnel is estimated using the same model as for 
the mass transfer from the buffer surface to the fracture. It is assumed that the fracture 
intersects the whole tunnel (Figure 4-20).  



55 

 

 
 

 
Figure 4-20. Mass transfer from the tunnel to the fracture. 
 

4.5.1 Mass transfer coefficient  

The hydraulic conductivity of the backfilled tunnel is assumed to be low compared to 
the transmissivity of the fracture so that groundwater flow goes around the tunnel 
section instead of flowing through it. Mass transfer from the tunnel backfill to the 
groundwater flow in the fracture is determined by the same equation (Equation (4-30)) 
as for mass transfer from the buffer to the fracture, but the length of the intersection of 
the fracture and deposition hole wall is replaced by that of the intersection of the 
fracture and tunnel wall, 

ttfttf
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w
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t mCq
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vD
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tmd
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2
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 ,     (4-40) 

where qtf  is the equivalent flow rate for the mass transfer from the wall of the tunnel 
into the fracture, t the porosity of the tunnel backfill, Vt the volume of the tunnel 
section, pt the length of the intersection of the fracture and tunnel wall, 2bv the volume 
aperture of the fracture, Dw the molecular diffusion coefficient in free water, v the flow 
velocity in the fracture, and tf the decay constant of the solute mass transfer from the 
tunnel wall to the fracture. 

Typical values for the different parameters and mass transfer coefficients used in the 
computations are shown in Tables 4-12 and 4-13. Layout of the repository tunnels and 
deposition holes for a real nuclear waste repository will follow criteria which aim to 
ensure a proper performance of the repository. According to the present plans (e.g. 
Hellä et al. 2009), the tunnel system should avoid large hydraulic structures that have a 
high transmissivity (T  10-5) and large size. Deposition holes will not be accepted if the 
inflow to the open deposition hole is more than 0.1 L/min. This inflow corresponds to 



56 

 

 
 

transmissivity of a fracture, which is roughly of the order of 10-9–10-8 m2/s (Smith, 
2007). More transmissive fractures are allowed to intersect the deposition tunnel than 
the individual deposition holes. The computations in this report assume that the tunnel 
is intersected by a fracture that has a transmissivity of T = 2.5·10-7 m2/s. This is about an 
order of magnitude higher than that allowed for the deposition hole, but still well below 
the typical transmissivity, T=10-5 m2/s, of the larger scale hydraulic structures. The 
Darcy flow velocity (volumetric flow) in the fracture intersecting the tunnel is estimated 
using an order of magnitude estimate for the gradient of the hydraulic head at Olkiluoto. 
This is roughly 0.005, based on the height of the island (about 18) m and the size of the 
island (about 5×2 km2) (e.g. Posiva 2008). The actual average velocity of groundwater 
flow is smaller than the Darcy velocity because the apertures of the fractures vary and 
the resistance to the flow is determined by the smallest apertures, but the average flow 
velocity is determined by the volume of the fracture. The average volume aperture for a 
fracture is larger than the aperture that determines the flow resistance typically by a 
factor of Cv=5-20 (Gelhar 1987). A factor of Cv=15 was used when estimating the flow 
velocity in Equation (4-40). 
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Table 4-12. Typical values for non-sorbing nuclides of the mass transfer coefficients 
from the tunnel to the fracture. 

Parameter Notation Value Unit Value Unit 
Perimeter of the 
tunnel 

pt 16 [m]   

Fracture volume 
aperture 

2bv  1.0 [mm]   

porosity of the tunnel 
backfill (neutral) 

t 0.23    

porosity of the tunnel 
backfill (anion) 

t 0.092    

Diffusion coefficient in 
water  

Dw 2·10-9 [m2/s]   

Velocity of 
groundwater flow  

v 1.25·10-6 [m/s] 39 [m/a] 

Equivalent flow rate 
2/

4
2

t

w
vttf p

vD
bpq  3.2·10-10 [m3/s] 10 000 [mL/a] 

Volume of the tunnel 
section 

Vt 100 [m3]   

Solute decay constant 
(neutral) 

ttpt

tf
tf VR

q
 

4.4·10-4

 
[1/a]   

Solute decay constant 
(anion) 

ttpt

tf
tf VR

q
 

1.1·10-3 [1/a]   

Half-time (neutral) 

tf

T )2ln(
2/1  

1 600 [a]   

Half-time (anion) 

tf

T )2ln(
2/1  

630 [a]   

 

Table 4-13. Equivalent flow rates and half-lives of three solutes from the tunnel to the 
fracture. 

