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Retention properties of ﬂow paths in fractured rock
Antti Poteri
Abstract There is no straightforward way to extrapolate
solute retention properties from typical site characterisation scales to typical scales in the performance
assessment of the geological disposal of nuclear wastes.
Solutes diffuse much deeper into the rock matrix under
performance assessment ﬂow conditions than under site
characterisation ﬂow conditions. The modelling approach
applied in this study, associated with the Äspö Task Force,
enables evaluation of the contribution of the individual
immobile layers to the overall retention. This makes it
possible to determine the inﬂuence of the immobile zone
heterogeneity on solute retention under different ﬂow
conditions. It appears that there is a signiﬁcant difference
between the dominating immobile retention zones on site
characterisation and performance assessment scales. Fractured rock is characterised by heterogeneity and in
particular a large spread of hydraulic properties. This
favours formation of the preferential ﬂow paths by leading
to a few dominating transport paths. Large hydraulic
features are, on average, better hydraulic conductors than
smaller ones. This causes spatial scale effects for the solute
retention properties. In particular, the hydraulic properties
at the early parts of ﬂow paths are more favourable to
retention than those at the later parts of the ﬂow paths.
Keywords Fractured rocks . Solute transport .
Äspö Task Force . Sweden

Introduction
The main characteristic of fractured rock is the great
heterogeneity on all scales. In particular, this applies to the
hydraulic properties. In practice, groundwater ﬂow takes
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place only through the fractures. The rock mass between
fractures is porous and saturated by water but it is not
usually a conduit for groundwater ﬂow. However, the
immobile pore space in the rock matrix is important for
solute transport and retention due to matrix diffusion
(Neretnieks 1980).
The heterogeneous structure of fractured rock has
signiﬁcant effects on the groundwater ﬂow and solute
transport and retention processes. It affects the groundwater ﬂow by favouring preferential ﬂow paths that will
govern not only the ﬂow but also transport and retention
characteristics. Observations from in situ experiments in
fractured rock indicate that solute transport cannot be
described accurately without considering distinct ﬂow
paths. Tracer experiments usually show fast initial arrival
times, more than one peak in the breakthrough curves,
and/or long tails and strong dependence on scale (Becker
and Shapiro 2000; Nordqvist et al. 1996; Tsang et al.
1991). Modelling has shown that the preferential ﬂow and
transport paths run over long distances and reduce mixing,
especially in the case of high transmissivity variance
(Nordqvist et al. 1996).
Groundwater ﬂow and solute transport in fractured
rock has been studied at the Äspö Hard Rock Laboratory,
Sweden, in the context of the geological disposal of
nuclear waste. In spite of the intensive work on in situ
tracer experiments there are untested properties that are
important for the performance assessment of a nuclear
waste repository. Many tests typically involve injection
and pumping rates that are considerably higher than ﬂow
rates occurring under natural conditions, and the spatial
scales of the tests are much smaller than should be applied
in performance assessment. In practice, this cannot be
avoided because tracers can only be recovered at the
pumping borehole in in situ experiments if the experimental ﬂow ﬁeld is stronger than the background ﬂow
ﬁeld. For the same reason, tracer tests need to be carried
out in well conducting hydraulic structures and over short
distances. In contrast, for performance assessment the
overall retention of radionuclides is mainly dominated by
the low transmissive fractures and transport paths are
hundreds of meters long.
The present paper is based on the experiences of the
Posiva-VTT (Posiva Oy - Technical Research Centre of
Finland) modelling team participating in the Äspö Task
Force on Modelling of Groundwater Flow and Transport
of Solutes. Task 6 of the Äspö Task Force aimed to
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provide a bridge between the site characterisation (SC)
and performance assessment (PA) models and studied the
signiﬁcance of simpliﬁcations made in the performance
assessment models (Hodgkinson et al. 2008). Task 6 was
divided into a number of sub-tasks that concentrated on
speciﬁc aspects of the transport through fractured rock.
Gustafson et al. (2008) summarises the tasks involved.
This paper concentrates on the retention properties along
transport paths and on the inﬂuence of heterogeneity of the
retention properties under SC and PA ﬂow conditions. The
bases of the work are the simulations of Tasks 6D, 6E, 6F
and 6F2 of the Äspö Task Force (Poteri 2006).
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Mathematical model

