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Abstract 
 

A model is developed to describe solute transport and retention in fractured rocks. It accounts 

for the fact that solutes not only can diffuse directly from the flowing channel into the 

adjacent rock matrix composed of different geological layers but can also at first diffuse into 

the stagnant water zone occupied in part of the fracture and then from there into the rock 

matrix adjacent to it. Moreover, the effect of radioactive decay-chain has also been studied in 

the presence of matrix comprising different geological layers. In spite of the complexities of 

the system, the analytical solution obtained for the Laplace-transformed concentration at the 

outlet of the flowing channel can conveniently be transformed back to the time domain by use 

of e.g. De Hoog algorithm. This allows one to readily include it into a fracture network model 

or a channel network model to predict nuclide transport through channels in heterogeneous 

fractured media consisting of an arbitrary number of rock units with piecewise constant 

properties. Simulations made in this study indicate that, in addition to the intact wall rock 

adjacent to the flowing channel, the stagnant water zone and the rock matrix adjacent to it 

may also lead to a considerable retardation of solute in cases with a narrow channel. The 

results further suggest that it is necessary to account for decay-chain and also rock matrix 

comprising at least two different geological layers in safety and performance assessment of 

the repositories for spent nuclear fuel. The altered zone may cause a great decrease of the 

nuclide concentration at the outlet of the flowing channel. The radionuclide decay, when 

accounted for, will drastically decrease the concentration of nuclides, while neglecting 

radioactive ingrowth would underestimate the concentration of daughter nuclides. 

Keywords: Solute transport model; Fractured rock; Stagnant water zone; Rock matrix 

diffusion; Radionuclide decay chain; Geological layers; Laplace transform; Simulation. 
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1 

INTRODUCTION 

 

 

 

 

In many countries such as Canada, Japan, Switzerland, Finland and Sweden, research 

programs have been proceeding to study radionuclide transport in crystalline rocks for more 

than thirty years. One important reason for this is that these countries are seriously 

considering constructing final repositories for radioactive wastes in such environments, at 

depth from a few tens of meters, for low and intermediate level wastes, to five hundred 

meters or more for high level wastes (Neretnieks, 1993). As a consequence, it is of great 

importance to have a rational understanding of the fundamental mechanisms that govern 

radionuclide transport in fractured media and to develop models that account for as many 

mechanisms as possible for safety and performance assessment of a deep geological 

repository for radioactive wastes. The aim is to predict the rate at which the escaping 

contaminants will be transported by flowing water from the repositories to the biosphere, 

given that the canister eventually may degrade and start to leak because of corrosion or other 

reasons. 

In general, it has been conceived that in fractured rocks, groundwater flows mostly through 

open fractures due to the very low permeability of the rock matrix compared to the fractures. 

Partly open fractures offer pathways, via so called channels, for nuclide transport to the 

biosphere. The porous rock matrix containing relatively immobile ground water can 

potentially store a portion of the radionuclides, via the so called matrix diffusion, which 

makes the porous rock accessible for up-taking and storing the nuclides (Neretnieks, 1980; 

Sudicky and Frind, 1984). 

As an important mechanism that could efficiently affect removal of nuclides from the flowing 

channels, matrix diffusion has long been verified and studied in cases where the rock matrix 

has been taken as an infinite homogenous medium (Neretnieks, 1980; Grisak and Pickens, 

1980; Tang et al., 1981; Sudicky and Frind, 1982). In reality, however, the rock has a more 

complex structure, as it commonly consists of not only the intact wall rock but also an altered 

zone (Löfgren and Sidborn, 2010b; Piqué et al., 2010; Cvetkovic, 2010). As a result, it is 

anticipated that the altered parts of the rock would strongly affect the transport of solutes in 

fractured media because they have significantly different diffusive and adsorptive properties 

than the intact wall rock (Selnert et al., 2009). 

The geological materials in the altered zone could, as shown in Figure 1, be made up of fault 

gouge, fracture coating, fault breccia, mylonite, cataclasite, and altered rock etc. (SKB, 2003). 
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Figure 1. A sketch of a typical conductive structure of different rock layers, based on 

conceptual model taken by SKB (2002a). 

 

The altered rock appears mostly to be the result of brittle reactivation of old ductile/semi-

ductile deformation zones, while the fault breccia and fault gouge originate mainly from the 

movements along fault planes and therefore are distributed in variable amounts and 

proportions over the fracture and structure planes (Löfgren and Sidborn, 2010a; Löfgren and 

Sidborn, 2010b). In spite of this knowledge, however, it is difficult to recognize all above-

mentioned matrix layers with distinctively different geological properties in field 

observations. For this reason, it is common to simplify the structure of the altered zone 

somehow and consider it as a mixture of some layers. Tsang and Doughty (2003) have 

conceptualized the rock matrix as an assemblage of the intact wall rock and several layers 

containing the altered material with an enhanced porosity, in order to account for their 

differences in geological properties. Moreno and Crawford (2009) have also considered the 

rock matrix as being composed of several geological layers in modeling solute transport in 

fractured rocks. They found that the layers close to the fracture surface may be important in 

determining the behavior of tracer retardation during site characterization. The more deeply 
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located layers in the rock matrix may, however, have a large impact on the transport of 

nuclide transport under the conditions prevailing at the timescales of the performance 

assessment. 

For simplicity, however, most of the models ignored the existence of the stagnant water zone 

in the fracture plane (Dershowitz et al., 1998; Hartley, 1998; Poteri and Laitinen, 1999), 

although field observations show that groundwater is flowing only in a small part of a 

conductive fracture to form one or more flowing channels (Tsang and Neretnieks, 1998). 

Neretnieks (2006) addressed the influence of the stagnant water zone. He found that solute 

diffusion into the stagnant water zone adjacent to the flowing channel can substantially 

contribute to the retardation of solut. It would give rise to not only a resistance to nuclide 

transport but also an increase of the contact surface over which nuclides can diffuse into and 

out of the rock matrix. As a result, considerable amounts of nuclides present in the flowing 

channel may be retained for a long time in the rock matrix adjacent to the stagnant water 

zone, instead of directly leaving into the rock matrix adjacent to the flowing channel. 

With this understanding, the work presented in the thesis attempts to get an insight into the 

synchronous and the overall effects of both media in retarding solute transport. Towards that 

end, a model is developed in this study that combines in essence the two models developed by 

Neretnieks (2006) and by Moreno and Crawford (2009), respectively, based on an 

idealization of the basic building block of a heterogeneous rock domain. It accounts for not 

only the stagnant water zone with a finite width lying in the fracture plane but also the rock 

matrix, as schematically shown in Figure 2, composed of both the intact wall rock with a 

finite thickness and the altered zone that may be made up of altered rock, cataclasite, fault 

gouge and fracture coating etc. all at the same time. In addition, the model considers that the 

rock matrices adjacent to both the flowing channel and the stagnant water zone may have 

different structures and geological properties. The effects of physical and chemical 

heterogeneities, as studied by Deng et al. (2010), can thus be taken into account by 

considering the fractured rocks as a series of blocks with piece-wise constant geological 

properties. 

In addition, in the case of radioactive wastes, multi-decay chains need to be considered as 

well to get realistic results. The amounts of daughter nuclides produced by the mother nuclide 

will increase along the flowing channel even if they have initially a very small inventory in 

the waste or spent nuclear fuel. As a result, neglecting radioactive decay precursors would 

affect prediction of radionuclide transport in fractured rocks in two ways. First, the amount or 

the concentration of daughter nuclide in the media would be underestimated. Second, if the 

mother nuclide is transported faster, the daughter nuclides would exist in an extended region 

in the fracture and the rock matrix (Yu et al., 1994). The model is extended to account also 

for an arbitrary length radionuclide decay-chain along a fracture in porous rock, aiming to 

illustrate how the decay-chain and the altered zone of the rock matrix can influence transport 

of radionuclides. For simplicity, however, we ignore the effect of the stagnant water zone at 

this stage by assuming that it is absent. 

Despite the complexities of the system, it is shown that the Laplace-transformed solution can 

readily be included in both the discrete fracture network models (Dershowitz et al., 1998) and 

the channel network models (Gylling et al., 1999) to describe solute transport through 

channels in heterogeneous fractured media consisting of an arbitrary number of rock units 

with piecewise constant properties. 
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Figure 2. Schematic conceptualization of a fracture with a rock matrix formed by several 

layers, also to illustrate the terms used in the text. 