Nuclide Equivalent 
flow rate 

Pore volume Retardation 
coefficient 

T1/2 

C-14 10 000 mL/a 23 1 1 600 a 
I-129 10 000 mL/a 9.2 1 640 a 
Pu-239 10 000 mL/a 23 11 750 1.9·107 a 

 

4.5.2 Delay time 

In principle the delay time for diffusive transport in the tunnel section can be estimated 
in the same way as for the buffer, i.e.,  

pttfptdt DsRt 033.02  ,        (4-41) 
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where Dpt is the pore diffusion coefficient in the backfill of the tunnel, Rpt the 
retardation coefficient and stf the diffusion distance. However, the tunnel section above 
the deposition hole has been treated as a mixing tank in the past performance 
assessments. This means that the delay time has been conservatively assumed to be 
zero. The simplified approach is now compared mainly against the numerical 
REPCOM/FTRANS simulations of the barrier system, which do not take into account 
the delay time in the tunnel section. Therefore, in the simplified approach here the delay 
time in the tunnel was also omitted.  

If required, estimation of the delay time that could be used in the simplified approach 
would be straightforward. It can be based on a similar assessment of the diffusive delay 
as in the case of the delay through the buffer in the deposition hole from the top of the 
canister to the floor of the tunnel. This estimate would require parameterisation of the 
diffusion distance, pore diffusivity and retardation coefficient.   

 
4.6 Bedrock  

Migration through the bedrock is assumed to take place along a network of connected 
fractures. Transport and retention processes that are taken into account are advection 
with the groundwater flow, sorption on rock walls and matrix diffusion. The release 
path through the bedrock has been represented by an equivalent transport channel. The 
response function of the geosphere is determined by a parameter called transport 
resistance (u) and the advective delay time (tw), as shown in Section 4.1.3.   

4.6.1 Mass transfer coefficient 

The response function for migration through the transport channel that is in contact with 
an infinite block of rock matrix is given by (e.g. Kekäläinen et al. 2011, Cvetkovic et al. 
1999, cf. also Equation (4-12)) 
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3)(
)()( wtt

u

e
w

r
r

tt
u

dt
tmdtf  ,      (4-42) 

where QWLDRu empmm /  is the transport resistance and tw the water residence time 
(advective delay). The transport resistance is composed of rock matrix properties, 

empmm DR , and properties of the flow field, QWL / , where m is the rock matrix 
porosity, Dem the diffusion coefficient of the effective diffusion in the rock matrix, Rp 
the retardation coefficient in the rock matrix, and the transport channel is characterised 
by width W, length L and flow rate Q. Dependence on the flow field of matrix diffusion, 

QWL / , is called here the hydrodynamic control of retention (Cvetkovic et al. 1999).  

Simplification of solute migration in the bedrock is realised by concentrating on the 
spreading and delay of the response function (i.e. solute breakthrough curve for a unit 
pulse input). The analytical form of the advection-matrix diffusion response function in 
Equation (4-42) is quite simple, but the motivation of the present section is to find a 
description of the geosphere barrier equivalent to those of the other barriers (i.e. the 
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time constant describing spreading and the delay time). The advective delay needs not 
to be included in this treatment. Advective delay in this system is pure translation in 
time. The release rate through the studied system of successive transport barriers can be 
calculated using the response function of the system, which is convoluted from the 
response functions of the individual barriers as discussed in Sections 3.1 and 4.1.1. The 
translation in time for this kind of convoluted system is the sum of the translations in 
time of the components of the system. Thus, also the geosphere response function can 
be calculated without advective delay. This delay can be taken into account as a 
component of the total delay (translation in time) of the whole system at the end of the 
calculations if needed.  

A mixing tank approximation of the geosphere transport is based on both the maximum 
release rate and the half width of the response function in the case of an unlimited 
thickness of the rock matrix. By omitting the advective delay (tw=0) in Equation (4-42), 
it can be found that the maximum release rate for a unit input pulse is given by  

22
2/3

3

2 23.0
2

2
3

3
2 uu

e
ufr  .       (4-43) 

The time to reach a fraction c of the maximum release was already determined in 
Equation (4-13). The half width of the release pulse (tl-te) can be determined from 
Equation (4-13) by setting c=2. We find that  

2

3/21

2

3/20

2

8.1

2
1W3

2

2
1W3

2FWHM u

e

u

e

utt el  .  (4-44) 

The release rate of a unit mass in a mixing tank can be expressed in the form  

ttF ffm exp)(  ,          (4-45) 

where f is the solute "decay constant" of the mixing tank. The maximum (release rate) 
of Fm(t) is f, and the half width of the pulse is t1/2 = ln(2) / f. From Equations (4-43) 
and (4-44) we find an approximative relation 

22 6.2
1

3.4
1

uu f   ,            (4-46) 

where the lower limit is based on the maximum release rate and the upper limit on the 
half width of the release pulse.  