The solute transport model takes into account advection
along the transport path, matrix diffusion and sorption in
the immobile pore space. The model also takes into account
heterogeneity of the immobile pore space. Immobile pore
space is composed of layers describing, for example,
fracture coating, fault gouge, altered rock and intact host
rock. Surface sorption on the fracture walls is not included
in the calculations because diffusion and sorption within
the pore space of the fracture coating is modelled directly.
Transport paths are determined using particle tracking.
In the transport modelling they are treated as independent
one-dimensional conduits. Studied system of mobile
and immobile pore space is illustrated in Fig. 1. Solute
transport through a transport path is described by the
advection-matrix diffusion equation
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Fig. 1 Flow along a fracture that is surrounded by immobile pore
space in the rock matrix
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Fig. 2 Transport path along a fracture that is in contact with a
heterogeneous immobile pore space. Immobile pore space is
composed of two layers that have different porosities—ɛ2 < ɛ1
(a). Connected immobile porosity is represented by one-dimensional pipes (b). The pipes are rearranged to form two successive legs of
ﬂow path that both have one layer of immobile pore space (c–d)

where v is the ﬂow velocity, 2b is the fracture aperture, Rp
is the retardation coefﬁcient in the immobile pore space,
Dp is the pore diffusivity in the immobile pore space and
De is the effective diffusion coefﬁcient from fracture to
immobile pore space. Solute concentrations in the pore
water of the immobile pore space, cm (x, z, t), and in the
fracture, cf (x, t), are coupled by the requirement that at the
fracture wall cm (x, 0, t) = cf (x, t). The initial
concentration is zero both in the immobile pore space
and in the fracture.
At the end of the paper (see Appendix), it is shown that
�¼
retention depends on three grouped parameters:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x=ðv bÞ that describes the ﬂow ﬁeld, � ¼ " Dpq
p thatﬃ
�
characterises the immobile zone and td ¼ L Rp Dp
that parameterises the “diffusion time” through the
immobile layer. This suggests that the solution for the
case of several immobile layers can be constructed from
an equivalent system of successive ﬂow paths that are all
composed of a single homogeneous immobile zone.
However, it appears that this is not possible in a general
case, but the approach is a good approximation for the
situation that usually prevails in the fractured rock.
The case of layered immobile zones is modelled in the
following way. The connected pores in the immobile
layers can be conceptualised as pipes starting from the
fracture but having different lengths. The local density of
the individual pores gives the porosity of the immobile
layers. Solute transport and retention along the ﬂow path
does not depend on the order of the immobile pores along
the path. This means that the pores can be arranged by the
length of the pore without changing the transport and
retention properties. Figure 2 illustrates an example of two
immobile zones. It can be noted that this approach can be
applied only if ɛ2 < ɛ1. However, this is usually the case in
fractured rock where the alteration of the host rock
increases the porosity close to the fracture surface.

Hydrogeology Journal

DOI 10.1007/s10040-008-0414-y

II/2

a)
L z2
L z1

Immobile
layers

L z3

b)
γ3
γ2

γ1

fracture flow

8

x 10–6
Present study
Present study
Numerical inversion of Laplace solution
Numerical inversion of Laplace solution

7
6
5

Flux [1/s]

This approach can be extended to cases where, in
addition to the porosity, diffusivity and sorption properties
vary between the layers. According to Eq. (6), the solute
transport
grouped
parameters: � ¼ x=ðv bÞ, � ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ depends on q
� ﬃ
" Dp Rp and td ¼ L Rp Dp . This means that it is possible
to express differences in the grouped immobile retention
property γ as corresponding differences in the porosity (ε)
only and apply the same value for other parameters in all
layers. In the case of two immobile layers, this means that
porosity to be assigned for the second layer can be
calculated from the grouped parameter γ of the second
the same as in the ﬁrst
layer by requiring p
that
Dp and Rp
p are
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
layer, i.e. �2 ¼ "2 Dp2 Rp2 ¼ "2 Dp1 Rp1 , where the numbers in subscripts refer to the immobile layer. If Dp and Rp of
the second layer are changed then the “diffusion time” td of
the second layer will also change. This can be compensated
by making a corresponding
change
to the thickness
of the
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
� ﬃ.qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
� ﬃ
0
Dp2 Rp2. It is noted
second layer L2 ¼ L2 Dp1 Rp1
that the requirement of ε2 < ε1 in Fig. 2 indicates in the
more general case that γ2 < γ1.
It is straightforward to take the next step to a system
that contains several immobile layers such that γm < γn if
the layer m is further from the fracture than the layer n
(Fig. 3). The transport path is divided into as many legs as
there are immobile layers. Starting from the layer that has
the smallest γ (the layer that is furthest from the fracture)
and using the argument above it can be seen that the
location of leg m along the ﬂow path is (γm−1/γ1, γm/γ1)∙L
and that the thickness
of the ﬃ.
immobile
layer needs to be
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
�
� ﬃ
0
Dpm Rpm . This is illusscaled to Lm ¼ Lm Dp1 Rp1
trated for three layers in Fig. 3.
Advection and matrix diffusion equations can be
solved in Laplace space for several layers of immobile
pore space (e.g. Crawford and Moreno 2006). There is a
slight difference between the approach applied in the
present study, which assumes immobile pores as onedimensional “pipes” of different lengths, and approaches
that are based on the averaged pore structure allowing
mixing between individual pores. It is also noted that
geometry of the immobile pore space in the geological
material is mostly unknown. It may be composed of
micro-fractures that can be conceptualised as independent
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Fig. 4 Breakthrough curves calculated using approach of the
present study (solid lines) and numerical inversion of the Laplace
solution (empty circles) given by Crawford and Moreno (2006)

