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ANISOTROPIC DIFFUSION IN LAYERED ARGILLACEOUS ROCKS:
A CASE STUDY WITH OPALINUS CLAY

L.R. Van Loon, J. Soler, W. Müller, M.H. Bradbury

Anisotropic diffusion was studied in Opalinus Clay, a potential host rock for the disposal of spent fuel,
vitrified high-level waste and intermediate-level waste. Diffusion parallel to the bedding was measured
using a radial through-diffusion technique, while diffusion perpendicular to the bedding was measured
using the classical (planar) through-diffusion method. The materials used were samples from Mont Terri
(MT) and Benken (BE), respectively. Diffusion of Tritiated Water (HTO), parallel and perpendicular to the
bedding, was studied under confining pressures of 7_MPa (MT) and 14_MPa (BE), respectively. The
effective diffusion coefficient for diffusion parallel to the bedding, De, was found to be
3.20(±0.26)x10-11!m2s-1 and for the Benken 5.39(±0.43)x10-11!m2s-1 for the Mont Terri samples. The
diffusion accessible porosity was ~_0.15(±0.02) in both cases. For diffusion perpendicular to the bedding,
the effective diffusion coefficient was 5.44(±0.35)x10-12!m2s-1 and 1.37(±0.08)x10-11!m2s-1 for the Benken
and Mont Terri samples, respectively. The diffusion accessible porosity was also ~0.15(±0.02) in both
cases. These first results indicate that diffusion parallel to bedding is larger than that perpendicular to the
bedding by a factor of 4 to 6. This might be explained in terms of smaller path lengths (tortuosity) for
species diffusing parallel to the fabric.

1 INTRODUCTION
The diffusion of charged and neutral species in rocks
depends strongly on their geometric parameters, such
as tortuosity and constrictivity. Tortuosity takes into
account path lengthening, because of the particulate
nature of the porous medium (Shackelford, 1991),
while constrictivity is concerned with pore narrowing.
For aqueous-phase diffusion, the relationship between
the effective diffusion coefficient, De, the geometric
parameters, and the diffusion coefficient in water, Dw,
is given by:

d⋅e=⋅tew2DD

(1)

where d  represents the constrictivity, t  is the
tortuosity, and e  the diffusion accessible porosity.

Argillaceous rocks are mainly composed of clay
platelets that have settled in an aqueous (marine)
environment to form a mud deposit. Bennett et al.
(1980) have reported that the clay platelets in marine
deposits of low porosity are oriented preferentially
perpendicular to the direction of sedimentation. During
sedimentation, the grains form “house-of-card” type
structures, because of the electrostatic repulsion by
like-charged basal planes, and the attraction by
oppositely charged edge and basal planes (Fig.!1).
The solution composition and ionic strength also have
an effect on the structure (Berner, 1980). After
deposition, the layers of clay mud are compacted by
the weight of younger, superimposed sediments
(overburden pressure), resulting in water being
squeezed out. During this process, the mutually-
repellant particles are forced closer together, and the
porosity of the mud decreases.
Compaction has been reported to increase the
preferential orientation of clay platelets (von
Engelhardt & Gaida, 1963; Meade, 1964). Owing to

this preferentially layered structure of argillaceous
rocks, tortuosity (path lengthening) is expected to be
anisotropic, and consequently so is the effective
diffusion in such rocks (Fig.!2).

Fig. 1: Structure of a mud rock during sedimentation
(house-of-cards structure) and after
compaction (preferential orientation of clay
platelets); the orientation of the clay platelets
after compaction is perpendicular to the
direction of sedimentation.

Anisotropic diffusion has been observed in many
different media; e.g. in crystals, textile fibres and
polymers, in which the molecules have a preferential
direction of orientation (Crank, 1975; Seo et al., 1999).
When a species diffuses parallel to the fabric,
tortuosity is expected to be smaller than in the former
case in which diffusion, is perpendicular to the
bedding (Fig!2). Consequently, the effective diffusion
rate will be faster.
So far, in geochemistry, little attention has been paid
to these potentially anisotropic diffusion properties.
Systematic studies comparing diffusion perpendicular
and parallel to the fabric for the same material and for
different species are, we believe, not available, with
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the exception of one study by De Windt & Palut, 1999,
who studied the diffusion of HTO and I- through a
piece of Opalinus Clay perpendicular and parallel to
the fabric.