Both limiting values of f above give a conservative estimate for the integrated response 
function (cumulative breakthrough curve for a unit pulse input), and the one based on 
the maximum release rate is closer to the response function of matrix diffusion. Figure 
4-21 shows the analytical response functions of matrix diffusion and the two mixing 
tank approximations of it. 
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Figure 4-21. Approximative solutions for the response functions of the geosphere 
described with mixing tank models based on the maximum release rate (Mix 1) and the 
half width of the release pulse (Mix 2). Response functions are expressed in terms of the 
dimensionless time (u2=1). Release rates for instantaneous releases of unit pulse are 
shown by the solid lines, and the corresponding release rates are indicated on the y-axis 
on left hand side. Cumulative release rates are shown by the dashed lines and the 
corresponding release rates are shown on the y-axis on the right hand side. 

 
In reality the assumption of an unlimited rock matrix is an extreme case that is possibly 
the least favourable one for the mixing tank approximation. Figure 4-22 shows response 
functions for the limited and unlimited thickness of the rock matrix and in the 
corresponding mixing tank approximation based on the maximum release rate. It 
appears that the mixing tank model gives a rather accurate results at least up to the 
thickness of the rock matrix of about pmpm RuDL /2/5 2 . For a very thin layer of 
rock, the retention caused by the immobile zones cannot be estimated accurately on the 
basis of parameter u only. The response function only produces a delay as the layer gets 
thinner. The pore volume of the limited matrix added to the volume of the flow channel 
determines the delay. For sorbing species the equilibrium sorption on the fracture and 
pore space surfaces is accounted for by means of a retardation factor. 
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Figure 4-22. Approximative solutions for the response functions of the geosphere with 
mixing tank model in the case of a limited thickness of the rock matrix  
( 22/5 uDL pm ). The mixing tank model is based on the maximum release rate 
(Mix 1). Response functions are expressed in terms of dimensionless time (u2=1). 
Release rates for instantaneous releases of unit pulse are shown by the solid lines, and 
the corresponding release rates are indicated on the y-axis on left hand side. 
Cumulative release rates are shown by the dashed lines and the corresponding release 
rates are shown on the y-axis on the right hand side. 

 
Typical values of the different parameters and mass transfer coefficients used in the 
computations are shown in Tables 4-14 and 4-15.  
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Table 4-14. Typical values for non-sorbing nuclides of the mass transfer coefficients 
through the geosphere. 

Parameter Notation Value Unit 
Hydrodynamic control of retention WL/Q 50 000 [a/m] 
Porosity of the rock matrix 
(neutral) 

m 0.005  

Porosity of the rock matrix (anion) m 0.001  
Retardation coefficient Rp 1  
Effective diffusion coefficient of 
the rock matrix (neutral) 

Dem 10-14 [m2/s] 

Effective diffusion coefficient of 
the rock matrix (anion) 

Dem 10-15 [m2/s] 

Transport resistance (neutral) QWLDRu empmm /
 

2.0 [ a ] 

Transport resistance (anion) QWLDRu empmm /
 

0.28 [ a ] 

Solute decay constant (neutral) 
23.4

1
uf  

0.059 [1/a] 

Solute decay constant  
(anion) 23.4

1
uf  

3.0 [1/a] 

Half-time (neutral) 

bf

T )2ln(
2/1  

12  [a] 

Half-time (anion) 

bf

T )2ln(
2/1  

0.24 [a] 

 
 

 Half-lives of three solutes in transport through the geosphere. 

Nuclide Retardation 
coefficient 

22 / QWLDRu empm
23.4

1
uf  

bf

T )2ln(
2/1  

C-14 1 3.9 a 0.06 1/a 12 a 
I-129 1 7.9e-2 a 3.0 1/a 0.23 a 
Pu-239 269 000*) 1 060 000 a 2.2·10-7 1/a 3.2·106 a 
*) The retardation coefficient /)1(1 dmpm KR  of Pu-239 is based on a rock 
matrix porosity of 0.005, on rock density of 2700  kg/m3 and on Kd = 0.5 m3/kg. 

 

4.6.2 Delay times 

The delay times through the geosphere shown in Table 4-16 are estimated based on the 
time when the release rate reaches 1/285 of the maximum release rate for a pulse input 
at 21.0 utd (cf. Section 4.1.3). 
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Table 4-16. Delay times for migration through the geosphere. 

Parameter Notation Value Unit 
Retardation coefficient  C-14 Rpm 1 [-] 
Transport resistance C-14 22 / QWLDRu empm  3.9 [a] 

Delay time  C-14 21.0 utd  0.39 [a] 
Retardation coefficient  I-129 Rpm 1 [-] 
Transport resistance I-129 22 / QWLDRu empm  0.08 [a] 

Delay time  I-129 21.0 utd  0.008 [a] 
Retardation coefficient  Pu-239 Rpm 269 000 [-] 
Transport resistance Pu-239 22 / QWLDRu empm  1 060 000 [a] 

Delay time  Pu-239 21.0 utd  106 000 [a] 
*) The retardation coefficient /)1(1 dmpm KR  of Pu-239 is based on a rock 
matrix porosity of 0.005, on rock density of 2700  kg/m3 and on Kdm = 0.5 m3/kg. 