pipes as it has been done in the present study. However, in
most of the cases, difference between the present approach
and other approaches is insigniﬁcant. Comparison of the
breakthrough curves using the approach of the present
study and numerical inversion of the Laplace solution
given by Crawford and Moreno (2006) shows quite good
agreement between these two approaches (Fig. 4). Two
cases are calculated for a non-sorbing tracer using a
system of two immobile layers. The ﬁrst layer is
characterised by porosity 0.01 and effective diffusivity
10−11 m2/s and the second layer is an inﬁnite layer of
porosity 0.001 and effective diffusivity 10−13 m2/s. The
two cases are calculated by varying thickness of the ﬁrst
layer from 5 mm to 5 cm.
An important property of the solution approach used in
the present study is that it allows a straightforward way to
determine contribution of the different immobile layers to
the overall retention. This can be used to evaluate the
importance of different heterogeneities under SC and PA
ﬂow conditions. This approach also enables the application of the efﬁcient solutions of the homogeneous systems
to heterogeneous systems.

Numerical implementation
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Fig. 3 A transport path with layered immobile pore space (γ1 >
γ2 >γ3) along the path (a) is divided into an equivalent system of
successive transport paths that have homogeneous immobile pore
space (b)

Solute transport is calculated using an analytical model.
Transport through a ﬂow path is calculated by applying a
one-dimensional lattice walk where the exchange of the
solute particles between the mobile and immobile pore
spaces and sorption are described by the waiting time
distribution at the lattice points (Cvetkovic and Haggerty
2002). Cvetkovic and Haggerty (2002) calculate the
waiting time distribution in the Laplace-transferred domain. Simulations in the present model are based on the
calculations of the waiting time distributions of the
diffusional solute particle exchange between the mobile
and immobile pore space.
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Semi-synthetic hydrostructural model

Modelling strategy
This paper focuses on the transport and retention
properties of the fractured rock under SC and PA ﬂow
conditions. Task 6 of the Äspö Task Force offers a good
platform for this study. The objectives of Task 6 are to:
assess simpliﬁcations used in PA models; assess the
constraining power of tracer (and ﬂow) experiments for
PA models; provide input for site characterisation programs from a PA perspective; and understand the sitespeciﬁc ﬂow and transport behaviour at different scales
using SC models (Hodgkinson D (2007)). Most of the
above objectives are addressed by modelling both the SC
and PA aspects of the problem.
Task 6 is composed of several stages aiming at
gradually increasing the reality and complexity of the
ﬂow system. Especially interesting for the scope of this
paper are subtasks that address the heterogeneous structure of the immobile zones and fracture network (Tasks
6D, 6E, 6F and 6F2). These subtasks are modelled by
applying a semi-synthetic hydrostructural model that gives
a complete deﬁnition of the fracture network and
immobile zones in the modelling domain. The semisynthetic hydrostructural model is presented in the
following section.
Task 6 is performed by modelling tracer transport in
the semi-synthetic hydrostructural model both for the SC
and PA ﬂow conditions. The present study focuses on the
retention properties and inﬂuence of the immobile
zone heterogeneity on retention under different ﬂow
conditions.
In addition to the fracture network simulations, a
simpliﬁed model of a complex hydraulic zone is examined. This helps to focus on speciﬁc features of the
transport and retention processes. The simpliﬁed ﬂow path
model is presented in section Simpliﬁed model of a
complex ﬂow path.

