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Abstract

We have numerically simulated contaminant transport through heterogeneous fault zones that consist of three
components: a core, a damaged zone and a protolith, each with a different permeability. The interface between each
of the components was assigned a fractal topography. This was done to quantify the scaling of a contaminant plume
through a fault, as large-scale faults can dominate regional flow. The numerical method used was a modified lattice
gas scheme for flow in porous media, coupled to a finite-difference solution to the advection—dispersion equation. The
introduction of heterogeneity leads to complex behaviour of a chemical plume in several faults with the same
statistical properties. A range of arrival times is observed along with bimodal break-through curves. This behaviour
was a common feature in each heterogeneous fault model. The mean and the variance of the plume were calculated
for every simulation and indicated that the transport is anomalous. The mean scaled through time from 1% to /-5
for the different models. Thus, the mean velocity decreased with time in each of the fault models. The minimum and
maximum scaling through time of the variance of the plume was from 7' to #'%7 indicating anomalous transport. The
simulated break-through curves were analysed using the continuous time random walk method that quantifies the
scaling of migrating contaminants using a single parameter 8. For > 2 the transport is Gaussian and for <2 the
transport is anomalous and the variance scales as 1>~#) for 1 < < 2. The average value of 8 for the different models
ranged from 1.65 to 2.00. We have also shown that the scaling of the transport can vary significantly over short
distances relative to the size of our models.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ces. Results have implications in many fields in-
cluding waste disposal and the location of nuclear
repositories. To accurately model transport
through geological media, any model must in-
clude heterogeneity, as fracture apertures and
fault networks can obey fractal and multifractal

statistics [1,2]. Transport through geological me-

The transport of dissolved chemical species is
an important area of research in geological scien-
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dia has been shown to exhibit non-Gaussian be-
haviour as a consequence of heterogeneous flow
fields [3,4]. In most models the fracture geometry
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is represented by planar structures, and the per-
meability within the fractures and the surrounding
rock matrix is homogeneous. In fault networks a
small percentage of larger faults can control the
flow properties throughout the network. There-
fore the transport properties of individual large
faults are important in understanding the evolu-
tion of regional fluid transport. In contrast with
most of the recent research that has concentrated
on quantifying contaminant transport through
fracture networks, we have focused on the trans-
port of chemical plumes through single large fault
structures. Individual fault zones can be repre-
sented by a network with an anisotropic distribu-
tion of fracture orientations. We have taken a
different approach where we consider a faulted
zone as a system comprising three distinct units,
the core, the damaged zone and the protolith.
This should enable us to: (i) test whether fault
zones can be treated as planar structures in mod-
elling transport through fault networks and (ii)
quantify the scaling of the transport through het-
erogeneous fault zones. In this paper several dif-
ferent fault zone models, based on field measure-
ments, have been generated to examine the
transport of an inert chemical plume. We apply
a novel method for passive transport in fault
zones, whose lengths are of the order of 200 m,
with the inclusion of heterogeneous interfaces sep-
arating the different fault zone components. The
resultant concentration plumes and break-through
curves are then analysed to quantify the transport
through fault zones. The method used to model
the passive transport is outlined in Section 2,
while the numerically generated fault zones are
discussed in Section 3. Section 4 presents the re-
sults of our numerical simulations and Section 5
discusses these results in terms of the scaling of
the chemical plume. The first and second moment
of the concentration plume were calculated at dif-
ferent time intervals giving the scaling of the mean
and the variance. However, in the vast majority of
physical cases a complete description of the plume
is unavailable and the only information available
is the break-through curves. Therefore, the simu-
lated break-through curves are analysed using the
continuous time random walk method (CTRW)
[3] as another means of examining the scaling of

the plume through the fault zone. The conclusions
are presented in Section 6.