Fig. 2: Schematic view of the anisotropy of a layered
rock (Opalinus Clay, Benken, Switzerland)
with respect to diffusion.

Although they observed a larger value for the diffusion
parallel to the bedding, they could not exclude
experimental artefacts, so that their results remain
somewhat in question. Most studies of natural
argillaceous materials published in the open literature
are on diffusion properties perpendicular to the
bedding (Bourke et al., 1993; Put et al., 1998; Melkior,
2000). One of the main reasons for this is a lack of
appropriate techniques for studying diffusion parallel
to the bedding.
In this work, diffusion of HTO was studied
perpendicular and parallel to the bedding of Opalinus
Clay (OPA): a layered, argillaceous rock. For diffusion
parallel to the bedding, we used a radial through-
diffusion technique recently developed by Van Loon et
al. (2002), and for diffusion perpendicular to the
bedding, a one-dimensional, through-diffusion
method, as described in Van Loon et al. (2003), is
used. The experimental set-up is so arranged that the
pressure applied to the samples is always
perpendicular to the bedding, and the diffusion either
parallel or perpendicular to it, which is relevant for
performance assessment, and represents the most
common situation in natural systems.

2 MATERIALS AND METHODS
2.1 Radial diffusion
Equipment
A view of the radial through-diffusion cell is given in
Fig. 3. A similar concept was used earlier by van der
Kamp et al. (1996) for determining isotopic
composition, chemistry and effective porosities for
groundwater in aquitards, and by Novakowski & van
der Kamp (1996) for determining effective diffusion
coefficients, porosity and adsorption from in-diffusion
experiments in porous geological materials. A
concentration gradient is set up across the sample in
such a way that diffusion takes place from the centre
of the sample (high concentration region) to the outer
boundary (low concentration region). Because the
layering of the sample is parallel to the concentration
gradient, diffusion will take place along the layering. A
more detailed description of the cell is given in Van
Loon et al. (2002).
Theory of radial diffusion
Consider a hollow cylindrical sample of height h, with
an internal radius rint, and an external radius rext. The
concept behind the experiments is the same as in
one-dimensional diffusion experiments (Cho et al.,
1993), except for the fact that the high-concentration
reservoir is the central cavity of the cylinder (from r=0
to r=rint), and that breakthrough of the tracer occurs
across the entire external surface (r=rext). As a
consequence, the diffusion process has cylindrical
symmetry.

Fig. 3: Cross-section of view of the radial through-
diffusion cell.

The diffusion equation is given by:
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∂∂∂Êˆ=Á˜∂∂∂Ë¯aC1CrD,trrr

(2)

where Da is the apparent diffusion coefficient, and C is
the concentration of a given tracer in the rock. The
initial and boundary conditions are as follows:

££==££>=≥>=intextint0extC(rrr,t0)0 C(0rr,t0)C  C(rr,t0)0         

and the tracer flow (mol.s-1 or Bq.s-1) at the external
surface of the cylinder is equal to:

=∂Êˆ-pÁ˜∂Ë¯exterrC2hDrr

. (3)

The analytical solution of the cylindrical through-
diffusion problem is given by (Crank, 1975, p.84;
Eqn.!5.64):

-=-paexta0extintQ(r,t)2(DtL)Chln(r/r)

•=aa-aaa-aÂ20intn0extnan222n1n0intn0extnJ(r)J(r)exp(Dt)4(J(r)(J(r))

(4)

where Q

† 

(rext , t)  is the total amount [in mol] or activity
[in Bq] of tracer which has diffused through the
sample at time t. The parameter L [m2] in Eqn. 4 is
given by:

-++=2222intextintextextintextintrr(rr)ln(r/r)L.4ln(r/r)

(5)

The J0(x) terms are Bessel functions of the first kind of
order zero, and the an terms are the positive roots of:

)( int0 nrU a
=aa-aa=0intn0extn0extn0intnJ(r)Y(r)J(r)Y(r)0.