Dershowitz et al. (2003) have developed a semi-synthetic
hydrostructural model through a combination of deterministic and stochastic analyses of hydraulically signiﬁcant structural features. The model contains 11
deterministic structures, 25 synthetic 100-m-scale structures and 5,660 synthetic background fractures in a 200×
200×200 m volume of rock. At each scale, structures are
described with regards to their geometric, hydraulic, and
transport properties. Figure 5 shows the deterministic and
stochastic fractures of the semi-synthetic hydrostructural
model.
The structure of the immobile pore space next to the
water conducting fractures is also speciﬁed in the semisynthetic model. This microstructural model of the
immobile zones is provided for the fractures at each scale.
The fractures are attributed to two basic geological
structure types: “fault” (type 1) and “non-fault” (type 2).
The basic description and visualisation of the two types
and their characteristic components (including intact
unaltered wall rock, altered zone, cataclasite, fault gouge
and fracture coating) are provided in Figs. 6 and 7.
Transport parameters (porosity, formation factor and Kd)
are assigned to the two structure types as shown in
Table 1.
The semi-synthetic hydrostructural model is considered
as the ultimate truth of the water conducting fractures in
the modelled domain. It gives the exact locations,
orientations and transmissivities of all fractures as well
as the exact structure of the immobile pore space and
sorption properties for the different types of groundwater.

Simplified model of a complex flow path

Large fracture zones are usually complex hydraulic
features that are composed of several fractures. This
means that the hydraulic structure of the zone is composed

Fig. 5 Fractures of the semi-synthetic hydrostructural model. The 100-m-scale structures are on the left (synthetic is mauve and
deterministic is red). Background fractures are on the right, coloured by set. The sub-horizontal fracture set is blue and the NNW striking
fracture set is yellow. Coordinates X, Y and Z are presented in meters in the local Äspö coordinate system (from Dershowitz et al. 2003)
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Fig. 6 Microstructural model of the type 1 fracture as deﬁned in the semi-synthetic model (from Dershowitz et al. 2003)

of sub-parallel ﬂow paths. Figure 8 illustrates a complex
feature and a few transport paths through it. Fractures in
the zone may have different retention characteristics. In
the context of Task 6 this means the heterogeneous
structure can be composed of both Type 1 and Type 2
fractures.Retention properties are studied by simplifying
the complex system to a building block of the zone. The
simpliﬁed system is composed of two fractures that are of
different fracture type. The studied system of two parallel
ﬂow paths is illustrated in Fig. 9.

Preferential transport paths
Flow paths

Transport paths and retention properties along the paths
are studied by a simulated tracer test for the SC ﬂow
conditions and by applying a low regional hydraulic
gradient over the simulation region for the PA ﬂow
conditions. This section gives a short description of the
simulated ﬂow paths. The tracer test is modelled by
simulating pumping of the borehole in one of the
deterministic structures and releasing tracers in the
injection borehole in the other deterministic structure at

about 20 m distance from the pumping location. Flow
paths are determined by particle tracking for 1,000
particles in the simulated ﬂow ﬁeld. Less than 10 fractures
are active along the ﬂow paths in the simulation and the
water residence times from the injection to the pumping
borehole vary from 110 to 180 h. Figure 10 shows the
ﬂow paths and fractures that are active in the simulation of
the SC tracer test.
Transport under PA conditions is simulated using the
same semi-synthetic fracture network, but applying a
hydraulic gradient of about 0.5% over the modelled
region. Tracers are released in the middle of the model
along a 3-m-long line source in the same deterministic
fracture as in the simulated SC tracer experiment. The
simulated ﬂow paths are determined by particle tracking
for 100 particles that are spread over the source line.
About 40 different fractures are visited by the ﬂow paths
and the water residence times along the paths vary from
about 10 to about 140 years. Figure 11 shows the ﬂow
paths and some of the major fractures that are active for
the transport in the PA ﬂow ﬁeld simulations.
SC and PA simulations show that only a small number
of fractures are active in both cases, with more active
fractures in the PA simulation. However, the transport
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Fig. 7 Microstructural model of the type 2 fracture as deﬁned in the semi-synthetic model (from Dershowitz et al. 2003)

distance in the PA simulations is much larger than in the
SC tracer test simulation. The distance between the source
and sink is about 20 m in the SC simulation and about
130 m in the PA simulations. Path lengths are correspondingly 60–70 m in the SC simulations and 250–300 m in
the PA simulations. This indicates that once the transport

has taken place along large fractures, then the smaller
background fractures are not easily reactivated. It can also
be noted that, in both simulations, a few preferential ﬂow
paths carry the main part of the ﬂow.