2. Numerical scheme

We model flow in heterogeneous porous media
using a modified Bhatnagar—Gross—Krook (BGK)
method. The BGK scheme is a lattice gas method
for the solution of the incompressible Navier—
Stokes equation [5]. The modified scheme [6,7]
replaces the Boolean nature of the void sites in
the lattice gas with a porosity value which enables
the scheme to model flow in an arbitrarily scaling
heterogeneous porosity distribution. The scheme
is coupled with a finite-difference (FD) solution
to the advection—dispersion equation:

aC aC 9 aC

where C is the concentration of the species, v; is
the velocity in the x; direction and D;; are compo-
nents of the dispersion tensor. The dispersion ten-
sor components D;; were calculated from the ex-
pressions:

a VRV +alV®' Vv

D=
V1]

(2)

from [8] where ap and at are the longitudinal and
transverse dispersivities, and V is the velocity, 'V
is the direct orthogonal to V and ) is the tensor
product. The dispersivities are a measure of the
amount of spreading of a group of tracer par-
ticles. The dispersion tensor accounts for this
spreading which is caused by microscopic fluctua-
tions in the velocity of a fluid and the presence of
a pore system through which the flow takes place.
The flow field in heterogeneous media is com-
puted using the modified BGK scheme and is
then used as an input to the FD solution. The
scheme was tested extensively against analytical
solutions for passive transport through homoge-
neous porous media and against experimental
work on transport through heterogeneous porous
media using flow cells [9]. This method was chos-
en as it allows the flow field in an arbitrary scale
model to be calculated. Therefore the scheme re-
tains the advantage that the inclusion of a hetero-
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geneous porosity field into the model is relatively
straightforward without the scale restriction of
the BGK method. The scheme is ideally suited
to parallel computing and was implemented on
a Beowulf cluster.

3. Fault zone model

A fault zone can consist of three main compo-
nents, the core, the damaged zone and the proto-
lith [10]. Each component can have its own dis-
tinct permeability structure (Fig. 1). The core may
act as a conduit for flow during deformation, but
it may act as a barrier following deformation. The
damaged zone consists of fault-related structures
including small faults, fractures, veins and folds.
The protolith is the undeformed country rock sur-
rounding the fault whose permeability is similar
to the host rock. The parameters used in the fault
zone models were taken from [10] and [11]. The
ratio of the damaged zone width to the damaged
zone and core width (denoted by F,) was mea-
sured for several faults by [10] and was found on
average to be 0.7. The porosities of the core, the
damaged zone and the protolith were set to 5%,
15% and 0.1% respectively. The horizontal perme-
ability of the damaged zone was set to be approx-
imately 50 mD, while the core and protolith have
a horizontal permeability of 10 mD and 0.1 mD
respectively. The fault zone was assigned a fractal
profile with the damaged zone profile given a
Hurst exponent of 0.8 with a maximum amplitude
of 7.5 m. The core scales with the damaged zone
and the ratio of core to damaged zone was varied
from 0.6 to 1.0. All of the parameters used in the
simulated fault zone are comparable to measured
field values from several different faults [10]. Sev-
eral different realisations of each fault zone model

Table 1
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Fig. 1. Fault zone models used in the numerical simulations.
The fault zone consists of three main components, the core,
the damaged zone and the protolith, each component having
its own distinct permeability structure. The parameters used
to generate the models are listed in Table 1.

were simulated and the model parameters are
listed in Table 1 and are shown in Fig. 1. The
tracer was injected as a point source in the centre
of the core at the left hand side of each model.

4. Results

In the simulations, a passive tracer was injected
as a point source in the centre of the inlet (left-
hand side of the fault zone) of each of the differ-
ent realisations of the fault zone models. Each end
of the fault was kept at a constant pressure with
the pressure gradient chosen to give a maximum
particle flow rate of 1 m/h in a homogeneous per-
meability of 50 mD. The pressure gradient is glob-

The parameters used to generate the fault zone models in the numerical simulations

Model A Model B Model C Model D Planar fault model
Hurst exponent 0.83 0.83 0.83 0.83 n/a
Protolith permeability (mD) 0.1 0.1 0.1 4 0.1
Fn 0.70 0.60 1.00 0.70 0.70

The permeability in the fault core was set to 10 mD while the damaged zone permeability was set to 50 mD in all the models.
The ratio of the damaged zone width to the damaged zone plus core width is denoted by F,.
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Fig. 2. The log-log plot of the mean (upper panel) and the
variance (lower panel) against time for a homogeneous and
planar fault model is shown in this figure. A straight line
was fitted to the data points using a least squares regression
and the slopes show that the scheme replicates Gaussian
transport in the homogeneous and planar fault cases. The
y-variance in the lower panel has been divided by 100 to im-
prove the clarity of the figure.