 

4.6.3 Response functions 

The response functions of the simplified geosphere model are compared here with the 
analytically known response function of unlimited matrix diffusion. Comparison is 
made using the typical values for the geosphere parameters applied in performance 
assessments and shown in Table 4-14.  
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Figure 4-23. Geosphere response functions (breakthrough curves) for three non-
sorbing nuclides (cf. Tables 4-14, 4-15 and 4-16). Solid lines show the analytical 
breakthrough curves of unlimited matrix diffusion, and the simplified exponential 
expressions for the same breakthrough curves are indicated by open circles. Response 
functions are shown without radioactive decay. 
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Figure 4-24. The geosphere response function of C-14. Solid line shows the analytical 
result for the breakthrough curve of unlimited matrix diffusion and open circles indicate 
the simplified exponential representation of it. Response functions are shown without 
radioactive decay. 
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Figure 4-25. The geosphere response function of I-129. Solid line shows the analytical 
result for the breakthrough curve of unlimited matrix diffusion and open circles indicate 
the simplified exponential representation of it. Response functions are shown without 
radioactive decay. 
 



67 

 

 
 

 
Figure 4-26. The geosphere response function of Pu-239. Solid line shows the 
analytical result for the breakthrough curve of unlimited matrix diffusion and open 
circles indicate the simplified exponential representation of it. Response functions are 
shown without radioactive decay. 
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5 SIMULATION OF RADIONUCLIDE MIGRATION FOR C-14, I-129 AND 
 PU-239 EMANATING FROM A SINGLE CANISTER 

Migration of nuclides through the whole repository system was computed for three 
representative nuclides (C-14, I-129 and Pu-239). The radioactive decay was taken into 
account by multiplying the resulting mass outflow at the end of the flow path by an 
appropriate decay factor.  

Response functions for the individual barriers of these nuclides were already given in 
previous sections. Their release characteristics are described in the following: 

C-14   A non-sorbing neutral nuclide, a fraction by instant release and another 
fraction by gradual leaching from the fuel to the water in a canister. The 
rate of leaching is determined by degradation of fuel and other parts of the 
fuel elements. 

I-129   A non-sorbing anion, a fraction by instant release and another fraction by 
gradual leaching from fuel to the canister. The rate of leaching is 
determined by degradation of fuel. 

Pu-239  A solubility limited sorbing nuclide, gradual leaching from the fuel to the 
canister. The rate of leaching is determined by degradation of fuel and the 
solubility of plutonium.  

“Pu-239NS” A generic non-solubility limited variant of Pu-239, which is used to 
demonstrate the modelling of a sorbing nuclide.  

Four different alternatives for the response functions of the system were constructed in 
order to investigate the influence of different details of the model on the overall 
performance of the simplified approach. The main motivation for using alternative 
models was that a nuclide that is strongly sorbing and also has a short decay time 
emphasises specific features of the total barrier system. The different alternative models 
used here are the following: 

1. All barriers are modelled as well mixed volumes 

2. All barriers are modelled as well mixed volumes, but the early transient from 
the buffer into the fracture is added to the buffer response function. The early 
transient in the mass flux from the buffer to the fracture is modelled by 
representing the buffer response function as a sum of transient response and 
well mixed response as explained in Section 4.4.1.  

3. The geosphere is modelled using analytical response functions, and all near-
field barriers of the repository are modelled as well mixed volumes. The 
response function of the whole system is determined as a convolution of the 
near-field and geosphere response functions. 

4. The geosphere is modelled using analytical response functions, and the early 
transient from the buffer into the fracture is included in the model (combining 
cases 2 and 3). Using an analytical response function for the geosphere means 
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that the geosphere is not represented by the exponential response function of 
the compartment model with a solute half-time and a delay time, but the exact 
analytical response function of the infinite rock matrix in Equation (4-42) is 
used. This also means that the geosphere cannot be part of the decay chain 
analogy of the barrier system (Equation (4-1)). The decay chain analogy is 
applied up to the geosphere and the response function of the whole system is 
determined by convoluting the analytical response function of the geosphere 
with the response function estimated for the rest of the barrier system using 
the decay chain analogy. 

The behaviour of the barrier system was first analysed by looking its response function 
without radioactive decay (Section 5.1). The response functions of the whole system 
were studied only for the model alternative 4.  

The actual migration of nuclides through the barrier system for realistic source terms 
and radioactive decay is reported for all model alternatives in Section 5.3. The nuclide 
dependent source terms used are specified in Section 5.2, and the release rates 
determined by the simplified model are compared there with the corresponding 
numerical results using the REPCOM and FTRANS codes. 

 
5.1 Response function of the repository system for C-14, I-129 and Pu-
 239 

Response functions of the repository system are determined for the two release paths: 1) 
canister – buffer – fracture and 2) canister – buffer –section of the tunnel above the 
deposition hole – fracture. The response functions are determined using the best 
performing model that applies the “branching decay chains in series” – representation of 
the repository system (cf. Section 4.1) with the exceptions that the early transient from 
the buffer into the fracture is included in the model and that the geosphere is represented 
by the analytical response function (model alternative 4 above). 