(6)
and the Y 0(x) terms are Bessel functions of the
second kind of order zero. The first five positive roots
rintan of Eqn. 6 for different ratios rext/rint, are tabulated
by Crank (Table 5.3, p. 380, 1975).
At steady-state, 

† 

t Æ •, the solution (4) reduces to:
p=-a0exteextint2ChQ(r,t)(DtL).ln(r/r)

(7)

Hence the total amount of tracer diffused through the
sample becomes a linear function of time:

=⋅-extQ(r,t)atb,
(8)

with: ppa==0e0extintextint2ChD2ChLaandb.ln(r/r)ln(r/r)

The concentration profile of the tracer in the rock at
steady-state is logarithmic:

intr0intextrlnrCCl,rlnrÊˆÁ˜Á˜=-Á˜Á˜Ë¯

(9)

and this relation also satisfies the boundary
conditions.
A typical concentration profile at steady-state, as
described by Eqn. 9, is depicted in Fig. 4.
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Fig. 4: Concentration distribution in a radial diffusion
experiment in the steady-state phase.

2.2 Planar (one-dimensional) diffusion
Equipment
A schematic view of the planar through-diffusion cell is
given in Fig. 5, and a more detailed description is
given in Van Loon et al. (2003). A concentration
gradient is set up across the sample in such a way
that diffusion takes place from the high concentration
side to the opposite boundary (low concentration
side). Because the layering of the sample is normal to
the concentration gradient, diffusion will take place
perpendicular to the layering.

Theory of planar diffusion
For a one-dimensional diffusion process through a
plane of thickness D, the flux, J [mol.m-2s-1], is given
by Fick's first law:

∂=-⋅∂eCJDx

(10)
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For the temporal evolution of the concentration, C,
Fick's second law is applied:

∂∂=⋅∂∂2a2CCD,tx

(11)

where Da is the apparent diffusion coefficient:
=aeaDD

(12)

and a represents the capacity factor, defined as:
a=e+r⋅dK

(13)

where Kd is the distribution coefficient [m3.kg-1], and r
the bulk dry density of the rock [kg.m-3].
For non-sorbing tracers (Kd_=_0), the rock capacity
factor is just the porosity, which can be deduced
directly from the intercept. For Kd_>_0, the porosity
can be deduced from Eqn. (13).

Fig. 5: Cross-sectional view of the PSI high-pressure
diffusion cell for diffusion perpendicular to the
bedding (planar diffusion).

As defined earlier, De is the effective diffusion
coefficient, and is related to the diffusion coefficient in
free bulk water by virtue of Eqn. 1.
The boundary and initial conditions of the through-
diffusion problem are given by:

=ŒÈ˘Î˚C(x,t)0,x0,d,

0)0,0( CtxC =>=

0)0,( CtdxC =>= .

An analytical solution to the through-diffusion problem
may be obtained by solving Eqn. 11, with the initial
and boundary conditions given above (Crank, 1975;
Jakob et al., 1999):

•==⋅È˘Ï¸⋅⋅⋅p⋅a⋅a-ÔÔÍ˙---Ì˝Í˙p⋅aÔÔÓ˛Î˚Âo22nee2222n1Q(d,t)SdCDtDnt2(1)exp6dnd

(14)

where:
S = the cross-sectional area of the sample [m2]
d = the sample thickness [m]
Co = the concentration of the radionuclide in the

reservoir cell [Bq.m-3]
t = time [s]
a = the rock capacity factor

Equation 14 gives the cumulative mass or activity of a
tracer in the low-concentration reservoir, Q(d,t), as a
function of time. As time increases, the exponential
term asymptotes to zero and the Equation reduces to:

eo2DtQ(d,t)SdC6d⋅aÈ˘=⋅⋅⋅-Í˙Î˚

. (15)

Thus, when the diffusion process is in the steady-state
phase, the total diffused mass is a linear function of
time:

=⋅-Q(d,t)mtp
(16)

where 
⋅⋅=oeSCDmd

 and 
⋅⋅⋅a=oSdCp6

.

Sample origin and sample preparation
The samples used for the measurements were of
Opalinus clay, taken from the Mont Terri Underground
Rock Laboratory (Canton Jura), and from the deep
borehole in Benken (Canton Zürich) in the northern
part of Switzerland. The OPA was deposited about
180 million years ago as a marine sediment consisting
of fine mud particles. It has a thickness of ~100_m,
and contains between 40% and 80% clay minerals,
10% of which are capable of swelling (Gautschi,
1997). A bore core, either from Mont Terri or from
Benken, was placed in a Plexiglas™ cylinder. and
embedded in an epoxy resin (Epofix™, Struers
GmbH). After the hardening of the resin, the cylinder
was placed on a lathe, and a cylindrical sample
(parallel: rext=25.4mm, rint=6.35mm, h=52mm;
perpendicular: rext=12.7mm, d=11mm) was prepared.