Hydrodynamic control of retention
Table 1 Geometric and transport parameters of the type 1 and type
2 fractures (from Dershowitz et al. 2003)
Rock type
Type 1 (fault)
Intact wall rock
Altered zone
Cataclasite dcat
Fault gouge dg
Fracture coating dc
Type 2 (joint)
Intact wall rock
Altered zone
Fracture coating

Extent (cm)

Porosity %)

Formation
factor (-)

–
20
2
0.5
0.05

0.3
0.6
1
20
5

7.3e–5
2.2e–4
4.9e–4
5.6e–2
6.2e–3

–
10
0.05

0.3
0.6
5

7.3e–5
2.2e–4
6.2e–3

The focus of this study is on the retention properties along
the ﬂow paths. Retention properties are determined by the
hydrodynamic control of retention, β (Eq. 6; Cvetkovic et
al. 1999). This retention property is calculated as a part of

Qtot

Q1
Q2
Q3
Q4

Fig. 8 The complex hydraulic structure is composed of several
fractures. Black lines indicate fractures; blue lines are examples of
the possible ﬂow paths. The sizes of the blue arrows exemplify
varying ﬂow rates (from Poteri 2006)
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Fig. 9 The studied building block of the complex structure is a
system of two parallel fractures (from Poteri 2006)
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the particle tracking simulations by applying the following
equation:
�¼

X 2Li
i

qi

1900

;

ð2Þ

where the sum i is made over all the ﬁnite element
model (FEM) elements of the numerical ﬂow solution that
the particle visits and βi =2Li/qi is the contribution of
the element i to the total β. Here, Li is the length of the
particle path over the element i and qi is the twodimensional Darcy velocity in the element i (i.e. Q/W,
ﬂow rate per fracture width).
Figure 12 shows the accumulation of the β along the
ﬂow routes in the case of the SC simulations. The solid
lines show the cumulative β-factor as a function of the
length of the ﬂow path. Visited structures are indicated in
the ﬁgure by coloured circles at the background of the
solid lines. For example, from the slopes of the curves it
can be concluded that there is a large βi in structures 22D,
758C and 2403C (i.e. low ﬂow rates).
Figure 13 shows the accumulation of β along the ﬂow
routes in the case of PA simulations. Generally the
behaviour in the PA ﬂow conditions is similar to that in
the SC ﬂow conditions. For a large part of the ﬂow paths,
β does not increase much after the ﬁrst few tens of meters

7100
1850

X

7150
7200
7250

Y
Fig. 11 Simulation results for the PA ﬂow ﬁeld simulations. Flow
paths are shown by black discs. The sizes of the discs indicate the
number of particles in the particle tracking, i.e. they are proportional
to the ﬂow rate. The source is marked by a red disc and some of the
major hydraulic structures that connect the ﬂow paths to the western
boundary of the modelling region are indicated in the ﬁgure.
Coordinates X, Y and Z are presented in meters in the local Äspö
coordinate system (from Poteri 2006)
1800

of the ﬂow path. On the other hand, the spread between
ﬂow paths increases considerably after the ﬁrst 50–100 m.
The size scale of this behaviour is connected to the size of
the hydraulic structures or fractures. The ﬂat regions at the
end of the ﬂow paths indicate persistence of the ﬂow paths
to remain in the well conducting structures once the ﬂow
paths have entered large well conducting hydraulic structures. In a very few cases ﬂow paths visit low conducting
fractures between larger hydraulic structures. This can be
seen as an almost vertical variation in the cumulative β.
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Fig. 10 Simulation results for the SC ﬂow ﬁeld simulations. Flow
paths are indicated by red discs. The sizes of the discs are
proportional to the number of the particles that follow the route.
The legend indicates hydraulic structures that are visited by the ﬂow
paths. Source and sink are plotted by black asterisks. Coordinates X,
Y and Z are presented in meters in the local Äspö coordinate system
(from Poteri 2006)
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Fig. 12 Hydrodynamic control of retention (β) plotted as a
function of the path length for the SC simulations. Solid lines show
β and the coloured discs in the background indicate the visited
structures. The major ﬂow path (path number 4, solid green line) is
plotted thicker than the others (from Poteri 2006)
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5

Table 2 Calculation cases deﬁned for the simpliﬁed two-fracture
system

x 106

Case

β1 [yr/m]

β2 [yr/m]

Transport channel:
width 0.1 m and
length 20 m
Q1 [l/yr] Q2 [l/yr

Total ﬂow
rate

1
2
3
4
5
6
7
8
9

7,752
5,814
4,845
4,360
3,876
11,628
19,380
34,884

7,752
11,628
19,380
34,884

0.52
0.69
0.83
0.92
1.03
0.34
0.21
0.11

1.03
1.03
1.03
1.03
1.03
1.03
1.03
1.03
1.03

3

2

1

0

5,814
4,845
4,360
3,876

0.52
0.34
0.21
0.11
0.69
0.83
0.92
1.03

Qtot [l/yr])