The properties of each transport barrier are given in Tables 4-1 to 4-16. The 
performance of the transport barriers in the simplified approach, i.e. that of well mixed 
barriers, is completely characterised by the time constant of the barrier and the time 
delay between the starting of inflow and outflow releases in the barrier (Table 5-1). A 
section of the tunnel above the deposition hole is modelled as a mixing tank without 
diffusive delay time, because this is the approach that has also been applied in the 
reference analyses using the REPCOM model. 
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Table 5-1. Characteristics of the transport barriers for the release paths 1) canister – 
buffer – fracture and 2) canister – buffer –section of the tunnel above the deposition 
hole– fracture. 

Parameter Nuclide 
 

Canister Buffer to 
fracture 

Buffer to 
tunnel 

Tunnel 
section  

Geosphere 

T1/2 [a] 

 C-14 530 000  23 000 
2)     156  

1300 1600 12 

 I-129 980 000    9000 
2)   740   

5900 640 0.23 

 Pu-239 1)  530 000    3.3·108 
2)  2.2·106   

1.8·107 1.9·107 3.2·106 

Delay time [a] 

 C-14 0.0013    0.46 
2)  0.46  

23 0 0.39 

 I-129 0.0013     2.2 
2)   2.2   

110 0 0.008 

 Pu-239 0.0013      6600 
2)  6600 

3.4·105 0 1.1·105 

1) No solubility limitation. 
2) The early transient part of the response function of the buffer with transient mass 
fractions of 0.0096 (C-14), 0.11 (I-129) and 0.0096 (Pu-239). 
 

Response functions of different nuclides for the barrier system are shown in 
Figures 5-1, 5-2 and 5-3. These response functions represent only the influence of the 
barrier system on the release rates and therefore radioactive decay is not taken into 
account. It can be noted that for C-14 and I-129 the response functions of the whole 
system are dominated by the widest response function, the one from the canister to the 
buffer. Therefore, the release rates of C-14 and I-129 for the whole system could be 
well approximated by taking into account only the canister to the buffer transport barrier 
in the small hole case. The Pu-239 response is strongly affected by sorption in the 
buffer, and therefore the one million year period of time considered in the analysis is 
still dominated by the early transient behaviour of the system. The Pu-239 response 
functions indicate that, if the computation time would have been longer, then also in this 
case the widest response function of the individual barriers would have dominated the 
total response of the system (i.e., the buffer to fracture response function). 
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Figure 5-1. C-14 response functions for individual barriers (cb: from canister to buffer, 
bf: from buffer to fracture, bt: from buffer to tunnel, tf: from tunnel section to fracture 
and f: geosphere), different pathways (c-b-f: pathway canister-buffer-fracture and c-b-t-
f: pathway canister-buffer-tunnel section-fracture) and the total response function of the 
whole system (black line). The geosphere is represented by the analytical solution for 
the matrix diffusion model for infinite matrix.  
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Figure 5-2. I-129 response functions for individual barriers (cb: from canister to 
buffer, bf: from buffer to fracture, bt: from buffer to tunnel, tf: from tunnel section to 
fracture and f: geosphere), different pathways (c-b-f: pathway canister-buffer-fracture 
and c-b-t-f: pathway canister-buffer-tunnel section-fracture) and the total response 
function of the whole system (black line). The geosphere is represented by the analytical 
solution for the matrix diffusion model for infinite matrix. 
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Figure 5-3. Pu-239 response functions for individual barriers (cb: from canister to 
buffer, bf: from buffer to fracture, bt: from buffer to tunnel, tf: from tunnel section to 
fracture and f: geosphere) different pathways (c-b-f: pathway canister-buffer-fracture 
and c-b-t-f: pathway canister-buffer-tunnel section-fracture) and the total response 
function of the whole system (black line). The solubility limitation is not taken into 
account, because in the simplified approach it is a property of the canister source term. 
The geosphere is represented by the analytical solution for the matrix diffusion model 
for infinite matrix. 
 
 
5.2 Radionuclide sources  

Three different source terms are available for the simulated radionuclides. In the case of 
C-14 and I-129 a portion of the radionuclide inventory is released instantly (the instant 
release fraction IRF). The whole inventory of Pu-239 and the remaining portions of the 
inventories of C-14 and I-129 are gradually leached according to the degradation rates 
of the fuel and other parts of the fuel assembly, and the release of Pu-239 is also limited 
by the solubility of plutonium in the groundwater intruding the canister.  