 

The rest of the thesis is organized as follows. In Chapters 2 and 3 the model is formulated in 

detail, both conceptually and mathematically. The analytical solution of the model, i.e. the 

Laplace-transformed concentration of the solutes at the outlet of a flowing channel is 

described in Chapter 4. Following this, a series of simulations are made in Chapter 5 to 

illustrate the relative importance and the different contributions of the rock matrix layers, the 

stagnant water zone and decay-chain in retarding solute transport in fractured rocks. The 

conclusions are drawn in Chapter 6. 
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2 

CONCEPTUAL MODEL 

 

 

 

 

The system under consideration is schematically shown in Figure 3. It is an idealization of the 

basic building block of a network of intersecting fractures with distributions of lengths, 

orientations and positions (Moreno and Neretnieks, 1993b; Gylling et al., 1999). The flow is 

assumed to take place between two smooth parallel surfaces separated by a distance 2bf, 

forming a rectangular channel of width 2Wf. The water velocity, u, is assumed to be uniform 

across the flowing channel. Likewise, the stagnant water zone next to the flowing channel is 

conceptualized as a rectangular cuboid with the same length as the flowing channel but 

different aperture and width; they are 2bs and 2Ws, respectively. The rock matrix adjacent to 

the flowing channel is assumed to consists of nf layers with different thicknesses of 
i

f , i = 1, 

2, …, nf; the layers close to the fracture surface with i < nf constitute the altered zone, while 

the last one represents the intact wall rock. Similarly, the rock matrix adjacent to the stagnant 

water zone is considered to make up of ns layers with different thicknesses of i

s , i = 1, 2, …, 

ns; the layers close to the stagnant water zone with i < ns also constitute the altered zone, 

while the last one stands for the intact wall rock. 

zs

y

x

z

y = 0 x = 0

 z = 0
 zs = 0

u

2Ws

2Wf

δf
i

δs

2bf

2bs

i

 

Figure 3. Flow in a channel in a fracture from which solute diffuses into rock matrix as well 

as into stagnant water in the fracture plane and then further into the rock matrix. 
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When applied for practical use, however, we may simply assume that the rock matrices 

adjacent to both the flowing channel and the stagnant water zone have identical structures and 

geological properties. In addition, the geological materials in the altered zone such as breccia, 

mylonite and cataclasite etc. may also be lumped into only one layer to share the same 

properties. Despite these simplifications, it should be possible to choose the flow parameters 

and the geological parameters such that pessimistic estimates can be obtained for the sake of 

safety and performance assessment of a deep repository for spent nuclear fuel. 

Based on the idealized geometry of the system, as shown in Figure 3, the model accounts for 

the fact that solute can diffuse directly from the flowing channel into the adjacent rock 

matrix, in addition to advection through the fracture. The solute may also at first diffuse into 

the stagnant water zone and then from there into the rock matrix adjacent to it. Although in 

Figure 3 diffusion in both the stagnant water zone and the rock matrix is shown only in the up 

and left directions, the model also considers diffusion in opposite directions. In addition, 

linear equilibrium sorption onto both the fracture surface and the rock matrix is included. 

The model may even be further equipped by accounting for an arbitrary length decay-chain. 

In this case, however, the stagnant water zone and its adjacent rock matrix are ignored, as 

schematically shown in Figure 4, in order to simplify the model somehow. 

x

z

x = 0

 z = 0

u

2Wf

δf
i

2bf

 

Figure 4. Flow in a channel in a fracture from which solute diffuse into rock matrix layers. 

 

The model does not take advection in the rock matrix into account, since the permeabilities of 

the geological layers of the rock matrix are generally low. Solute transport in the rock matrix 

results solely from molecular diffusion in the model. Furthermore, a complete mixing of the 

solute across the flowing channel has been postulated, since the width of the channel is often 

much smaller than the transport distance (Buckley and Loyalka, 1993) so that it is 

unnecessary to take the transverse dispersion in the flowing channel into account. Likewise, 

the longitudinal dispersion is also neglected as it is generally dominated in fractured media by 

the differences in the residence times of solutes transported along different flow paths and 
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hence it does not need to be treated on the level of individual flow channels (Gylling, 1997). 

Nevertheless, the general procedure for combining longitudinal dispersion with any retention 

model could be included (Painter et al., 2008). 
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3 

MATHEMATICAL MODEL 

 

 

 

 

3.1 Migration of a stable nuclide 

 

Using the coupled 1-D approach, as was done by Hodgkinson and Mual (1988) and also by 

Neretnieks (2006), the system considered for the case involving only a non-radioactive solute, 

as shown in Figure 3, can be identified as four subsystems; the flowing channel, the stagnant 

water zone, the rock matrix adjacent to the flowing channel and rock matrix adjacent to the 

stagnant water zone, for which the equations of continuity describing solute transport 

processes can be formulated individually. This approach essentially takes a 3-D system as an 

assemblage of 1-D subsystems, in which solute transport by diffusion is assumed to take 

place only in one direction. The exchange of solute between the subsystems is, then, 

described as a sink or source located at the interface that couples the 1-D transport equations. 

 

3.1.1 Solute transport in the flowing channel 

 

The 1-D transport equation for the aqueous concentration in the flowing channel, Cf, is of the 

form, 

0

11

0 



















z

pf

f

ef

y

s

f

s

f

sff

f
z

C

b

D

y

C

W

D

b

b

x

C
u

t

C
R     (1) 

where y and z are the coordinates into the stagnant water zone and into the rock matrix 

adjacent to the flowing channel, respectively, and both are perpendicular to the channel. The 

subscripts f and s have been used to indicate the flowing channel and the stagnant water zone, 

respectively. A complete list of symbols, subscripts, superscripts and units is given at the end 

of the thesis. 

The initial condition is, 

0)0,( xC f          (2) 

while the boundary condition for a time dependent concentration at the inlet is given by, 
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)(),0( tCtC inf 
        (3) 

The first term at the right-hand side of Equation (1) describes the advection, while the last 

two terms describe the diffusional process at the interfaces between the flowing channel and 

the stagnant water zone and between the flowing channel and the first layer of the rock matrix 

adjacent to it, respectively. The hydrodynamic dispersion term is not accounted for. 

 

3.1.2 Solute transport in the stagnant water zone 

 

Assuming that the diffusion in the direction parallel to the flow is negligible, the transport 

equation for the aqueous concentration in the stagnant water zone, Cs, is given by, 

0

11

2

2
















szs

ps

s

ess
s

s
s

z

C

b

D

y

C
D

t

C
R       (4) 

where zs is the coordinate into the rock matrix adjacent to the stagnant water zone and it is 

perpendicular to the interface between the stagnant water zone and the adjacent rock matrix. 

The last term at the right-hand side of Equation (4) describes the diffusional process at the 

interface between the stagnant water zone and the rock matrix adjacent to it. 

The initial condition is, 

0)0,( yCs
         (5) 

and the boundary conditions are given by, 

fs CtC ),0(          (6) 

and 

0
2






 sWy

s

y

C
         (7) 

The processes of solute transport in the flowing channel and in the stagnant water zone are 

thus coupled through Equation (6), which describes the continuity of the aqueous 

concentration of the solute. 

 

3.1.3 Solute transport in the rock matrix adjacent to the flowing channel 

 

Taking diffusive transport and linear equilibrium sorption of the solute into account, the 1-D 

transport equation for the aqueous concentration in the pore water of the ith layer of the rock 

matrix adjacent to the flowing channel, 
i

pfC , is, 
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2

2

z

C
D

t

C i

pfi

af

i

pf









 for i

outletf

i

inletf zzz ,,  , i = 1,2,…,nf  (8) 

where we have defined 



i

j

j

f

i

inletfz
1

1

,  , 



i

j

j

f

i

outletfz
1

,   and 00 f . The subscripts inlet and 

outlet indicates the beginning and the end of the matrix layer. The apparent diffusivity 
i

afD  is 

defined as, 

i

pf

i

pf

i

efi

af
R

D
D


    i = 1,2,…,nf     (9) 

The initial conditions are, 

0)0,( zCi

pf   for i

outletf

i

inletf zzz ,,  , i = 1,2,…,nf  (10) 

while the boundary conditions are given, respectively, by, 

),(),( 1 tzCtzC i

pf

i

pf

  at 
i

inletfzz , , i = 1,2,…,nf   (11) 

and 

z

C
D

z

C
D

i

pfi

ef

i

pfi

ef







 



1

1  at 
i

outletfzz , , i = 1,2,…,nf   (12) 

where we have defined fpf CC 0
 and 0

1


fn

efD . 

When i = 1, Equation (11) describes the continuity of the aqueous concentration of the solute 

at the interface between the flowing channel and the first layer of the rock matrix adjacent to 

it. This couples the behaviour of solute transport in the flowing channel and in the adjacent 

rock matrix. 

 

3.1.4 Solute transport in the rock matrix adjacent to the stagnant water zone 

 

Similar to Equation (8), the 1-D transport equation for the aqueous concentration in the pore 

water of the ith layer of the rock matrix adjacent to the stagnant water zone, 
i

psC , can be 

written as, 

2

2

s

i

psi

as

i

ps

z

C
D

t

C









 for i

outletss

i

inlets zzz ,,  , i = 1,2,…,ns  (13) 

where we have defined 00 s , 



i

j

j

s

i

inletsz
1

1

,  , and 



i

j

j

s

i

outletsz
1

,  . The apparent diffusivity 

i

asD  has the same definition as 
i

afD  in Equation (9), except for changing the subscripts from f 

to s.  
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The initial conditions are, 

0)0,( zCi

ps   for i

outletss

i

inlets zzz ,,  , i = 1,2,…,ns  (14) 

while the boundary conditions are given, respectively, by, 

),(),( 1 tzCtzC s

i

pss

i

ps

  at 
i

inletss zz , , i = 1,2,…,ns   (15) 

and 

s

i

psi

es

s

i

psi

es
z

C
D

z

C
D








 



1

1  at 
i

outletss zz , , i = 1,2,…,ns   (16) 

where we have defined sps CC 0
 and 0

1


sn

esD . 