Experimental set-up
The experimental set-up of the diffusion experiments
is shown schematically in Fig. 6, and comprises a
diffusion cell, as described above, an 8-channel
peristaltic pump (IPC, Ismatec, Idex corporation,
USA), and 250 cm3 and 25 cm3 containers. The
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sample was placed in the sample holder, together with
two stainless-steel filters (discs or cylinders), and the
cells were then closed with two end plates. The bolts
were first greased with a MoS2 screw paste, and then
tightened until the desired load was obtained (MT:

7!MPa; BE: 14!MPa). The confining pressure
simulates the in-situ overburden. The large container
was filled with 200_cm3 of artificial OPA pore water,
and the small one with 20_cm3.

Fig. 6: Schematic view of the experimental set-up of the radial through-diffusion experiment

The composition of the artificial pore water is given in
Table 1. The samples were re-saturated by circulating
the OPA pore water against both surfaces of the
sample for 2 weeks; this time was found to be
sufficient to reach re-saturation. Subsequently, the
solutions were replaced by fresh ones, the solution in
the large container was labelled HTO, and through-
diffusion was started (Series 1). The activity of HTO
was 1.0.106 Bq.dm-3.

The solutions in the small containers were replaced
after a given time interval Dt to keep the activity of the
tracer in the compartment as low as possible: i.e. <1%
of the concentration in the high concentration
compartment. The activity of HTO in solution was
measured by Liquid Scintillation Counting, as
described in Van Loon et al. (2003).
After completion of a through-diffusion experiment, the
solutions in both containers were replaced by artificial
pore water without tracer, and out-diffusion was
started. At selected time intervals, the activity in the
solutions was measured, and then the solutions
replaced by fresh ones. This procedure was repeated
until all the activity in the sample had diffused out.
After out-diffusion, the solution in the large container
was replaced by an OPA solution containing HTO
(1.0.106 Bq.dm-3), and through-diffusion was repeated
on the same samples (Series 2).

3 RESULTS AND DISCUSSION
Figure 7 (A-D) shows the flux and total diffused
activity for the through-diffusion of HTO parallel and

perpendicular to the bedding in the two samples
(Series 1). The curves clearly show two stages: a
transient phase, in which the flux increases, and a
steady-state phase, in which the flux is constant, and
where the total diffused activity increases linearly with
time.
Table 1: Composition of the synthetic OPA pore

waters used in the diffusion experiments.

Element 1Mont Terri
(mol.dm-3)

2Benken
(mol.dm-3)

Na 2.40.10-1 1.50.10-1

K 1.61.10-3 4.31.10-3

Mg 1.69.10-2 5.21.10-3

Ca 2.58.10-2 7.24.10-3

Sr 5.05.10-4 3.97.10-4

Cl 3.00.10-1 1.60.10-1

SO4 1.41.10-2 1.00.10-2

CO3/HCO3 4.76.10-4 3.11.10-4

pH 7.6 7.9
Sum cations 3.28.10-1 eq/l 1.80.10-1 eq/l
Sum anions 3.28.10-1 eq/l 1.80.10-1 eq/l

Ionic strength 0.39 M 0.20 M
1 Pearson Type A1 (Pearson, 1998)
2 Pearson (2000)
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Unlike the cumulative plot, the flux clearly shows
when the system is in steady-state. The latter phase
was used to deduce a value for the effective diffusion
coefficient for the tracer, and the porosity accessible
to the tracer. The slope of the curve (Qt vs time) gives
the effective diffusion coefficient, by applying Eqn. 7
for diffusion parallel to the bedding, and Eqn. 15 for
diffusion perpendicular to the bedding. The porosity
can be calculated from the intercept of an asymptote
extrapolated from the steady-state region of the curve
to the Y-axis. The concentration of HTO at the high-
concentration boundary decreased slightly (<10%)
during the experiment, so that the chosen up-stream
boundary, as specified, can be applied in the analysis
of the breakthrough curves. The quality of the
parameters (De and a ) was tested by using them as
input parameters for the analytical solutions (Eqn. 4
for parallel diffusion, or Eqn. 14 for perpendicular