The assumed leaching times for different parts of the fuel assembly are 106 years for the 
fuel matrix, 10,000 years for the metal parts of the assembly and 1,000 years for the 
cladding of the fuel rods. The leaching of the metal parts and cladding happens fast 
compared to the fuel matrix.  
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The solubility limited case of Pu-239 was determined by using Equation (4-26). 
Application of the equivalent flow rate given for Pu-239 in Table 4-1 (~0.9 mL/a), the 
initial inventory given in Table 5-2 below and a solubility limit of 1.1·10-6 [mol/L] 
means that the solubility limited source for Pu-239 is active for about 484,000 a. 

Table 5-2. Source terms of three nuclides. Simulations have been done for 2.14 tons of 
uranium in a canister. 

Parameter C-14 I-129 Pu-239 
Initial 
inventory *) 

27.8 GBq/tU 1.14 GBq/tU 10 500 GBq/tU 

IRF portion 3.3 %  5 % 0 % 
Gradual 
leaching 

33 % during 1 000 a 
33 % during 10 000 a 
30 % during 106 a 

95 % during 106 a 100 % during 106 a 

*)Fuel type BWR Atrium 10x10-9Q bundle, no BA rods, enrichment 4.2 wt%, Void 
history 40 %, discharge burnup 40 MWd/kgU, cooling time 30 years (Anttila 2005) 

 

5.3 Breakthrough curves to the biosphere 

Nuclide dependent breakthrough curves for the instantly released portions of the 
inventories were determined by multiplying the response function by the instantly 
released fraction of the inventory (the IRF portions of the inventories for C-14 and 
I-129). For the rest of the inventories the source terms were defined as explained in the 
previous section. For C-14 and I-129 this meant gradual leaching from the fuel matrix. 
For Pu-239 this meant two alternative sources. One case was simulated to demonstrate 
transport of the sorbing nuclides in general. In that case there was no solubility limit for 
Pu-239, and the source term was determined by gradual leaching of the fuel matrix. In 
the second alternative the solubility limit of plutonium was taken into account, and the 
source term was limited by solubility. The nuclide dependent breakthrough curves were 
determined by convoluting the source term functions with the nuclide dependent 
response functions. Radioactive decay in the breakthrough curves was taken into 
account by multiplying the resulting breakthrough curve with an appropriate nuclide 
dependent exponentially decaying function.  

Computed breakthrough curves are shown in Figures 5-4 to 5-7. In most cases there was 
good agreement between the breakthrough curves determined by REPCOM and the 
simplified model. Model results for the non-sorbing C-14 and I-129 were in practice 
identical with those of numerical simulations for all the alternative cases. It is evident 
that the early transients in different components of the system are not important for 
these nuclides.  

Pu-239 provided a more complicated case because of the strong sorption and relatively 
short radioactive half-life. This was indicated in the modelling results so that in some 
cases the early transient dominated the release rates. The well mixed approximation of 
the geosphere response function strongly over-estimated the very early behaviour, 
which could be seen in the Pu-239 and Pu-239NS (the generic non-solubility-limited 
sorbing nuclide) release rates. The early transient mostly influenced highly sorbing 
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nuclides that had relatively short half-lives. Alternative models showed that transient 
effects can be compensated by introducing an early time contribution to the response 
function of the buffer and by applying a more precise response function in the 
geosphere. There was practically no release through the tunnel path of Pu-239, because 
the delay time from the buffer to the tunnel floor was very long (3.4·105 a) compared to 
the radioactive half-life (2.4 104 a) of Pu-239 (see also Figure 5-3). 
 

 
Figure 5-4. C-14 release rates computed for different model alternatives. The notation 
buff(trans) indicates that the response function includes an early transient part, 
buff(WM) is determined by the well mixed buffer alone, geos(analyt) indicates that for 
the geosphere response function the analytical solution for matrix diffusion is used and 
geos(WM) denotes approximation of the geosphere response function by that of a well-
mixed volume. 
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Figure 5-5. I-129 release rates computed for different model alternatives. The notation 
buff(trans) indicates that the response function includes an early transient part, 
buff(WM) is determined by the well mixed buffer alone, geos(analyt) indicates that for 
the geosphere response function the analytical solution for matrix diffusion is used and 
geos(WM) denotes approximation of the geosphere response function by that of a well-
mixed volume. 
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Figure 5-6. Pu-239 release rates computed for different model alternatives. The 
notation buff(trans) indicates that the response function includes an early transient 
part, buff(WM) is determined by the well mixed buffer alone, geos(analyt) indicates that 
for the geosphere response function the analytical solution for matrix diffusion is used 
and geos(WM) denotes approximation of the geosphere response function by that of a 
well-mixed volume.  
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Figure 5-7. Pu-239 release rates computed for different model alternatives. The 
notation buff(trans) indicates that the response function includes an early transient 
part, buff(WM) is determined by the well mixed buffer alone, geos(analyt) indicates that 
for the geosphere response function the analytically solution for matrix diffusion is used 
and geos(WM) denotes approximation of the geosphere response function by that of a 
well-mixed volume. The solubility limitation of Pu-239 is not taken into account. 
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6 SUMMARY AND CONCLUSIONS 

The repository system for the spent nuclear fuel is composed of multiple successive 
transport barriers. If a waste canister is leaking, this multi-barrier system retards and 
limits the release rates of radionuclides to the biosphere. Analysis of radionuclide 
migration in the previous performance assessments have largely been based on 
numerical modelling of the repository system. Importance of the different transport 
barriers to the performance of the whole repository system is then analysed by thorough 
numerical sensitivity analysis using numerical modelling of the whole system. This 
heavy machinery requires a large number of simulations and statistical handling of the 
modelling results, and the properties that lead to the observed behaviour of the system 
are not always clearly recognizable. 