When i = 1, Equation (15) describes the continuity of the aqueous concentration of the solute 

at the interface between the stagnant water zone and the first layer of the adjacent rock 

matrix. It couples, therefore, the behaviour of solute transport in the two neighbouring 

subsystems. 

It should be noticed that the diffusional process across the interface between the rock matrix 

adjacent to the flowing channel and the rock matrix adjacent to the stagnant water zone is not 

accounted for in the model. The reason for this is that, the diffusion in the stagnant water zone 

is fast compared to that in the low porosity rock matrix and therefore the latter can be 

neglected. 

 

3.2 Migration of nuclides in an arbitrary length decay chain 

 

In this section, we consider the case involving a radioactive nuclide decay-chain. To simplify 

the problem somehow, the stagnant water zone and its adjacent rock matrix are assumed to be 

absent, as schematically shown in Figure 4. Again, by using the coupled 1-D approach, as 

was done by Hodkingson and Mual (1988) and Neretnieks (2006), the system shown in 

Figure 4 can be identified as two subsystems; the flowing channel and the rock matrix layers, 

for which the equations of continuity describing solute transport processes can be formulated 

individually. 

 

3.2.1 Solute transport in the flowing channel 

 

Given a radioactive nuclide decay-chain of length m, the 1-D transport equation for the jth 

nuclide in the flowing channel can be expressed as, 

1,11,,,

0

1

,

1
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R   j = 1,2,…,m  

          (17) 
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where we have defined 00  . 

The initial condition is, 

0)0,(, xC jf      j = 1,2,…,m   (18) 

while the boundary condition is, 

)(),0( ,, tCtC jinjf      j = 1,2,…,m   (19) 

The first term at the right-hand side of Equation (17) describes the advection through the 

flowing channel, whereas the second term indicates the diffusional process at the interface 

between the flowing channel and the rock matrix adjacent to it. The third term represents the 

mass loss of member j by decay, and the forth term denotes the mass gain of member j by 

radioactive disintegration of its parent (member j-1). 

 

3.2.2 Solute transport in the rock matrix 

 

Accounting for diffusion and linear equilibrium adsorption, the 1-D transport equation for the 

species j in the pore water of the ith layer of the rock matrix, 
i

jpC , , is given by, 

i

jpj

i
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jpj

i

jp

i

jpi
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i

jpi

jp CRCR
z

C
D

t

C
R 1,11,,,2

,
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,

,
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  for i

outletf

i

inletf zzz ,,  ,  

    j = 1,2,…,m,  i = 1,2,…,nf  (20) 

The initial conditions are, 

0)0,(, zCi

jp   for i

outletf

i

inletf zzz ,,  , j = 1,2,…,m,  i = 1,2,…,nf 

          (21) 

while the boundary conditions are given, respectively, by, 

),(),( 1

,, tzCtzC i
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i

jp

   at 
i

inletfzz , , j = 1,2,…,m,  i = 1,2,…,nf 
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and 

z

C
D

z

C
D

i

jpi

je

i

jpi

je







 



1

,1

,

,

,  at 
i

outletfzz , , j = 1,2,…,m,  i = 1,2,…,nf 

          (23) 

where we have defined jfjp CC ,

0

,   and 0
1

, 
fn

jeD . 

Comparison of Equations (17) to (19) with Equations (1) to (3), and Equations (20) to (23) 

with Equations (13) to (16), shows that, when radioactive decay is accounted for, the only 

modification is to add one decay term and one ingrowth term into the governing equations. 

The initial and the boundary conditions keep invariant for the subsystems involved. This 
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principle applies also to the case when the stagnant water zone and its adjacent rock matrix 

are taken into account. As mentioned before, for the moment, we only consider a simplified 

system that consists of a flowing channel and an adjacent rock matrix. The aim is to highlight 

the importance of radioactive decay, in addition to show how complex the analytical solutions 

of the model would become. 
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4 

LAPLACE-TRANSFORMED SOLUTION 

 

 

 

 

The governing equations for solute transport can be solved by applying the Laplace 

transformation approach (Watson, 1981). It removes the time variable leaving a system of 

ordinary differential equations, the solutions of which yield the transform of the aqueous 

concentrations as a function of space variables. 

Since the Laplace transform technique allows one to get the aqueous concentration in the rock 

matrix in the Laplace domain without obtaining the concentration profiles within the flowing 

channel and the stagnant water zone, it is preferable to begin with the Laplace-transformed 

equations for solute transport in the rock matrices and then continue with the equations in the 

stagnant water zone and the flowing channel. The detailed mathematical procedure can be 

found in appended Papers I and II. 

 

4.1 Migration of a stable nuclide 

 

In the case involving only a non-radioactive solute, the final solution for Laplace-transformed 

concentration in the flowing channel can be written as, 

   )2tanh(Nexpexp),( ssfinf CsxC      (24) 

where and henceforth the over-bar is used to denote the Laplace-transformed quantities, and s 

stands for the Laplace transform variable. 

In Equation (24), f  is defined as, 

ssR fffff PF          (25) 

where we have introduced three characteristic parameters f , fF  and N. For ease of 

reference, these parameters together with other characteristic parameters are tabulated in 

Table 1 with their definitions and physical significance. Likewise, 
s  is defined for the 

stagnant water zone in the same way as Equation (25) except for changing the subscripts from 

f to s. 
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Table 1. Characteristic parameters. 

Notation 

(Unit) 

Definition Physical significance 

i

fMPG  

(LT-1/2) 

i

pf

i

pf

i

ef

i

f RD MPG

 

The material property group, for the rock matrix layers 

adjacent to the flowing channel, measures the ease with 

which solute diffuses into the pore water, but mostly the 

capacity to retain solute, within the matrix layer. A high 

value of it means that the matrix layer can hold a large 

amount of a given solute in both the dissolved and the 

adsorbed states. 

i

sMPG  

(LT-1/2) 

i

ps

i

ps

i

es

i

s RD MPG

 

The material property group for the rock matrix layers 

adjacent to the stagnant water zone has exactly the same 

meaning as the material property group for the rock 

matrix adjacent to the flowing channel. 

Ff 

(TL-1) 
f

f
ub

x
F  

The Ff-ratio is the ratio of the flow-wetted surface of the 

flowing channel to the advection conductance (volumetric 

water flow rate). A high value of the Ff–ratio means that a 

large amount of solute carried by the flowing water can 

quickly be transported into the rock matrix. 

Fs 

(TL-1) 
ss

s
s

bD

W
2

F   
The Fs-ratio is the ratio of the wetted surface of the rock 

matrix adjacent to the stagnant water zone (the stagnant-

water-wetted surface) to the diffusion conductance of the 

stagnant water zone. It describes the competition between 

two important processes governing the rate of solute 

transport; diffusion into the stagnant water zone and 

diffusion from the water into the adjacent rock matrix. A 

large value of the Fs–ratio indicates that a large amount of 

solute diffusing from the flowing channel into the 

stagnant water zone can quickly be sucked by the adjacent 

rock matrix. 

τf 

(T) u

x
f   

The characteristic time for advection in the flowing 

channel which is actually the water residence time but can 

also be regarded as the solute travel time along the 

flowing channel without accounting for any interaction 

with the surroundings. 

τs 

(T) 
s

s

s
D

W
2

  
The characteristic time for solute diffusion in the stagnant 

water zone which characterizes solute travel time in the 

direction perpendicular to the flowing channel. 
i

Df
 

(T) 
i

af

i

fi

Df
D

2)(
   

The characteristic time for solute diffusion in the ith layer 

of the rock matrix adjacent to the flowing channel. 

i

Ds
 

(T) i

as

i

si

Ds
D

2)(
   

The characteristic time for solute diffusion in the ith layer 

of the rock matrix adjacent to the stagnant water zone. 

N 

(-) 
ff

sss

Wub

WxbD /
N   

The N-ratio is the ratio between the characteristic rate of 

diffusion into the stagnant water zone and the 

characteristic rate of advection through the flowing 

channel. It quantifies the fraction of solute that can depart 

from the flowing channel into the stagnant water zone. A 

high value of the N–ratio indicates that the stagnant water 

zone has a large capability to capture the solute passing 

by and then deliver it from there into the adjacent rock 

matrix. 
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The Pf-parameter in Equation (25) is given by, 

 
 




fn

k

k

i

i

f

i

f

k

f

kk

ff

1 1

)cosh()tanh()1(MPG
||
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f

1k

f

M

M
   (26) 

where Mf is a matrix that characterizes solute transport properties within each layer of the 

rock matrix and through the interface between adjacent layers, and it is defined as, 

 
ff nn
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          (27) 

In Equation (26), Mf
k+1 stands for the sub-matrix of Mf whose first to the kth rows and also 

columns have been deleted and |Mf| and | Mf
k+1| are the determinant of Mf and Mf

k+1, 

respectively. 

Consequently, the first exponential function in Equation (24) describes the contribution of a 

partial system composed of the flowing channel and the adjacent rock matrix in retarding 

solute transport and retention, as f  given in Equation (25) is determined solely by the 

parameters Rf, τf, Ff and Pf which are all related to the flowing channel and the adjacent rock 

matrix. By the similar token, the second exponential function describes the contribution of a 

partial system composed of the stagnant water zone and the adjacent rock matrix in retarding 

solute transport and retention with the N-ratio accounting for the fraction of solute that can 

depart from the flowing channel into the stagnant water zone. 