diffusion) and calculating the entire diffusion curve,
J(rext,t) or J(d,t), as a function of time. In all cases, it
was possible to reproduce the increased flux data
(solid flux-curves in Fig. 7). An overview of the
preliminary results for HTO is given in Table 2.
It can be seen from the data from Series 1 and
Series!2 that the diffusion measurements are
reproducible. Compared with values for diffusion
perpendicular to the bedding, the effective diffusion
coefficients for diffusion parallel to the bedding are
larger by a factor between 4, for the Mont Terri
samples, and 6, for Benken samples. The larger value
for the Benken samples indicates a greater degree of
preferential orientation of the platelets, which might be
due to the higher overburden pressure (Meade, 1964).

Table 2: Values for the effective diffusion coefficients and diffusion accessible porosities for the
diffusion of HTO into Opalinus Clay parallel and perpendicular to the bedding.

Sample De (parallel)
(m2.s-1)

 a (parallel) De (perpend.)
(m2.s-1)

a (perpend.)

Benken No. 1 3.10(±0.25)x10-11 0.15±0.02 5.44(±0.35)x10-12 0.14±0.02
Benken No. 2 3.20(±0.23)x10-11 0.13±0.02 5.41(±0.35)x10-12 0.13±0.02

Mont Terri No. 1 5.39(±0.43)x10-11 0.15±0.03 1.41(±0.09)x10-11 0.17±0.02
Mont Terri No. 2 5.42(±0.38)x10-11 0.17±0.02 1.37(±0.08)x10-11 0.14±0.02
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Fig. 7: Fluxes and total diffused mass of HTO through Opalinus Clay (Series 1) for diffusion parallel to the bedding
(A: Benken, C: Mont Terri), and perpendicular to the bedding (B: Benken, D; Mont Terri). The solid curves
for the fluxes were calculated using the analytical solutions (Eqn. 4 or Eqn. 14, for diffusion parallel or
perpendicular to the bedding, respectively), together with the parameters specified in Table 2. The shaded
a r e a s  r e p r e s e n t  t h e  u n c e r t a i n t i e s  t o  t h e  c a l c u l a t e d  c u r v e s .

Because HTO is a non-sorbing tracer (Kd=0) the rock
capacity factor, a, equals the diffusion accessible
porosity, e. The values for the porosity, e, are similar in
both samples. Because Dw, e and d are independent
of the direction of diffusion, the different De values
must be due to differences in the tortuosity. The path
lengthening (tortuosity) is smaller in the direction
parallel to the bedding, so that De is expected to be
larger for diffusion parallel to the bedding (Eqn. 1), as
has been found experimentally.
A more detailed explanation for the factor 4 to 6
cannot yet be given. However, for porous media with
pores smaller than the dimension of the clay particles,
the ratio of the particle length to the particle width
seems to play a central role, as shown in a very
simplified sketch of the microstructure of a layered
argillaceous rock (Fig. 8).

Fig. 8: Simplified representation of the microstructure
of a layered argillaceous rock.

To test this hypothesis, the length/width ratios of the
grains have to be measured for different rocks, and

these data related to effective diffusion data (i.e. De
parallel and perpendicular to the fabric).

4 SUMMARY AND CONCLUSIONS
One-dimensional radial and planar through-diffusion
techniques have been used for measuring the
effective diffusion coefficients parallel and
perpendicular to the fabric of a layered rock under a
confining pressure applied perpendicular to the
bedding. The methods could be successfully applied
to measure the effective diffusion coefficients of HTO
in an argillaceous rock (OPA). Preliminary results
clearly demonstrate that diffusion in Opalinus Clay is
anisotropic. This is due to differences in the values for
the tortuosity parallel and perpendicular to the
bedding. Diffusion parallel to the bedding is larger by
a factor of 4 to 6 than diffusion perpendicular to the
bedding. The values for the diffusion accessible
porosities, however, are comparable.
The evaluation of the out-diffusion results of HTO is
currently ongoing, and will be presented in a
forthcoming publication. Similar experiments with
anionic (36Cl-, 125I-) and cationic (22Na+) tracers are
planned.
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