The simplified analytical approach introduced here provides a tool to analyse the 
performance of the whole system using simplified representations of the individual 
transport barriers. This approach is based on the main characteristics of the individual 
barriers and on the generic nature of the coupling between successive barriers. 

In the case of the underground repository, mass transfer between successive transport 
barriers is strongly restricted by interfaces between these barriers, which leads to well-
mixed conditions in them. The approach here simplifies the barrier system so that it 
becomes a very simple compartment model, where each barrier is represented by a 
single, or in the case of buffer by not more than two compartments. The compartment 
system could be solved by an analogy with a radioactive decay chain (see Section 
4.1.2), because the feedback of any compartment to the previous one is weak. This 
model of well mixed compartments lends itself to a very descriptive way to represent 
and analyse the barrier system, because the relative efficiency of the different barriers in 
hindering solute transport can be parameterised by the solute’s half-time in the 
corresponding compartments. It is also convenient to express the mass transfer between 
barriers by using an apparent volumetric flow rate called the equivalent flow rate 
(Section 4.1.1). The equivalent flow rate and pore volume of the barrier can be used to 
determine the decay constants of the solute, Vq / , for the barriers. The mass 
transfer coefficients and decay constants of the solute for different transport barriers of 
the underground repository are listed in Table 6-1. 
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Table 6-1. Mass transfer coefficients for the inter-barrier transport. 
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The notations used in Table 6-1 are the following. 
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For the buffer 
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In a real repository system there will be a delay between the start of the inflow and the 
start of the outflow from the barrier. In most of the cases this delay is caused by 
diffusion of the solute from the inflow location to the outflow location in the barrier. It 
can be important for the release rates of the short lived and sorbing radionuclides, and it 
was also included in the simplified representation of the barrier system.  

The delay caused by a barrier was treated as a translation in time of the barrier’s 
response function. Response function of the whole system was a convolution of the 
individual response functions of the barriers, which means that the delay caused by the 
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whole system was a sum of the delay times of the individual barriers. This means that it 
was possible to determine the response function of the whole system without any delay 
and then to translate the response function in time by the total delay caused by the 
barriers. The practical benefit of separating the actual response function, i.e. estimation 
of the solute’s half-times in different barriers and the respective delays is that it makes 
the uncertainty analysis of the repository system more transparent. It also underlines the 
fundamental difference between the solute’s delay time and half-time in a barrier. Half-
time characterises how the barrier attenuates the release rate and disperses the pulse in 
time. Delay is just translation in time, which means that its effect on the release rate will 
depend on the half-life of the nuclide. In this report the delay times were selected based 
on quite early breakthrough times in order to avoid an excessive overestimation of them 
(Table 6-2).  
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Table 6-2. Estimated delay times in the transport barriers. 
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Mass transfer between successive components of the release path was represented to a 
large extent by linear processes. In this case the release rate from an individual barrier 
could also be determined by convoluting the inflow pulse with the response function of 
the barrier. The total response of the system could be derived as a successive 
convolution of the response functions of all barriers. This already is an important 
characteristics of the system. The additive nature of variance under the convolution 
operation leads easily to a situation in which one of the convoluted functions dominates 
the result of the total convolution. This indicates that spreading of the outflowing 
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release pulse is often governed by the typical behaviour of one transport barrier, 
especially in a geological multi-barrier system where the reservoir capacities of and 
mass transfer coefficients between adjacent barriers may differ significantly. For 
example, the response function of I-129 is dominated by the response function of the 
canister as indicated in Figure 6-1 below, where the canister response (curve denoted by 
“cb”) closely coincides with that of the whole system (curve denoted by “Total”). 

 
Figure 6-1. I-129 response functions for individual barriers (cb: from canister to 
buffer, bf: from buffer to fracture, bt: from buffer to tunnel, tf: from tunnel section to 
fracture and f: geosphere), for different pathways (c-b-f: pathway canister-buffer-
fracture and c-b-t-f: pathway canister-buffer-tunnel section-fracture). The total 
response function of the whole system is shown with the thicker gray line. The 
geosphere’s response function is represented by the analytical solution for matrix 
diffusion model for infinite matrix (plotted in log-log scale in Figure 5-2).  