Since Equation (24) expresses the ratio of the outlet and the inlet concentrations (in the 

Laplace domain) as a product of two exponential functions, it can be easily extended to the 

case where the transport path consists of a series of piece-wise constant channels, along each 

of which the surrounding media have constant geological properties. The result is, for L 

successive channels, 

 
















 



L

i

i

s

i

s

i
L

i

i

finf CC
11

)2tanh(Nexpexp    (28) 

It signifies that, when applied for practical use such as in predicting the behavior of nuclide 

transport in fractured media from a repository to the biosphere, it is unnecessary to calculate 

solute concentration at every outlet of the channels by performing the inverse Laplace 

transform of Equation (24). Rather, one only needs to follow the flowing channels along 

which solute travels and document the involved characteristic parameters. The information 

would then be sufficient to obtain solute concentration, i.e. the breakthrough curve, once at 

the final end of the transport path, by use of De Hoog algorithm (De Hoog et al., 1982) to 

numerically transform Equation (28) back to the time domain. This would not only save 

computation time dramatically but also give accurate predictions, provided that the 

assumptions underlying Equation (28) are justified to be fair for the purpose of safety 

assessment of a deep geological repository for spent nuclear fuel. 
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4.2 Migration of nuclides in an arbitrary length decay chain 

 

In the case involving a radioactive decay chain, the Laplace-transformed concentration vector 

at the outlet of the flowing channel where the effects of the stagnant water zone and its 

adjacent rock matrix have been neglected can be written as, 

  in

1

f CΘTΘC


~
exp         (29) 

which can numerically be transformed back to the time domain by use of e.g. the De Hoog 

algorithm (De Hoog et al., 1982). 

The definitions of the vectors 
fC  and 

inC , and the matrices Θ , 
1Θ
, and T

~
, are detailed in 

Paper II. Although, in general, no analytical expressions could be given explicitly for Θ , 
1Θ
, and T

~
, they are readily available in some simple cases. Otherwise, a numerical solution 

is needed. For instance, in the case where all the matrix layers have the same properties, i.e. 

when we have just one layer as the rock matrix (intact wall rock), and only one single nuclide 

is considered, it may be shown that 1Θ , 11
Θ . Consequently, by following the 

procedure described in Paper II, we find that, 

    111

1

1,

1

1 tanhMPGF
~

  sRss ffDfT    (30) 

This gives the Laplace-transformed concentration at the outlet of the flowing channel as, 

     111

1

1,

1

1 tanhMPGFexp   sRssCC ffDfinf   (31) 

Where the two characteristic parameters 
1

1,D and 1

1MPG  follow the general definitions given 

in Table 1. The characteristic diffusion time, 
i

jD, , and the material property group, 
i

jMPG , 

for the jth nuclide through the ith layer of the rock matrix are then defined, respectively, as, 

 
i

ja

i

fi

jD
D ,

2

,


           (32) 

and 

i

jp

i

jp

i

je

i

j RD ,,,MPG         (33) 

Thus, by performing the inverse Laplace transform of Equation (31), the outlet concentration 

in general cases involving not only decay-chain but also different geological layers for the 

rock matrix, would have to be of the following form, 

 tRfC j

i

jD

i

jffff ,,,MPG,F, ,        (34) 
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This suggests that the characteristic parameters, as defined in Table 1, and the decay 

constants would be sufficient to describe the fate of nuclide transport through a discrete 

fracture in crystalline rocks. 

In addition, it is noted that Equation (29) can easily be extended into the case where the 

transport path consists of a series of piecewise constant channels, along each of which the 

surrounding media have constant geological properties. The result is, for L successive 

channels, 

   in

1

f CΘTΘC 





L

i

iL

1

1

~
exp        (35) 

This expression, again, indicates that it is unnecessary to calculate solute concentration at 

every outlet of channels. Instead, only following the flowing channels along which solute 

travels and document the involved characteristic parameters would be enough to get the final 

outlet concentration in Equation (35). 
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5 

SIMULATIONS AND DISCUSSION 

 

 

 

 

In this chapter, a series of simulations will be presented and discussed to explore the effects 

of different mechanisms in retarding solute transport in fractured rocks. A step-by-step 

procedure is then adopted to carry out sensitivity analysis, by changing one of the 

characteristic parameters at a time. We start, however, from a simple case where only one 

matrix layer is involved in the system with the aim of exploring the effect of the intact wall 

rock. The rock matrix is thereupon extended to include one more layer in order to facilitate 

understanding the effect of the altered zone. Following this, the stagnant water zone is taken 

into account but assuming that the rock matrix consists only of the intact wall rock. The 

results with respect to the effects of several matrix layers and also stagnant water zone are 

shown at the next step, in the interest of giving a clear picture about the findings. Thereafter, 

the effect of the thickness of matrix layers is illustrated, followed with simulations showing 

the impact of radioactive decay-chain in the case involving only one rock matrix layer. The 

effect of both several matrix layers and also decay-chain is given at the end of the chapter. 

 

5.1 Migration of a stable nuclide 

 

The data used in the base case are tabulated in Tables 2, 3 and 4 for the flowing channel, the 

stagnant water zone and the adjacent rock matrix composed of five layers, respectively. The 

solute-dependent properties in MPG such as the diffusion coefficient and the distribution 

coefficient are those for caesium, while the geometry of the system and the geological 

properties of the rock matrix are representative of those from field observations (SKB, 2006). 

The available database for transport and sorption properties of the rock matrix, such as extent 

and porosity, may also be found in SKB report (2003). To simplify the simulation without 

losing generality, however, we assume that the rock matrices adjacent to both the flowing 

channel and the stagnant water zone have identical structures and properties. 

In the simulations, a pulse-source boundary is considered at the channel inlet. Analysis of the 

response function at the channel outlet would give, then, an insight into different mechanisms 

in retarding nuclide transport in fractured rocks. 
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Table 2. Flowing channel properties. 

length x = 50 m 

half-width Wf = 0.1 m 

half-aperture bf = 1.0e-04 m 

Retardation coefficient Rf = 1 (no surface sorption) 

Groundwater velocity u = 5 m/yr 

 

Table 3. Stagnant water zone properties. 

half-width Ws = 0.5 m 

half-aperture bs = 1.0e-04 m 

Diffusion coefficient Ds = 0.0315 m2/yr 

Retardation coefficient Rs = 1 (no surface sorption) 

 

Table 4. Rock matrix properties for caesium. 

Rock zones MPG 

(m2/yr)0.5 

τD 

(yr) 

Intact wall rock 0.0057 1.43e06 

Altered rock 0.0138 3.81e04 

Cataclasite 0.0179 128 

Fracture coating 0.1200 0.02 

Fault gouge 0.6399 0.7 

 

5.1.1 Effect of intact wall rock 

 

Consider now the simple case where there is no stagnant water zone in the fracture plane, i.e. 

Ws = 0. Under this condition, Equation (24) reduces to, 

 ssRsCsxC ffffff PFexp),0(),(        (36) 

In the case when all the matrix layers have the same properties, i.e. when we have just one 

layer as the rock matrix (intact wall rock), Equation (26) for the Pf-parameter simplifies to, 



21 
 

)tanh(MPGP m

f

m

ff         (37) 

where and henceforth the superscript m refers to the intact wall rock as the main rock matrix. 

The inverse Laplace transform of Equation (36) indicates that the outlet concentration would 

have to be of the following form, 

),,MPGF,( tRfC m

Df

m

fffff        (38) 

That is, the behaviour of the breakthrough curves can depend only on the parameters ffR  , 

m

ff MPGF , 
m

Df  and the independent variable t. This general result indicates already that Ff 

and 
m

fMPG  would have equivalent effects in retarding solute transport, as they are 

exchangeable. This is true, however, only in the case where only one layer was involved in 

the solid rock without accounting for other coatings and the stagnant water zone in the 

fracture plane. In other cases, Equation (26) for the definition of the Pf-parameter suggests 

that the Ff–ratio and 
m

fMPG  are not exchangeable in Equation (36) and therefore they would 

play different roles in determining the fate of solute transport, as demonstrated later. 

Since we specifically model the sorption in even thin rapidly equilibrated surface coating 

layers, we set Rf to unity. This, together with the fact that the advection time f  is only on the 

order of 10 years and that the time scale we are concerned with is at least 10000 years, 

indicates that the effect of ffR   is entirely negligible. It should, however, be noted that ffR   

would determine the breakthrough time before which no solute can be found at the channel 

outlet. 

By contrast, both Ff and 
m

fMPG  would play important roles in retarding solute transport. 

They would affect the peak value of Cf (Cf,peak) and the time at which the response function 

reaches the peak (tpeak) and correspondingly affect the spread but not the shape of the 

breakthrough curve. This is shown in Figure 5, where we take the intact wall rock as the 

matrix layer with 
m

Df  = 1.43×106 year and increase Ff–ratio continuously from Ff,0 = 1.0×105 

yr/m by a factor of three (we use the script 0 henceforth to denote the corresponding value 

given in the base case). For a constant source boundary with Cf(0, t) = C0, and hence 

sCsC f /),0( 0 , the response function is defined as Cf/C0. 