al and oriented in the x-direction. This value is
arbitrary, as the flow rates in geological systems
vary over several orders of magnitude. While the
dispersivities may vary spatially and differ in the
distinct fault structures, the longitudinal and
transverse dispersion coefficients were set to 0.01
m?/s and 0.001 m?/s respectively throughout the
model. This was done to enable us to examine the
effect of heterogeneous interfaces between each of
the fault structures. A sensitivity analysis was pre-
formed by changing the dispersion coefficients
and hydraulic gradient. The results from these
simulations were found to be consistent with the
results discussed below.

The homogeneous model and the planar fault
model, which represent the standard simulation of
faults in numerical modelling, were used as a con-
trol for our heterogeneous results. The permeabil-
ity in the homogeneous model was set to 50 mD
while the calculated bulk permeability in the flow
direction of the planar fault model was 1.95 mD.
The bulk permeability in the flow direction was
calculated from Darcy’s law using the average
flow rate in the direction of flow. This value is

an average over the whole fault, so it includes
the low-permeability protolith (0.1 mD), the fault
core (1 mD) and the high-permeability damaged
zone (50 mD). The mean of the concentration
plume, calculated using Eqgs. 3 and 4, is used to
determine the movement of the plume centre.

e .
e

LT e .
S

The time dependence of the variance (c) can be
found from the concentration plume using Eq. 5
for the x-variance (c,) and Eq. 6 for the y-var-
iance (o).

i / / C(x,y)(x—my)>dxdy
02 === o
/ [

6}2’:/ // /XJ’ (y—m,)*dxdy "

Using the above equations both the first and
second moment of the concentration plume were
calculated at different time intervals, giving the
scaling of the mean and the variance. In both
the homogeneous case and the planar fault case,
the x-mean travels as v=x<!, while there is no
variation in the y-position of the concentration
plume (Fig. 2A). The x-variance scales as ¢'¥ in
the homogeneous case and as %% in the planar
fault model, while the y-variance scales as ¢! and
1% in the homogeneous and planar models. In
both cases the simulations agree with the expected
behaviour of Gaussian transport in homogeneous
media and for transport through the planar fault
model with the plume centre moving in a straight
line at the velocity of the flow.

The introduction of heterogeneity into the fault
model leads to a variable velocity field as the fault

(x,y)dxdy

(x,y)dxdy

(x,y)dxdy

C(x,y)dxdy
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Fig. 3. A contoured plot of the concentration for one of the realisations of model A is shown for different time periods. The
y-length scale has been exaggerated and the concentration contours have been normalised, maximum is red.

zone broadens and narrows, decreasing and in-
creasing the flow rates. A contoured plot of the
concentration for one of the realisations of model
A is shown, for different time periods, in Fig. 3.
The evolution of the concentration plume be-
comes complex as it is restricted by the protolith
and by the core. The roughness at the boundary
between the protolith and damaged zone causes
some of the tracer to be trapped. This trapped
concentration can slowly escape back into the
damaged zone or remain permanently isolated.
The storage of material in the protolith is a com-
mon problem in pump and treat techniques for
contaminant remediation. The break-through
curves at three different x-locations (30 m, 110