β1 means F-factor to fracture 1 and β2 means F-factor to fracture 2
0

100

200

300

400

Path length [m]
Fig. 13 Hydrodynamic control of the retention (β) plotted as a
function of the path length for the PA simulations (from Poteri
2006)

It seems that the structure of the fractured rock has an
important inﬂuence on the solute retention properties.
Fractured rock is heterogeneous at all scales. In the semisynthetic fracture network this is taken into account by the
different size classes of the hydraulic features. In practice,
this leads to a structure where a few fractures dominate
ﬂow and transport properties at each spatial scale. This is
reﬂected in the hydrodynamic control of retention where
the early part of the ﬂow path tends to dominate the total β
because later the ﬂow paths accumulate in the large
regional structures.

Simplified system of parallel transport paths

Preferential transport paths in the heterogeneous system
are also studied using a very simple system that contains
only two parallel fractures that have different structures of
immobile zones in the rock matrix. Immobile zones of the
fractures follow deﬁnition of the two fracture types
presented in the section Semi-synthetic hydrostructural
model. Focus of the analysis is on the retention properties
of the heterogeneous system. Advective delay or other
transport characteristics are not taken into account in the
analysis. It is assumed that well-mixed conditions prevail
at the inlet and outlet of the transport path. The ﬂow
properties are described by the hydrodynamic control of
retention, β, and solute retention is studied from the
superimposed tracer breakthrough curves of the twofracture system. Conceptually, the system considered in
this analysis is presented in Fig. 9.
The total ﬂow rate going through the system of two
fractures is kept ﬁxed for all simulations. The total ﬂow
rate is divided between the fractures using the following
divisions: all to one fracture, 8:1, 4:1, 2:1 and 1:1. The
data used in the different calculation cases and the
corresponding β′s of the fractures are shown in Table 2.

Breakthrough curves are calculated for three different
tracers: I-129 (iodine-129), Cs-137 (caesium-137) and
Am-240 (americium-240). Figures 14, 15, 16 show the
simulated breakthrough curves for the retention due to
matrix diffusion and sorption. Note that advective delay is
not included in the breakthrough curves because the
analysis is focused on retention properties.
The results indicate that retention and the corresponding
attenuation of the tracer discharge peak levels are very
sensitive to the ﬂow rate. The assumption of well mixed
conditions at the inlet of the two-fracture system means that
the tracer masses through the path are proportional to the
ﬂow rate. However, the inequality of the tracer mass going
through the fractures cannot explain the results. Retention
and attenuation of the release rates due to matrix diffusion
have a signiﬁcant inﬂuence on the results.
Examination of the I-129 breakthrough curves (Fig. 14)
demonstrates that contribution of both the ﬂow paths can
be observed in the breakthrough curves only if the ﬂow
rate is almost evenly divided between the two ﬂow paths.
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0.8

All to 2
1/8
1/4
1/2
1/1
2/1
4/1
8/1
All to 1

0.7

Release rate [1/y]

β [y/m]

4

0.6
0.5
0.4
0.3
0.2
0.1
0

0

2

4

6

8

Time [y]
Fig. 14 Breakthrough curves for I-129 through the system of two
parallel fractures. The numbers in the legend indicate division of the
total ﬂow rate between the type 1 and type 2 fracture (Q1/Q2) (from
Poteri 2006)
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Two parallel paths, Cs
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Fig. 15 Breakthrough curves for Cs-129 through the system of
two parallel fractures. The numbers in the legend indicate division
of the total ﬂow rate between the type 1 and type 2 fracture (Q1/Q2)
(from Poteri 2006)

Already an inequality of a factor of two in the ﬂow rates
means that one of the ﬂow paths dominates the retention
properties. This behaviour seems to be stronger for the
sorbing tracers (Figs. 15 and 16). The reason is that in this
analysis the additional delays provided by the small
volumes of the porous immobile zones close to the
fracture are not as signiﬁcant for the overall retardation
of the strongly sorbing tracers as they are for the nonsorbing tracers.