The Ff-ratio accounts for the fact that when the solute is swept by the flowing water along the 

channel, it can also be continuously transferred from the flowing water into and out of the 

rock matrix. The Ff-ratio actually describes the ability of the rock matrix to draw off the 

solute from the flowing channel and can be seen as the efficiency of solute transport between 

the flowing water and the adjacent rock matrix. It is, then, not surprising to see in Figure 5 

that the higher the Ff–ratio, the more the solutes are retarded in the matrix due to both 

diffusion and adsorption, resulting in a large value of tpeak and a lower value of Cf,peak. 
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Figure 5. Dependence of the response function on Ff-ratio when there is no stagnant water 

zone and the rock matrix is composed of only intact wall rock. 

 

The material property group characterizes, however, a different thing than the Ff-ratio does. It 

describes, to a large extent, the capacity of the rock matrix in restraining the solute in addition 

to the difficulty of solute diffusion into it. A high value of 
m

fMPG  indicates that the solute 

can quickly diffuse into the rock matrix and be retained there by sorption. For this reason, it is 

very obvious that the larger the 
m

fMPG , the longer the solute would reside in the matrix, 

resulting also in a larger value of tpeak and a lower value of Cf,peak of the response function. 

Since the material property group 
m

fMPG  and the Ff–ratio are exchangeable in Equation (38) 

describing the behaviour of the breakthrough curve, exactly the same results as given in 

Figure 5 would also be obtained if 
m

fMPG  is, instead, increased from its base value 
m

f 0,MPG  

by a factor of three, while the Ff–ratio and other parameters were kept fixed. 

On the other hand, the diffusion time, 
m

Df , would influence mainly the downhill shape of the 

response function, as shown in Figure 6. Only when 
5102 m

Df  years, the peak value of 

the response function increases with decreasing the diffusion time, while when 
6103 m

Df  

years it keeps nearly the same as that obtained for an infinite matrix layer. This suggests that, 

given a typical value of 
7107 m

afD  m2/yr, we may consider the intact wall rock to have an 

infinite thickness when 5.1 m

f  m. 
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Figure 6. Dependence of the response function on 
m

Df  when there is no stagnant water zone 

and the rock matrix is composed of only intact wall rock. 

 

5.1.2 Effect of altered zone 

 

When there exists a number of thin layers with large material property groups in the altered 

zone next to the intact wall rock, the Pf-parameter in Equation (36) cannot be expressed in a 

simple manner, as seen from Equation (26). However, in the case where only one matrix layer 

from altered zone is concerned (the matrix is made from two layers, intact wall rock and one 

layer from altered zone), it can be written explicitly as, 

)tanh()tanh(
MPG

MPG
1

)tanh(

)tanh(

MPG

MPG
1

)tanh(MPGP
1

1

m

1

m

1

m

f

m

f

f

f

m

f

f

f

f

m

fff













     (39) 

This expression suggests that the Pf-parameter is, in general, not symmetric with respect to 

the two layers with different geological properties, and therefore the exchange of the spatial 

sequence of the two layers would lead to different breakthrough curves for solute transport. 

Nevertheless, given that the material property groups of the two layers are identical, Equation 

(39) would become, 

)tanh(MPGP 1m

f

m

fff          (40) 

As a result, it turns to be symmetric in such a manner that the characteristic diffusion times of 

the two layers are simply additive. Should the apparent diffusivities in both layers be also 
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identical, i.e. when the two layers have the same geological properties, Equation (40) would 

reduce to Equation (37). 

In practice, however, the material property group and the characteristic diffusion time of the 

rock matrix layers may be very different from those of the intact wall rock; both may span 

several orders of magnitude, as shown in Table 4. The effect of different matrix layers in 

retarding solute transport would, then, be expected to be quite different. To verify this, we 

present in Figure 7 the breakthrough curves for the cases when the altered zone consists 

solely of fracture coating, cataclasite, fault gouge or altered rock, respectively. It is seen that 

only when fracture coating is considered in the altered zone, no significant difference could 

be observed between the results obtained for the two layer case and the one layer case. This is 

expected because fracture coating has so small value of 
1 Df  as to be easily penetrated by 

solutes but it can only retain a marginal amount of solutes. However, the presences of thin, 

porous and readily accessible coatings can considerably delay the early arrival of the solute. It 

has the same effect as rapid surface sorption; the peak is not affected much but the 

breakthrough curves move to longer times. This can have an important impact on some 

decaying nuclides, and as a result we cannot simply ignore the existence of these layers 

whenever they are involved in the rock matrix. 

 

Figure 7. Comparisons between breakthrough curves when there is no stagnant water zone 

and the rock matrix is composed of an altered layer and the intact wall rock. 

 

In other cases, the altered zone’s layer would play an important role either by significantly 

delaying the peak time tpeak, as in the cases of cataclasite and fault gouge, or also by strongly 

weakening the peak value Cf,peak, as in the case of altered rock. Notably, the peak sequence in 

Figure 7 is not determined by either 
1MPG f  or 

1 Df , but by 
11MPG Dff  ; it is about 0.02, 

0.20, 0.54 and 2.69 for fracture coating, cataclasite, fault gouge and altered rock, respectively. 
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The larger this value, the lower the peak is and correspondingly the larger the peak time tpeak 

is. 

In addition, comparison of the data used and the results obtained for the cases of cataclasite 

and altered rock seems to show that 
1 Df  would be the key parameter, rather than 

1MPG f , in 

measuring the capacity of the altered zone layers in restraining the solute. This is, however, 

not true. As we discussed before, for a given solute, it is the material property group that 

quantifies mostly the capacity of the matrix layer in retaining the solute while the diffusion 

time only describes the available space in containing it. The reason for the significant 

difference between the response functions of the two cases is actually due to the big 

difference in 
11MPG Dff  . This quantity would be 13 times greater in the case of altered rock 

than that of cataclasite. 

To demonstrate the similarity and the difference between the effects of 
1MPG f  and 

1 Df  in 

retarding solute transport, we then present in Figures 8 and 9 the dependence of the response 

functions on 
1MPG f  and 

1 Df , respectively. 

 

 

Figure 8. Dependence of the response function on 
1MPG f when there is no stagnant water 

zone and the rock matrix is composed of altered rock and intact wall rock. 

 

It is seen that they do play similar roles in affecting the behaviour of response functions when 

both are increased from the data used in the base case for altered rock by a factor of three, 

respectively; the larger the values, the longer the solute would be retained in the rock matrix. 

However, detailed analysis suggests that the main difference in the change of the response 

functions is not the peak value Cf,peak but the peak time tpeak; it increases from 2.8×105 yr 

dramatically to 9×105 yr in Figure 8, while only slightly to 4×105 yr in Figure 9. This 
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illustrates that solute retention in the altered zone layer is more sensitive to the magnitude of 

1MPG f , rather than that of 
1 Df , although the parameter group 

11MPG Dff   is more 

appropriate in characterizing the capacity of the matrix layer in containing the solute. 

 

 

Figure 9. Dependence of the response function on 
1

Df  when there is no stagnant water zone 

and the rock matrix is composed of altered rock and intact wall rock. 

 

5.1.3 Effect of stagnant water zone 

 

When the stagnant water zone in the fracture plane is accounted for, part of the solute may, at 

first, diffuse from the flowing channel into the stagnant water zone and then from there into 

the rock matrix adjacent to it. An additional space becomes, then, available for solute 

transport and retention. However, as an intermediate buffer, the stagnant water zone also 

limits the transfer of solute directly from the flowing channel into and out of its adjacent 

porous media, especially when it has a large volume for solute storage. As a result, in cases 

with a narrow channel and a wide stagnant water zone, the latter may well dominate the 

retardation of solute transport. To explore this and the other possible effects of the stagnant 

water zone, the complete form of Equation (24) has to be used. 

For illustration purposes and also for simplicity, however, we shall still consider the case 

where the rock matrix consists only of the intact wall rock. The Pf -parameter is then given by 

Equation (37) while the Ps-parameter is defined in the same way except for changing the 

subscripts from f to s. As a result, the inverse Laplace transform of Equation (24) indicates 

that the outlet concentration would have to be of the following form, 

),,MPGF,N,,,MPGF,( tRRfC m

Ds

m

ssss

m

Df

m

fffff     (41) 
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This general result indicates already that Fs and m

sMPG  would have equivalent effects in 

retarding solute transport, as they are exchangeable. This is true, however, only in the case 

where only one layer was involved in the rock matrix without accounting for other coatings. 

In other cases, they would appear in different places in the equation. On the other hand, 

Equation (41) shows that the influence of the rock matrix adjacent to the stagnant water zone 

would be different from that adjacent to the flowing channel, as the power of m

ssMPGF  is not 

taken the same value as that of 
m

ff MPGF , i.e. unity, but 1/2 instead. The physical reason 

behind this is that the solute can directly get into contact with the rock matrix adjacent to the 

flowing channel but not directly with that adjacent to the stagnant water zone, which acts as a 

diffusion-controlled buffer. Only through this buffer can part of the advected solute penetrate 

into and be restrained in the rock matrix adjacent to the stagnant water zone. As a result, the 

partitioning between these two paths of solute transport, as determined by the N-ratio, also 

plays an important role in determining the behaviour of the breakthrough curves. 

In Figure 10, the Fs–ratio is increased continuously from Fs,0 = 7.927×104 yr/m by a factor of 

three, while the other characteristic parameters are all kept at fixed values as in the base case. 