m and 190 m) averaged along the y-direction,
for five different realisations of model A are
shown in log-linear plot in Fig. 4. The log-linear
plot was used to highlight the amplitudes of the
concentration. The figure clearly shows that the
introduction of heterogeneity into the model leads
to complex behaviour of the concentration plume.
There is a clear variation in the concentration
amplitudes as well as in the break-through pro-
files. The latter point is more clearly illustrated in
Fig. 5 where we have plotted the normalised cu-
mulative sum of the break-through concentrations
at six different locations through the five realisa-
tions of fault zone model A. The figure shows
different arrival times and bimodal break-through
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curves. From Figs. 4 and 5 it is clear that the
behaviour is complex and can vary dramatically
over a 200 m length for faults with the same sta-
tistical properties. Fig. 6 shows the break-through
curves where a tracer is injected as a line source
throughout the inlet of the fault zone. Again,
the behaviour is complex with multiple break-
throughs, and it differs dramatically for each of
the different realisations of fault model A. The
break-through curves for the different models
will be analysed in more detail in Section 5. Fig.
7 shows a contoured plot of the concentration
plume for the planar fault model and fault models
B, C and D. As expected in the planar fault mod-
el, the plume behaves in a Gaussian fashion. The
behaviour of the plume in models B, C and D is
more complex. In model B the ratio of the dam-
aged zone width to the core width was decreased.
In this realisation this has the effect of restricting
the transport of material through the fault core.
In model C the fault core is removed and the
plume spreads out throughout the damaged
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Fig. 4. The break-through curves of five different realisations
(a—e) of model A are plotted in log-linear scale. The log-line-
ar scale was used to better highlight the relative amplitudes
of the break-through concentration. The solid line represents
a breakthrough curve measured at 30 m from the source, the
dashed line was measured at 110 m from the source and the
dotted line was measured at 190 m from the source. A broad
spectrum of different types of behaviour is clearly seen.
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Fig. 5. The figure shows the normalised cumulative sum of
the break-through curves from five different realisations of
fault model A at different locations. The figure shows differ-
ent arrival times and bimodal break-through curves implying
that the behaviour varies for different faults with the same
statistical properties.
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Fig. 6. Break-through curves for different realisations of fault
zone model A measured at two distances from a line source
input across the entire width of the fault zone (as opposed
to the point source shown in Fig. 4). The behaviour is com-
plex and can vary dramatically for different realisations.
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Fig. 7. The concentration plume is shown for a single realisation of each of the fault models. The y-length scale has been exag-
gerated and the concentration contours have been normalised, maximum is red.

zone. As in model A, material can be trapped in
the protolith and either stored or released slowly
back into the damaged zone. In model D the
higher permeability of the protolith allows the
tracer to move relatively freely through the fault
zone. If the permeability and porosity of the pro-
tolith is increased then material that is forced into
the protolith can no longer be stored for substan-
tial periods of time. The break-through curves for
the fault models are shown in Fig. 8 at three dif-
ferent locations, 30 m, 110 m and 190 m, for three
different realisations of each model. As in Fig. 4,

a wide variety of behaviour is clearly seen. To
examine the effect of the small-scale roughness
we ran a simulation where we filtered the fault
boundaries of model A with a low-pass filter. As
expected, the effect of the small-scale roughness
on the transport is minimal. On the scale of the
fault zone this result is not surprising as the Hurst
exponent of 0.83 provides a relatively smooth in-
terface and therefore the long-wavelength varia-
tion plays the dominant role in channelling or
trapping the flow. In the planar fault model the
break-through curves are regular as expected,
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Fig. 8. The figure shows the normalised cumulative sum of
the break-through curves from three different realisations of
the different fault models. The dashed-dotted line represents
a breakthrough curve measured at 30 m from the source, the
solid line was measured at 110 m from the source and the
dotted line was measured at 190 m from the source. The het-
erogeneous fault models exhibit bimodal break-throughs and
a variation in arrival times.

while a wide variety of arrival times and profiles
are seen when heterogeneity is introduced.

5. Discussion of results

In Section 4 we have discussed the results in
general terms. In this section we quantify the
transport of the concentration plume throughout
the fault models. Using Eqs. 3-6 the temporal
scaling of the mean and variance of the plume

Table 2
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Fig. 9. The log-log plot of the mean (upper panel) and the
variance (lower panel) against time for all the realisations of
fault model A is shown. A straight line was fitted to the
data points using a least squares regression. The centre of
plume travels as *7* in the direction of flow with little varia-
tion in the y-direction. The x-variance scales as %3 and the
y-variance scales as /%7, This indicates a super-diffusive pro-
cess as material is channelled through the fault models.

was calculated. Fig. 9 shows the log of the var-
iance against log of time for five different realisa-
tions of model A. The plume moves sublinearly
and is scattered around the y-direction as ex-
pected due to the transport of material through
and around the distinct fault structures. The tail-
off at later times is due to the finite size of the
model as the plume eventually moves beyond the
edge of the model. The variance of the plume
scales as 1% and ¢'** (the exponents having a
standard deviation of 0.285 and 0.352) in the x