Inﬂuence of heterogeneity
SC and PA scale fracture network simulations of groundwater ﬂow and ﬂow paths have been presented in
section Flow paths. Solute transport and retention along
the ﬂow paths have also been simulated using the
approach presented in section Mathematical model The
approach used for the solute transport calculations is
especially suitable for studying the inﬂuence of the
immobile zone heterogeneity on the retention because it
provides a means to separate contributions of the different
immobile zones from the overall retention. In the present
paper, breakthrough curves are studied for a non-sorbing
tracer (iodine) and a strongly sorbing tracer (americium).
Inﬂuence of the heterogeneity on solute retention is
studied by focusing on the contribution of the individual
immobile zones to the overall retention in typical SC and
PA ﬂow conditions. Tracer breakthrough curves and
contributions of the individual immobile layers are shown
in Fig. 17. The only difference between differently sorbing
tracers appears to be scaling of the time axis and discharge
rates. In contrast to sorption, ﬂow conditions have a
signiﬁcant impact on the characteristics of the tracer
transport. This can be observed when the contribution of
the individual immobile zones to the overall breakthrough

curves is examined. Typical to the PA ﬂow condition is
that contributions of the limited volume immobile pore
spaces are narrow pulses. This indicates that those
immobile pore spaces are fully saturated by the tracer
and that the tracer concentration in those pore spaces is in
equilibrium with the tracer concentration in the fracture. A
consequence of this is that the characteristics of the
breakthrough curve in PA conditions are determined by
the very thick layer of unaltered rock. The limited volume
immobile pore spaces that are saturated by the tracer cause
only additional delay to the breakthrough curve. In the SC
conditions kinetic behavior can be observed also in the
contributions of the limited volume immobile pore spaces.
Simulation results can be interpreted so that the
heterogeneity of the immobile zones has different impacts
on the solute retention depending on the ﬂow conditions.
Under SC ﬂow conditions, the high porosity immobile
layers can be important components of the overall
retention. For example, SC ﬂow ﬁeld simulations in
Fig. 17 show that about half of the total retention time is
caused by the fracture coating. This means that in order to
predict or model SC scale retention properties one should
be able to characterise immobile layers along the transport
paths in a very detailed scale. On the other hand, under PA
ﬂow conditions retention properties are averaged over a
much larger volume of the immobile layers. Heterogeneities caused by thin layers of high porosity immobile
zones close to the fracture may not be important for the
overall retention under PA ﬂow conditions, although they
may provide some additional delay to the solute transport.
The fact that retention properties of the immobile zones
are averaged over much larger volumes in the PA ﬂow
conditions than in the SC ﬂow conditions facilitates PA
scale transport analysis, but makes it impossible to
validate the PA scale retention properties using SC scale
tracer experiments.
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Fig. 16 Breakthrough curves for Am-240 through the system of
two parallel fractures. The numbers in the legend indicate division
of the total ﬂow rate between the type 1 and type 2 fracture (Q1/Q2)
(from Poteri 2006)
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Fig. 17 Contributions of the individual immobile layers to the retention of the iodine and americium in the typical SC and PA ﬂow
conditions: a Iodine in SC ﬂow ﬁeld, b Americium in SC ﬂow ﬁeld, c Iodine in PA ﬂow ﬁeld and d Americium in PA ﬂow ﬁeld. Tracer
breakthrough curves are indicated by black lines

Summary and discussion
Matrix diffusion is an efﬁcient retention process that is
able to signiﬁcantly hinder the migration of radionuclides.
The site speciﬁc potential for retention depends on the
local ﬂow conditions and the composition of the geological materials that contain the immobile pore spaces
available for the matrix diffusion. Fractured rock is
characterised by heterogeneity and a large spread of
hydraulic properties. This leads to preferential ﬂow paths
and also signiﬁcantly affects transport and retention
properties along the ﬂow paths. One of the effects is the
spatial scale effect of the solute retention properties that is
caused by the structure of the fractured rock. Large
hydraulic features are, on average, hydraulically more
conducting than the smaller ones. Flow paths tend to
accumulate in the larger structures where the hydrodynamic control of retention is weaker than in the background fractures. This means that the early part of the ﬂow
path tends to dominate the total β of the whole ﬂow path.
The special characteristics of the ﬂow paths in
fractured rock have also been observed in some other
studies. Öhman et al. (2005) performed numerical studies
on tracer transport through a stochastic continuum model.
The study does not directly examine retention properties,
but the results are in line with those of the present study.
Block-size transit-time distributions have been modelled
by discrete fracture network (DFN) modelling and
different alternatives to up-scale the inter-block size transit
time distributions have been studied. Persistent correlation, i.e. perfect correlation over a given number of
blocks, gave the most promising results. Painter and
Cvetkovic (2005) have developed a stochastic random