In particular, m

sMPG  = 0.0057 and N = 6.3. It is seen that the peak value Cf,peak decreases 

slightly, while the peak time tpeak increases considerably, with increasing the Fs–ratio. This is 

in significant contrast to what was found previously in Figure 5 to changes in the Ff–ratio. 

 

 

Figure 10. Dependence of the response function on Fs-ratio when there is stagnant water zone 

and the rock matrix is composed only of the intact wall rock. 

 

It is however expected, since  m

ssMPGF  would dominate the fate of solute transport which is 

far larger than 
m

ff MPGF . In the shown cases, the product 
m

ff MPGF  has a value of roughly 

565 while m

ssMPGF  is in the range between 448 and 1344, meaning that the stagnant water 
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zone has a considerable buffer capacity in this example. As a result, most of the solute would 

directly depart from the flowing channel and then diffuse into and out of the rock matrix 

adjacent to the stagnant water zone. The dominant role of the rock matrix adjacent to the 

stagnant water zone in retarding solute transport in fractured rocks should, therefore, take 

main responsibility to the sensitivity of the results shown in Figure 10 on the Fs–ratio. This is 

discussed analytically in Paper I. 

Since the material property group m

sMPG  has an equivalent effect as the Fs–ratio in retarding 

solute transport, as we discussed before, exactly the same results as given in Figure 10 would 

also be obtained if m

sMPG  is, instead, increased from its base value 
m

s 0,MPG  by a factor of 

three, while the Fs–ratio and other parameters were kept fixed. The same conclusion cannot, 

however, be drawn for the N–ratio. As can be seen in Figure 11, where the N–ratio is 

increased from the value used in the base case, N0 = 6.3, by a factor of three while keeping 

other characteristic parameters fixed at values as in the base case, the results only resemble 

those of Figure 10 in appearance. The degree to which the peak value Cf,peak decreases, and 

correspondingly the peak time tpeak increases, with increasing the N–ratio is slightly different 

from those found in Figure 10. The power of N characterizes, as mathematically shown in 

Paper I, the buffer capacity of the stagnant water zone. When it is unity the stagnant water 

zone would give no retardation of solute transport so that it can quickly be equilibrated by the 

solute diffusing into it. When it is two, however, the stagnant water zone would become 

diffusion controlled so that a concentration profile of the diffusion-driven solute develops 

along its width; only the part of solute that is very close to the mouth would quickly be 

penetrated into the adjacent rock matrix and then hardly be released. The results shown in 

Figure 11 corresponds, then, the transition region between the two limits of the stagnant water 

zone and therefore the power of N should be somewhere between 1 and 2. This explains why 

the exchangeability or the equal importance of the Fs–ratio and the N–ratio was not observed 

in Figures 10 and 11. 

 

 

Figure 11. Dependence of the response function on N-ratio when there is stagnant water zone 

and the rock matrix is composed only of the intact wall rock. 
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To explore when the stagnant water zone can be considered to be infinitely wide, we show in 

Figure 12 the dependence of the response functions on the diffusion time 
s , which would 

influence both the N–ratio and the Fs–ratio, as seen in Table 1. It is clear from the simulation 

results that when 
s  is in the range between 5 and 15 yr, the peak value Cf,peak of the response 

function decreases appreciably, while the peak time tpeak increases considerably, with 

increasing the diffusion time. When 
s  > 15 yr, the response functions remain nearly 

identical. This suggests that when 
s  < 0.175 yr, the stagnant water zone can safely be seen 

as if it does not exist, while when 
s  > 15 yr the stagnant water zone can be regarded to have 

an infinite width. Therefore, for the present dimensions and parameter values, the stagnant 

water zone would have a half-width of at least 0.688 m when it becomes a purely diffusion-

controlled buffer, given a typical value of Ds = 0.0315 m2/yr. 

 

 

Figure 12. Dependence of the response function on 
s  when there is stagnant water zone and 

the rock matrix is composed only of the intact wall rock. 

 

5.1.4 Overall effect 

 

In most cases, solute transport in fractured rocks would take place in such a system that 

consists of not only the flowing channel, the stagnant water zone, the intact wall rock, but 

also the altered zone which may be composed of altered rock, cataclasite, fault gouge and 

fracture coating etc. all at the same time. This, or even more complex, system would certainly 

make it hard to clarify the effects of different components in retarding solute transport. 

However, based on sensitivity analysis we have made, it is anticipated that each of the 

components would play similar role as we discussed before in determining the fate of solute 

transport even when everything is put together into the system. To illustrate this, we compare 

in Figure 13 the breakthrough curves obtained for different cases where the rock matrix 
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consists of either none, one or four layers of altered zone, in addition to the intact wall rock, 

with and without accounting for the existence of the stagnant water zone. 

The data used in the simulations are also those from the base case, as given in Tables 2 to 4. 

However, it is assumed that the altered zone consists solely of the altered rock in the case 

where only one matrix layer of altered zone is present; otherwise it is composed of altered 

rock, cataclasite, fault gouge and fracture coating. 

 

 

Figure 13. Comparisons of breakthrough curves when there is/there is not stagnant water 

zone and rock matrix is composed of two/five layers. 

 

It is seen in Figure 13 that when the stagnant water zone is not accounted for, the altered rock 

itself not only strongly weakens the peak value Cf,peak but also significantly delays the peak 

time tpeak, as we discussed before for Figure 7. When other layers of altered zone are also 

included, however, the breakthrough curve only slightly shifts to the right, resulting in a 

minor decrease in Cf,peak. This clearly indicates that the layers other than the altered rock have 

a moderate effect in retarding solute transport, although they have large material property 

groups, they are too thin to have a significant influence on solute retention.  

In addition, it is noted that the effects of the stagnant water zone in determining the behavior 

of the breakthrough curves are always similar irrespective of how the rock matrix is 

structured. It always results in a considerable decrease in Cf,peak and a significant increase in 

tpeak, even if the altered zone consists solely of cataclasite, fault gouge or fracture coating 

instead of the altered rock. The reason for this is that the structure of the rock matrix only 

influences the equivalent material property group to some extent, if we take it as a whole as 

an equivalent intact wall rock, but not the N–ratio, the Fs–ratio and the diffusion time 
s . It is, 

however, those that play the key roles in determining the effects of the rock matrix adjacent to 

the stagnant water zone in retarding solute transport under the condition that the intact wall 
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rock is thick enough to act as a deep trap for solute. Only in cases with a wide channel and a 

narrow stagnant water zone so that 1MPGF ss  is far smaller than 
1MPGF ff , the influence of the 

stagnant water zone in retarding solute transport might become marginal. The smaller the 
m

ssMPGF , the less the rock matrix adjacent to the stagnant water zone would contribute to the 

retardation of solute transport. 

 

5.2 Migration of nuclides in an arbitrary length decay chain 

 

To exam the significance of radioactive decay, we have simplified the system conceptualized 

in Figure 3 to the one shown in Figure 4, where the stagnant water zone and its adjacent rock 

matrix have been ignored. The geometrical and physical properties of the flowing channel 

and the rock matrix layers in the base case are tabulated in Tables 2 and 5, respectively (SKB, 

2006, SKB, 1999). The De values for specific nuclides in the rock matrix layers are difficult to 

assign accurately owing to ionic interactions with surface charge in confined pore spaces and 

the fact that many of the decay-chain nuclides have anionic and cationic forms that do not 

necessarily have the same diffusivity as the naked or hydrated cations. Without loss of 

generality, however, we simply consider the same effective diffusivity, De, for all nuclides in 

the matrix layers, according to Archie’s law (which relates the diffusion coefficient of the 

rock to its porosity by Dp = Dw ε
0.6), with the diffusivity in water taken as Dw = 2.00e-9 m2/s 

and the bulk density of the rock as ρb = 2700 kg/m3 (SKB, 1999). 

As we discussed previously, the thickness of geological layers may also be different from 

rock to rock and from domain to domain. The data used here are based on the properties of 

the TRUE Block Scale deterministic 100 m structures in terms of extent and porosity (SKB, 

2006, SKB, 2003). It is worth to mention that the layers extent used in the simulations have 

been exaggerated, compared to the real field, to emphasize the effect of layers on nuclide 

transport. The other data used in the simulations, such as radionuclides’ half-life, surface 

retardation factor, volumetric sorption coefficient, and rock matrix retardation factor are also 

taken from SKB studies, and they are given in Tables 6 (SKB, 1999), 7 and 8 (SKB, 2010), 

respectively. 

In the simulations, a pulse-source boundary is considered for all nuclides at the channel inlet. 

Analysis of the response function at the channel outlet would give, then, an insight into 

different mechanisms in retarding nuclide transport in fractured rocks. 

 

Table 5. Rock matrix properties. 

Rock zones Extent 

(cm) 

Porosity 

(%) 

Diffusivity in 

pore water, Dp 

(m2/s) 

Effective 

diffusivities, De 

(m2/s) 

Intact wall rock 100.00 0.3 6.13e-12 1.84e-14 

Altered rock 20.00 0.6 9.28e-12 5.57e-14 

Cataclasite 2.00 1.0 1.26e-11 1.26e-13 
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Table 6. Radionuclides Half-life and surface retardation factor (Rf) in fracture. 