The average slope of each realisation of the different fault models in a log-log plot of time against the mean and the variance for

both the x and y directions

Model A Model B Model C Model D Planar fault model =~ Homogeneous model
ny 0.737 (0.211) ~ 0.914 (0.047) 0.538 (0.086) 0.890 (0.035) 0.976 1.000
ny, 0.002 (0.089)  0.001 (0.039) —0.056 (0.090) 0.012 (0.003) —0.030 0.000
O 1.666 (0.285)  1.871 (0.073) 1.678 (0.099) 1.243 (0.254) 1.163 1.006
o, 1.336 (0.352)  1.199 (0.385) 0.966 (0.254) 0.940 (0.132) 1.043 1.005
(B 1.769 (0.222)  1.651 (0.260) 1.525 (0.251) 1.952 (0.047) 1.994 (0.010) 2.000
GB—=(B) 1.231 1.349 1.475 1.048 1.006 1.000

The mean scales as " and the variance scales as t*. The figures in parentheses are the standard deviation of the slopes. The aver-
age exponent f calculated on simulated break-through curves using CTRW theory throughout the different fault models is also
listed in this table. The variance scales as tG~#) for 1 <<2. The values of (3—p) also listed in the table agree within the stan-

dard deviation of the scaling of the variance from Egs. 5 and 6.
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and y direction respectively. This is a consequence
of the plume being channelled through the fault
zone. Table 2 shows the scaling of the mean and
variance for all the fault models. As discussed
earlier, the homogeneous model and planar fault
model behave as expected. Model B behaves in a
manner similar to model A, with the plume being
channelled through the fault zone while model C
shows a super-diffusive process in the x-dispersion
but the y-variance is close to 1.0. The removal of
the core allows the centre of the plume to move in
a more undulating manner through the fault. This
is reflected in the low value of the slope of the
x-mean (0.538) and the high absolute value of the
y-mean slope (0.056). In model D, the low con-
trast in permeability between the damaged zone
and protolith allows the plume to disperse rela-
tively freely.

The numerically simulated break-through
curves were analysed using the CTRW method.
The CTRW method is based on the calculation
of probability density functions y(x,f) over a dis-
tance and direction X in time ¢ where w(x,?) is
defined for an ensemble average over many pos-
sible realisations of the domain. The plume migra-
tion is dominated by the behaviour of w(x,?)
at ‘large times’ and the long-term behaviour
of w(x,t) can be expressed as ~¢!"F with
0<pB<2. The variance scales as (378 for
1 < <2 with f>2 implying Gaussian transport
and B<2 implying anomalous transport [3]. The
advection—dispersion equation is solved at a ‘local
scale’ producing ‘large-scale’ break-through curves
which are anomalous and quantifiable with the
CTRW method. The advection—dispersion equa-
tion is insufficient for the analysis of the ‘large-
scale’ break-through curves. A detailed descrip-
tion of the CTRW method can be found in
[3,14] and references therein. The method has
been used to quantify anomalous transport in
fracture networks and highly heterogeneous po-
rous media [12,13].

In any physical experiment or field investigation
it is practically impossible to gain a complete de-
scription of the concentration plume. The only
information in the vast majority of cases is the
break-through curves measured at various loca-
tions in the site under investigation. Hence it is

important to determine how accurate a measure
of scaling is actually given by the break-though
curves. By fitting the numerically simulated break-
though curves to the CTRW theory we can com-
pare the scaling of the variance of the plume from
Egs. 5 and 6 with the scaling obtained from the
break-through curves. The numerically simulated
curves were fitted to the CTRW theory using the
non-linear curve fitting option in GRACE, a de-
tailed description can be found in [15].