walk process, a Markov-directed random walk (MDRW),
which can be used to describe the transport and retention
properties along the particle pathways. The statistics of the
transport and retention properties are based on fracture
network simulation results, which indicate a correlation in
the transport properties between the successive segments
along the particle trajectory. A particle that is in a highvelocity segment is more likely to indicate high velocity in
the subsequent segment due to conservation of ﬂux at the
fracture intersections. According to Painter and Cvetkovic
(2005), the correlation between successive segments along
the particle trajectory is an important control on the
breakthrough curves. The present study shows that the
hydrodynamic control of retention can depend on the scale
for different ﬂow conditions if the rock is heterogeneous
over all scales. The implication of this for radionuclide
transport along the release paths from a repository is that
the early parts of the ﬂow paths are very important for the
overall retention properties.
The modelling approach applied in the present study
enables evaluation of the contribution of the individual
immobile layers to the overall retention. This makes it
possible to determine the inﬂuence of the immobile zone
heterogeneity to the solute retention for different ﬂow
conditions. The role of the detailed scale heterogeneity in
relation to the average retention properties is clearly
different in the PA and SC ﬂow conditions. For PA ﬂow
conditions the retention properties are averaged over much
larger volumes of the immobile zones than for SC ﬂow
conditions. This facilitates PA scale transport analysis,
because detailed scale heterogeneity is not of primary
importance in these conditions. However, this makes it
impossible to validate the PA scale retention by SC scale
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tracer experiments. It also indicates that there is no
straightforward way to extrapolate transport properties to
the performance assessment scale from the observed
transport properties in the site characterisation scale. The
averaging of the immobile zone retention properties
extend much deeper into the rock matrix under performance assessment ﬂow conditions than for site characterisation ﬂow conditions. This results in a signiﬁcant
difference between the dominating immobile retention
zones for site characterisation and performance assessment scales.
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Appendix: Grouped parameters in the matrix
diffusion solution
Solute transport through a transport path is described by
the advection-matrix diffusion equation
�
@cf
@cf
De @cm ��
¼0
þv
�2
@t
@x
2b @z �z¼0
;
ð3Þ
@cm
@ 2 cm
� Dp
¼
0
Rp
@t
@z2
where v is the ﬂow velocity, 2b is the fracture aperture, Rp
is the retardation coefﬁcient in the immobile pore space,
Dp is the pore diffusivity in the immobile pore space and
De is the effective diffusion coefﬁcient from fracture to
immobile pore space. Solute concentrations in the pore
water of the immobile pore space, cm (x, z, t), and in the
fracture, cf (x, t), are coupled by the requirement that at the
fracture wall cm (x, 0, t) = cf (x, t). The initial
concentration is zero both in the immobile pore space
and in the fracture.
The Laplace transform of Eq. (3) gives
�
@cf
De @cm ��
�2
¼0
scf þ v
@x
2b @z �z¼0
;
ð4Þ
@ 2 cm
¼
0
Rp scm � Dp
@z2
where s is the variable of the Laplace domain. Equation
(4) indicates that the solution could be sought using
product cm ðx; z; sÞ ¼ f ðzÞcf ðx; sÞ with f (0)=1. This leads
to the solution
�
�
s x 2 x De 0
cf ðx; sÞ ¼ C0 Exp � þ
ð5Þ
f ð0Þ ;
2bv
v
where Co is determined by the source term at the inlet of
the ﬂow path. For a step input co H (t), where H is the
Heaviside step-function, it is C0 = c0/s and for the Dirac

M0
0
pulse injection WM
ð2bÞv � ðt Þ it is C0 ¼ W ð2bÞv , where W is the
width of the channel.
The structure of the immobile pore spaces is taken into
account by the term f 0 (0) of Eq. (4), which controls
diffusion to the immobile zones. This property is used to
construct the solution for a heterogeneous layered immobile pore space. One homogeneous layer of immobile pore
space leads to the following equation:

2"Dp 0
f ð0Þ ¼
2b v
� qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ�
�
pﬃﬃ x pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ �2 s
" Dp Rp tanh L s Rp Dp ;
v2b
� qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ�
�
pﬃﬃ
¼ � s � � tanh L s Rp Dp

ð6Þ

where the hydrodynamic control of retention, � ¼ x=ðv bÞ,
speciﬁes
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ the ﬂow conditions in the transport channel, � ¼
" Dp Rp determines the properties of the immobile zone
and L is the thickness of the immobile zone.
Equation (6) shows that the retention depends on three
grouped parameters: β that describes the ﬂow
ﬁeld, γﬃ that
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
�
characterises the immobile zone and td ¼ L Rp Dp that
parameterises the “diffusion time” through the immobile
layer.
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