Nuclide Am-243 Pu-239 U-235 Pa-231 

Half-life (yr) 7.37e03 2.41e04 7.04e08 3.28e04 

Rf 1.0 1.0 1.0 1.0 

 

Table 7. Volumetric sorption coefficient (Kd) for the different radionuclides. 

Radionuclide Am (m3/kg) Pu (m3/kg) U (m3/kg) Pa (m3/kg) 

Sorption coefficient 1.48e-02 1.48e-02 1.06-04 5.92e-02 

 

Table 8. Rock matrix retardation factor (Rp) for the different radionuclides in different layers. 

Rock zones Am  Pu U Pa 

Intact wall rock 1.33e04 1.33e04 9.54e01 5.33e04 

Altered rock 6.66e03 6.66e03 4.77e01 2.66e04 

Cataclasite 3.97e03 3.97e03 2.86e01 1.60e04 

 

5.2.1 Effect of rock matrix layers and their thickness 

 

To facilitate local sensitivity analysis, we introduce or change a parameter value at a time on 

the basis of a simple case where the rock matrix consists of only one layer, i.e. the intact wall 

rock, and decay is not considered for the only nuclide involved, i.e. americium. The 

simulations presented here would, then, complement what we made in previous section in 

analyzing the dependence of the response function on the characteristic parameters of the 

flowing channel and the rock matrix consisting of different geological layers. The results 

obtained help, however, us to better understand the importance of radioactive decay in 

retarding nuclide transport in fractured rocks, as this is the base case on which the effects of 

decay chain will be explored. 

By imposing an instant radionuclide release at the inlet of the flowing channel the 

breakthrough curve, i.e. the response function, at the outlet can readily be obtained by first 

solving Equation (29) and then be numerically transformed back to the time domain with the 

use of the De Hoog algorithm (De Hoog et al., 1982). The results are shown in Figure 14 as a 

solid line with circle markers. Following this, we add one more layer below the intact wall 

rock to make the rock matrix having also an altered layer. As shown in Figure 14, the curve 

with square markers reveals the effect of accounting for an altered rock on radionuclide 

transport in fractured rocks, which is consistent with the findings from the previous section. It 

can be seen that the layer of altered rock, with the thickness equal to 20% of the intact wall 

rock’s thickness (we call this ratio hereafter as the thickness-ratio), plays an important role 

not only in dramatically delaying the arrival and peak time but also in drastically lowering the 

peak value. 
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If one more layer, i.e. cataclasite, is further included below the altered rock to make the rock 

matrix composed of three different layers, the results shown in Figure 14 suggests that 

cataclasite has, compared to the altered rock, a slight effect on radionuclide arrival time while 

the effect on the peak time and peak value are safely negligible. 

Having understood this, it is necessary to investigate the effect of thickness of the altered rock 

in detail. Towards that end, we might still consider the scenario that the rock matrix is 

composed of two layers (one is the altered rock and the other is the intact wall rock) but 

change the thickness-ratio in series. Given that the intact wall rock has a thickness of 1 m, 

comparison of the results shown in Figures 14 and 15 indicate that, when the thickness-ratio 

is 1.0 %, the altered zone has insignificantly decreased the peak value while the arrival time 

has increased much more effectively compared to the case where only one layer (intact wall 

rock) of the rock matrix is involved. The altered zone here could be considered also as a very 

thin fracture coating layer in the range of 0.1-5.0 mm as usually reported for real fractures 

(SKB, 2010; SKB, 2008). It is quite obvious that in this case the effect of fracture coating 

layer is completely negligible on solute transport. When the thickness of altered rock further 

increases to 10 cm, the arrival time and the peak time would both increase slightly but the 

peak value decline considerably from about 3.5e-6 to 1.5e-06. These effects would become 

more pronounced when the thickness is increased continuously up till 20 cm; otherwise, the 

breakthrough curves would remain more or less unvaried. This finding suggests that for a 

thickness larger than 20 cm, the altered rock fully determines the retardation and the intact 

wall rock does not contribute to the effect anymore. 

 

 

Figure 14. Dependence of response function, for americium, on rock matrix layers where 

decay is not accounted for. 

 

It is remarkable that a 10 mm altered rock layer can have obvious impact on solute retardation 

in fractured rocks. This is for that the MPG of altered rock is three times larger than that of 

intact wall rock, which makes it having more capacity to retain solute. The simulations show 
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that the altered rock layer will be negligible when its thickness decreases to 1 mm. However, 

one needs to consider the characteristic parameter τD, as defined in Table 1, to account for 

effect of all properties of one layer simultaneously. 

Similar conclusions can also be drawn for the cases when uranium, instead of americium, was 

involved. Since uranium differs from americium only in that it has a retardation factor, Rp, 

one thousand times smaller than americium (when decay is not considered), it is not 

surprising to expect that uranium would leave the channel much faster with a higher 

concentration as compared with americium. 

 

 

Figure 15. Dependence of response function, for americium, on rock matrix layers’ thickness 

where decay is not accounted for. 

 

5.2.2 Effect of decay chain 

 

Up to this point, the nuclide has been modelled as a single stable species. If, instead, a first-

order radioactive decay involving no growth was considered, the half-life of the nuclide itself 

would definitely play a vital role in decreasing its concentration along the migration path. To 

show this, we exemplify in Figure 16 the response functions of both americium and 

plutonium under the condition of a single matrix layer, i.e. the intact wall rock, and a pulse-

source at the channel inlet. It is seen that, when decay is not considered, americium and 

plutonium can be taken as the same solutes as they are assumed to have the same properties, 

giving rise to identical response functions. When nuclide decay is considered, however, the 

outlet concentration of americium is much lower than that of plutonium due to the fact that 

the half-life of americium is ten times smaller than that of plutonium. In addition, it seems 

that the arrival times of the response function are marginally influenced by the decay but the 

peak times would significantly decrease compared to otherwise same cases. 
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Figure 16. Dependence of response function, for americium and plutonium, on decay where 

rock matrix is composed of only intact wall rock. 

In Figure 16, every nuclide has been treated as a single species. When nuclides are members 

of a decay-chain, however, the results would be thoroughly different for daughter nuclides. It 

is seen in Figure 17 that, in the case of a two-member decay-chain of Am243 → Pu239, the 

outlet concentration of plutonium is much greater than that shown in Figure 16 where no 

ingrowth of plutonium from americium was considered. This clearly demonstrates that 

neglecting the decay-chain considerably underestimates the outlet concentration of daughter 

nuclide and makes a huge error in predicting the fate of nuclide migration or in the safety and 

performance assessment of repositories for spent nuclear fuel. 

 

Figure 17. Dependence of response function, for americium and plutonium, on decay-chain 

where rock matrix is composed of only intact wall rock. 
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5.2.3 Overall effect 

 

In most real cases, solute transport in fractured rocks would take place in such a system that 

involves not only different geological layers but also multi-member chain-decay all at the 

same time. Based on the sensitivity analysis we have made, it is anticipated that each 

parameter would play essentially the same role as we discussed before in retarding solute 

transport even when everything is put together in the system. To illustrate this, we have 

compared in Figure 18 the breakthrough curves of americium obtained for different cases 

where the rock matrix consists of either one (intact wall rock) or two (altered rock and intact 

wall rock) layers, with or without decay-chain. It is seen that when decay-chain is not 

accounted for, the altered rock itself not only strongly weakens the peak value but also 

significantly delays the peak time, as discussed earlier in Figure 14. This is, however, not the 

case when other matrix layers are involved. As demonstrated previously, the matrix layers 

other than the altered rock, including cataclasite, have a fairly negligible effect on retarding 

solute transport. The altered rock is, therefore, the most important matrix layer of altered zone 

that we cannot ignore in our predictions for nuclide transport in fractured rocks, due to its 

high porosity and also considerable thickness compared to other sub matrix layers. 

 

 

Figure 18. Comparisons of breakthrough curves, for americium, where the rock matrix is 

composed of one/two layers and decay-chain is not/is accounted for. 

 

The results given in Figure 18 also shows that accounting for decay-chain in studying solute 

transport in fractured rocks results in a considerable decrease in peak value and a significant 

decrease in peak time, while the arrival time will only change negligibly as mentioned earlier 

in Figure 16. When the effects of both altered rock layer and decay-chain were 

simultaneously accounted for, only a very low concentration, near to zero, at the channel 

outlet could be developed. 
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Figure 19. Comparisons of breakthrough curves, for plutonium, where the rock matrix is 

composed of one/two layers and decay-chain is not/is accounted for. 

 

Comparing Figure 18 with Figure 19 for plutonium highlights the ingrowth effect of daughter 

nuclide in a decay-chain. As can be seen the two figures are the same when decay is not 

considered, which is fairly reasonable since americium and plutonium have the same 

properties. However, taking the decay-chain into account illustrates that plutonium has higher 

outlet concentration than americium in the cases of one or two layers. This could evidently be 

explained by ingrowing plutonium from americium decay as mother nuclide as discussed in 

Figure 17. 

The data used in the simulations are those from the base case, as given in Tables 2 and 5 to 8. 