Fig. 10 shows the simulated cumulative break-
through curves and the CTRW theory curves
at three different x-locations in the middle of
the fault zone. The scaling exponent S ranges
from 1.27 to 1.70 indicating anomalous transport
throughout the fault zone model. However, as
discussed previously many of the simulated curves
show bimodal and complex profiles that cannot
be fitted with the CTRW theory. In Fig. 11 we
have plotted the variation of S throughout each
realisation of the different fault models. In some
cases the numerically simulated break-through
curves could not be fitted to the CTRW theory
for the reasons outlined above. In this case no
value of B is shown in the figure. As expected
for the planar fault model S is close to 2 through-
out the entire fault model. For models A, B and C
the value of B close to the source is approximately
2 and it decreases further from the source. This is
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Fig. 10. The numerically simulated break-through curves
were fitted against the CTRW theory to quantify the scaling
of the transport process. This figure shows three break-
through curves from model B. The solid line represents the
numerically simulated curves while the circles are the CTRW
fit. The scaling exponent B from the CTRW theory is 1.51,
1.27 and 1.70 for L=30 m, L=110 m and L=190 m respec-
tively. The results show that the transport is anomalous.
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reasonable, because close to the source, the plume
has not encountered enough of the heterogeneous
flow field, but as the plume moves further through
the fault the influence of the variable flow field
grows. From the figures it can been seen that
there is a large scatter of B with no clear trend.
In model D, B varies very little throughout the
fault and remains close to 2. Again, this is con-
sistent with the low contrast in permeability be-
tween the damaged zone and protolith. Table 2
shows the average value of B and (3—f3) through-
out the fault zone models. The temporal scaling of
the variance using the CTRW method is in good
agreement with the temporal scaling using Egs. 5
and 6 for the concentration plume. While the re-
sults appear to match well and show that the
transport through the fault is anomalous, caution
must be exercised when quantifying the scaling of
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each realisation of the different fault models. In some cases
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the source is approximately 2 and decreases further from the
source. As the plume moves further along the fault the vari-
able flow field influences the dispersion and advection of the
plume and the transport becomes anomalous. In model D,
B varies very little throughout the fault and remains close
to 2.
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Fig. 12. The break-through curves located less than 5 m
from each other are plotted along with the CTRW theory fit
for one realisation of models B and C. It can be seen that
the transport scaling can differ significantly over very short
distances.

the transport process. In field experiments only a
few sample locations are typically chosen for var-
ious reasons, the cost of drilling wells for exam-
ple. In each simulation three break-through
curves were measured only 5 m apart, and the
parameter § was calculated for each of the differ-
ent locations. Generally B did not vary, but in
several simulations the value of f varied between
1.0 and 1.5. In Fig. 12, three break-through
curves, located less than 5 m from one another,
are plotted along with the CTRW theory fit for
one realisation of models B and C. From the fig-
ure it can be seen that the transport scaling can
differ over very short distances. Model C was in-
cluded as it only has a damaged zone. This shows
that this effect is independent of measuring the
curves in the different fault components, as all
the curves were sampled in a damaged zone.

6. Conclusions

Modelling of the transport of chemicals
through a fault zone is critical in understanding
contaminant transport. A homogeneous model
and a planar fault zone were used as a control
on the combined BGK and finite difference mod-
el. In both cases the numerical scheme replicated
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the expected behaviour. Heterogeneous fault
models constrained from field studies were then
used to investigate the effect of passive transport
through such media. In the fault zone models, the
transport of a passive tracer through the zone was
found to be heterogeneous. This is a consequence
of the roughness of the boundaries between each
component and the interaction between the dis-
tinct components within the fault zone. An assort-
ment of different types of behaviour is possible
depending on the initial geometry of the fault
zone. The zone can be capable of soaking the
material and slowly releasing or storing it. The
results show that the transport of material
through the fault zone is a super-diffusive process,
with complex behaviour when heterogeneity is in-
troduced. The size of this non-Gaussian effect de-
pends on the amplitude of the damaged zone pro-
file and the Hurst exponent. By decreasing the
damaged zone amplitude relative to the zone
width, the non-Gaussian effect disappears, and
the zone can be approximated as homogeneous.
However, a fault of this nature may not be a
realistic model of a true fault zone. Finally, the
scaling of the mean and variance of the plume can
differ significantly over small distances. As dis-
cussed earlier, the fault zone models used are rep-
resentations of real fault zones in which the dis-
persivities vary spatially and the permeability
within each fault component is heterogeneous.
The inclusion of more complex geometry can
only increase the complexity of transport through
faults. Therefore to accurately model the trans-
port of material through these geological struc-
tures a better understanding of fault geometry is
necessary. In particular, this has important impli-
cations for modelling contaminant transport from
waste disposal sites.
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