Characterisation of the repository system by the simplified approach is straightforward. 
Mass transfer between successive barriers can be defined by the equivalent flow rates 
(see Section 4.1.1) between these barriers, and the solute’s half times in different 
barriers can be estimated by coupling the equivalent flow rates with the capacities (pore 
volumes) of the barriers. Characterisation of the repository system by the solute’s half 
times is a compact, transparent and helpful way to represent the barrier system when 
selecting potentially safety-relevant radionuclides and analysing different scenarios. 
Although radioactive decay chains were not considered in this work, the achieved 
characterisation of the repository system for individual nuclides will also help to 
estimate their properties in the case of decay chains. 
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The release rates of radionuclides from a leaking waste canister may also be dominated 
by their source terms, instead of the repository barrier system. The spent nuclear fuel is 
a ceramic material that dissolves slowly when in touch with groundwater. The actual 
release rate from the system is a convolution of the response function of the system with 
the source function. The release rate of the radionuclide is thus determined by a series of 
convolutions between the different response functions of the transport barriers followed 
by convolution with the source term of the radionuclide. This means waste dissolution 
can also be treated as a barrier, in which the waste’s dissolution time (or half of it) 
corresponds to the solute’s half time in barrier. Solute’s degradation time has been a 
million years in the verification simulations. This indicates that dissolution is a 
significant barrier, especially for non-sorbing nuclides that do not have a considerable 
fraction of instant release (IRF). 

Some of the elements in spent nuclear fuel have quite limited solubility in water. This 
means that the source term is not determined by the dissolution rate, but the solubility 
limit. The possibility for the appearance of solubility limitation can tested by comparing 
the release rates from a canister based on the solubility limitation and the fuel 
dissolution rate. In this work it was conservatively assumed that solubility limit 
determines the release rate if it gives a smaller release rate than the fuel dissolution rate 
in the beginning of the simulation. For example, in the case of Pu-239, the solubility 
limit is about 10-6 mol/L and the equivalent flow rate for a hole in the canister is about 
10-3 L/a. This gives a release rate that is about 550 Bq/a. The inventory of Pu-239 is 
about 2·1013 Bq per canister, so the 10-6 1/a degradation rate produces Pu-239 at a rate 
of 2·107 Bq/a into the water inside the canister. Solubility limitation will clearly hinder 
the release of Pu-239. 

The validity of the simplified description was tested against numerical transport 
simulations for three representative nuclides: C-14, I-129 and Pu-239. The results of 
these simulations showed reasonable agreement with those of the simplified approach. 
For non-sorbing tracers, C-14 and I-129, the simplified description and numerical 
models produced essentially identical result. Strongly sorbing Pu-239 was a more 
challenging case in this respect. It has a short radioactive half-life compared to the 
relevant solute’s half-times in the barriers, but slightly longer radioactive half-life than 
the estimated delay through the buffer to the fracture. This emphasised the importance 
of early transients in the pathway from the buffer to the fracture. However, also in this 
case the simplified approach was able to identify that the buffer is the most important 
transport barrier. In addition, a quite straightforward approximation of the transient 
behaviour was able to improve the results of analysis and to give reasonable agreement 
between the simplified approach and the performed numerical simulations. Delay time 
was not important for the release rates of C-14 and I-129, but for Pu-239 already the 
delay time indicated that the pathway from the buffer to the tunnel cannot lead to a high 
release rate (Table 5-1 and Figure 5-3). 

The solute’s half-times in different barriers (Table 5-1) can be compared with the 
radioactive half-lives of the nuclides. Already the first barrier along the release path in 
which the solute’s half-time is longer than the nuclide’s radioactive half-life will be an 
efficient transport barrier for that nuclide, although the barrier with longest solute half-
time will be the most efficient barrier.  
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APPENDIX A: ANALYTICAL SOLUTION OF THE DECAY CHAIN MODEL 

The solute concentrations in the canister, buffer and the section of the tunnel above 
the deposition hole (“tunnel section”) can be described by the following group of 
coupled equations,  
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where * means convolution, )(t , with (x) the Dirac delta function, 
dct  is 

the delay time in canister, 
dbtt  the delay time from buffer to tunnel, 

dbft  the delay 

time from buffer to fracture and 
dtft  the delay time from tunnel to fracture. Other 

notations in Equation (A-1) are for the solute’s decay constants: c from canister to 
buffer, bf from buffer to fracture, bt from buffer to tunnel and tf from tunnel to 
fracture. The initial conditions are mc(0)=0, mb(0)=0, mt(0)=0 and mf(0)=0.  

Solution to the mass out flow of the solute from the barrier system, 

dftffout mm * , was determined form Equations (A-1), and we found that  
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The Green’s function G of the operator L, which appears in this solution, was 
determined from the  
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with the result that 

)Exp()H( ttG ii  ,     (A-4) 

where H(t) is the Heaviside unit step function. Using the result Equation (A-4) in the 
solution of Equation (A-2), we find that 
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where the delay times for the two branches of the release path are given by 
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