To put emphasis on decay-chain effect, however, the decay chain was considered to have 

only two members. To exemplify the case involving a multi-member decay-chain, it is shown 

in Figure 20 the results obtained for a four-member decay-chain 4N+3 

(Am243→Pu239→U235→Pa231) in the case where the rock matrix is composed of two 

geological layers (altered rock and intact wall rock). In this example, a pulse-source boundary 

is considered only for the first nuclide (americium) at the channel inlet and therefore the other 

nuclides’ inlet boundaries are set as zero. The behaviour of americium and plutonium is 

exactly the same as what has been seen in Figure 18 and 19, respectively, whereas uranium 

retains higher concentration for longer time compare to americium and plutonium. The reason 

is that uranium has a half-life of 7.04e08 yr which is almost ten thousand times larger than the 

two other nuclides, and consequently we see that protactinium has a very low outlet 

concentration. 
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Figure 20. Comparisons of breakthrough curves, for the chain 4N+3, where the rock matrix is 

composed of two layers and decay-chain is accounted for. 
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6 

CONCLUSIONS AND REMARKS 

 

 

 

 

In this study, a model is developed to describe solute transport and retention in fractured 

rocks. It accounts for the fact that groundwater is flowing only in a small part of a conductive 

fracture to form one or more flowing channels, while at least part of the fracture is occupied 

by more or less stagnant water. As a result, solutes not only can diffuse directly from the 

flowing channel into the adjacent rock matrix but may also at first diffuse into the stagnant 

water zone and then from there into the adjacent rock matrix. It is, therefore, expected that 

both the rock matrix and the stagnant water zone would play important roles in determining 

the fate of solute transport in fractured rocks. 

Furthermore, the model accounts for not only advection of an arbitrary length decay-chain in 

a single fracture but also diffusion in the rock matrix comprising different geological layers as 

observed in the field. A seemingly complicated but analytical expression for the Laplace-

transformed concentration at the outlet of a flowing channel has, then, been derived. As a 

result, it can readily be applied in both the discrete fracture network models (Dershowitz et 

al., 1998) and the channel network models (Gylling et al., 1999) to describe nuclide transport 

through channels in heterogeneous fractured media consisting of an arbitrary number of rock 

units with piecewise constant properties. 

With the use of the model on representative cases, the series of simulations we have made 

help us to understand how different mechanisms operate collaboratively to retard nuclide 

transport in fractured rocks. The results show that, if the rock matrix consists of several layers 

with different properties, an additional space for diffusion and sorption in series to the intact 

wall rock will be provided for radionuclides and therefore, in the case of pulse injections, the 

outlet concentration would significantly change not only in decreasing the peak value but also 

in increasing the arrival time and peak time. This is particularly true when the altered zone is 

present. A thin cataclasite layer has, however, only a moderate effect in retarding solute 

transport, depending on the magnitude of the thickness and porosity. By contrast, the stagnant 

water zone and the rock matrix adjacent to it constitute an additional space for solute 

transport in parallel to the flowing channel and the adjacent rock matrix. In particular, in the 

case involving a wide channel, the stagnant water zone can be regarded as a diffusion-

controlled buffer that would limit the direct transfer of solute from the flowing channel into 

the available space of the rock matrix adjacent to the stagnant water zone and vice versa. As a 

result, only part of the stagnant-water-wetted surface of the adjacent rock matrix that is close 

to the flowing channel becomes accessible for solute transport. The rest of the stagnant-water-

wetted surface would, then, become invisible to the diffusion-driven solute to a great extent. 
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Moreover, it is found that decay-chain, when accounted for, would drastically decrease the 

concentration of radionuclide at the channel outlet whilst its effect on arrival time would be 

negligible. For daughter nuclides, the breakthrough curves would be very different from the 

case where they are treated as a single stable species due to the ingrowth of nuclide from the 

mother nuclide. 

To put everything in a nutshell, this work highlights the fact that it is necessary to account for 

decay-chain, stagnant water zone and also rock matrix comprising at least two different 

geological layers (i.e. the altered rock and the intact wall rock) in safety and performance 

assessment of the repositories for spent nuclear fuel. The stagnant water zone allows the 

solutes to access a larger fracture surface from which diffusion into and out of the rock matrix 

occurs. The altered rock layer is more porous than the intact wall rock and therefore will be 

quicker equilibrated and cause a great descent of outlet concentration of the flowing channel. 

The decay of the nuclide itself would also drastically decrease the rate of nuclide migration, 

while neglecting radioactive ingrowth might result in an underestimation of the concentration 

of the daughter nuclide since the mother nuclide is continuously decayed into the daughter in 

the flowing channel and in the porous rock matrix until it has been depleted. 

The model developed in the paper can readily be applied to describe nuclide transport in 

complex three-dimensional networks of fractures, where wide and narrow channels with 

widely varying flow rates give rise to a large number of different paths for solute transport. 
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NOTATION 

 

 

 

 

bf Half aperture of the flowing channel (L) 

bs Half aperture of the stagnant water zone (L) 

Cf Concentration in the flowing channel (ML-3) 

Cf,j The jth nuclide concentration in the flowing channel (ML-3) 

Cin Concentration at the inlet of the flowing channel (ML-3) 

Cin,j The jth nuclide concentration at the inlet of the flowing channel (ML-3) 

i

pfC  Pore water concentration in the ith layer of the rock matrix adjacent to the flowing 

channel (ML-3) 

i

psC  Pore water concentration in the ith layer of the rock matrix adjacent to the stagnant 

water zone (ML-3) 

Cp,j
i The jth nuclide pore water concentration in the ith layer of the rock matrix (ML-3) 

Cs Concentration in the stagnant water zone (ML-3) 

i

afD  Apparent diffusivity in the ith layer of the rock matrix adjacent to the flowing channel 

(L2T-1) 

i

asD  Apparent diffusivity in the ith layer of the rock matrix adjacent to the stagnant water 

zone (L2T-1) 

Da,j
i Apparent diffusivity of the jth nuclide in the ith layer of the rock matrix (L2T-1) 

i

efD  Effective diffusivity in the ith layer of the rock matrix adjacent to the flowing channel 

(L2T-1) 

i

esD  Effective diffusivity in the ith layer of the rock matrix adjacent to the stagnant water 

zone (L2T-1) 
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De,j
i Effective diffusivity of the jth nuclide in the ith layer of the rock matrix (L2T-1) 

Dp,j
i Pore diffusivity of the jth nuclide in the ith layer of the rock matrix (L2T-1) 

Ds Diffusivity in the water in the stagnant water zone (L2T-1) 

Ff Ratio of the flow-wetted surface of the flowing channel to the volumetric water flow 

rate (TL-1) 

Fs Ratio of the stagnant-water-wetted surface to the diffusion conductance of the 

stagnant water zone (TL-1) 

i

fMPG   Material property group of the ith layer of the rock matrix adjacent to the flowing 

channel (LT-1/2) 

i

sMPG  Material property group of the ith layer of the rock matrix adjacent to the stagnant 

water zone (LT-1/2) 

i

jMPG  Material property group of the of the jth nuclide in the ith layer of the rock matrix 

(LT-1/2) 

nf Number of the geological layers of the rock matrix adjacent to the flowing channel (-) 

ns Number of the geological layers of the rock matrix adjacent to the stagnant water zone 

(-) 

N Ratio between the diffusion rate into the stagnant water zone and the mass flow rate 

through the channel (-) 

Rf Surface retardation coefficient in the flowing channel (-) 

Rf,j Surface retardation coefficient for the jth nuclide in the flowing channel (-) 

i

pfR  Retardation coefficient of the ith layer of the rock matrix adjacent to the flowing 

channel (-) 

i

psR  Retardation coefficient of the ith layer of the rock matrix adjacent to the stagnant 

water zone (-) 

Rp,j
i Retardation coefficient for the jth nuclide in the ith layer of the rock matrix (-) 

Rs Surface retardation coefficient in the stagnant water zone (-) 

s Laplace transform variable (T-1) 

t Time (T) 

u Groundwater velocity (LT-1) 

Wf Half width of the flowing channel (L) 

Ws Half width of the stagnant water zone (L) 

x Distance along the flow direction (L) 
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y Distance into the stagnant water zone (L) 

z Distance into the rock matrix adjacent to the flowing channel (L) 

zs Distance into the rock matrix adjacent to the stagnant water zone (L) 

i

f  Thickness of the ith layer of the rock matrix adjacent to the flowing channel (L) 

i

s  Thickness of the ith layer of the rock matrix adjacent to the stagnant water zone (L) 

i

pf  Porosity of the ith layer of the rock matrix adjacent to the flowing channel (-) 

i

ps  Porosity of the ith layer of the rock matrix adjacent to the stagnant water zone (-) 

λj Decay coefficient for the jth nuclide (L) 

τf Characteristic advection time (T) 

i

Df  Characteristic diffusion time through the ith layer within the rock matrix adjacent to 

the flowing channel (T) 

i

jD,  Characteristic diffusion time for the jth nuclide in the ith layer of the rock matrix (T) 

i

Ds  Characteristic diffusion time through the ith layer within the rock matrix adjacent to 

the stagnant water zone (T) 

τs Characteristic diffusion time through the stagnant water zone (T) 

Subscripts 

f refers to the flowing channel or the rock matrix adjacent to it. 

s refers to the stagnant water zone or the rock matrix adjacent to it. 

p refers to the pore water in the rock matrix. 

Superscripts 

m refers to the intact wall rock1. 

  

                                                           
1 Other notations can be found at the end of Papers I and II. 
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