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Retardation of sorbing solutes in fractured media
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Department of Geological Sciences, University of British Columbia, Vancouver, Canada

Abstract. Sorption of a reactive solute during transport in a fractured geologic
medium is analyzed under the assumption that within each fracture, retardation varies
in proportion to the product of a surface distribution coefficient and the specific surface
area of the fracture (i.e., its surface area—to-volume ratio). This approach is analogous
to the Kp model commonly adopted for granular porous media. Numerical migration
experiments in discrete fracture networks show that at the plume scale, retardation is
both nonuniform and anisotropic. Different segments of the plume, or equivalently
different breakthrough fractions at a downstream boundary, are retarded to a different
degree. The degree to which various breakthrough fractions are retarded varies as a
function of the orientation of the mean hydraulic gradient relative to the orientation of
the fracture sets. This variation can be described in the form of a retardation ellipse.
The mean arrival time is the only breakthrough fraction that is consistently described
by a uniform, isotropic retardation factor. The degree of nonuniformity and anisotropy
in the retardation factor is controlled largely by the difference in the mean apertures of
each fracture set, the standard deviation in fracture aperture, and the orientation of the

fracture sets relative to the mean hydraulic gradient. A larger variability in fracture
aperture, or in the orientation of fractures within each set, promotes nonuniform
retardation while reducing the degree of anisotropy in the retardation factor. Our
results suggest that a transport model based on the conventional advection-dispersion
equation, using a uniform retardation factor, may be conceptually incorrect, even for a
dense fracture network. While the effects of nonuniform retardation modify the
dispersive flux in a way that could be described by ‘‘effective’’ dispersion coefficients,
it is our opinion that a model formulation is needed that clearly separates chemical

effects from those due to hydrodynamic dispersion.

Introduction

Several countries, including Canada, France, and Swe-
den, are currently assessing the concept of permanent stor-
age of high-level nuclear fuel wastes in crystalline rock. The
primary pathway for solute transport is likely to be through
a network of hydraulically connected fractures. Any inter-
action between the dissolved solutes and the fracture walls
will result in the retardation of that solute and, hence, delay
its arrival at the biosphere.

Based on laboratory migration experiments of radionu-
clides in a single fracture, Neretnieks and coworkers pro-
posed two types of retardation mechanisms [Neretnieks et
al., 1982]: (1) surface sorption at the fracture walls and (2)
diffusion into and bulk sorption in the rock matrix. Both
types of sorption reactions are assumed to be fast, reversible
processes which can be modeled using distribution coeffi-
cients obtained by equilibrating solutions containing the
radionuclides of interest with the rock surface or rock
matrix, respectively [e.g., Neretnieks et al., 1982; Vander-
graaf et al., 1988]. Which of the two sorption mechanisms
dominates depends, among other factors, on the porosity of
the matrix, flow rates in the fractures, diffusion coefficients,
and the timescale of interest. There is a large potential for
bulk sorption due to the large volumes of rock matrix
available relative to fracture surfaces [Neretnieks, 1983].
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However, rates of diffusion into the rock matrix are gener-
ally much lower than flow rates within an open fracture.
Generally speaking, surface sorption may prevail at small
timescales, whereas bulk sorption may be dominant at large
(geological) timescales.

In this paper we focus on retardation of a solute due to
surface sorption on the fracture walls; matrix diffusion and
bulk sorption in the rock matrix are ignored for simplicity.
The first model of surface retardation was formulated by
Burkholder [1976] for the case of a single fault and adopted to
a fracture plane by Freeze and Cherry [1979]. According to
this model the velocity of a sorbing solute is reduced by a
constant retardation factor given by

SA
R=1+—'—V-Ka 1)

Thus retardation varies in proportion to a surface distribu-
tion coefficient, K, and the surface area-to-volume ratio of
the fracture (SA/V). The determination of the surface area—
to-volume ratio of a fracture is difficult in a field setting. A
pragmatic approach is to assume two planar, reactive frac-
ture surfaces in an open fracture of aperture b so that the
retardation equation becomes [Freeze and Cherry, 1979]

R=1+-K, @)

Equation (2) indicates that retardation decreases with an
increase in fracture aperture. Note that this behavior follows
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from the surface area—to-volume ratio of a fracture, indicat-
ing how much fracture surface area is available for sorption
relative to the fluid volume containing the solute. It is not
related to the fact that fluid and solutes typically travel faster
in wider fractures; the sorption reaction is assumed to be
sufficiently fast to be independent of the residence time in a
fracture.

This sorption model has been used to describe break-
through curves of sorbing solutes in machined fractures
[Vandergraaf et al., 1988], natural fractures in laboratory
experiments [e.g., Neretnieks et al., 1982; Vandergraaf and
Drew, 1991], and field experiments [e.g., Abelin et al., 1985].
Numerical migration experiments by Moreno et al. [1988]
suggested that a similar surface retardation factor could be
written for a fracture with variable aperture. They found that
for the case of a distributed aperture the mean aperture
simply replaces the constant aperture, b, in the formulation
of R.

To our knowledge, no laboratory or field experiments
have yet been performed to evaluate the suitability of an
analogous retardation factor at the scale of a fracture net-
work. However, by analogy to the case of a single fracture
with variable aperture, one may postulate that the retarda-
tion factor in a fracture network is proportional to the
average of the surface area—to-volume ratios of all fractures
in the network. Henceforth, we refer to this medium prop-
erty simply as the specific surface area of the fractured
medium.

Recently, Dverstorp et al. [1992] used numerical migration
experiments to study the influence of variable fracture
aperture on retardation in sparse fracture networks. The
breakthrough curves at a downstream boundary were ana-
lyzed with a one-dimensional advection-dispersion equation
using a surface retardation factor based on the specific
surface area. For a large standard deviation in the aperture
distribution, the retardation of the median arrival time was
found to be consistently lower than predicted by the retar-
dation model based on a retardation factor using the (known)
specific surface area of the network. Based on the observed
R the authors calculated effective specific surface areas for
the center of mass (median arrival). Dverstorp et al. [1992]
concluded that flow channeling significantly reduced the
effective values of specific surface area experienced by the
solute plume compared to the average value of the fractured
medium.

However, is the use of a constant retardation factor at the
network scale, either based on the average medium value or
an effective value of specific surface area, conceptually
correct? In other words, can retardation of a sorbing solute
plume in a fracture network be considered uniform? First
insights can be gained by drawing comparisons to retarda-
tion in heterogeneous porous media. Stochastic analyses of
reactive solute movement in heterogeneous porous media
have shown that spatial variability in the retardation factor
may delay the breakthrough, that is, produce a greater
effective field-scale retardation factor than expected from
any average of the local retardation factors [e.g., Cvetkovic
and Shapiro, 1990]. Furthermore, negative cross correlation
between the local fluid velocity and the local retardation
factor may produce enhanced dispersion of the retarded
solute plume [e.g., Garabedian et al., 1988; Valocchi, 1989].
Recently, Bellin et al. [1993] developed an analytical solu-
tion for the spatial variance of a solute plume in a physically
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and chemically heterogeneous porous medium. Their results
suggest that chemical heterogeneity enhances longitudinal
spreading of the retarded solute plume but has little effect on
transverse spreading. Numerical migration experiments by
Bosma et al. [1993] showed that longitudinal dispersion of a
solute plume may be reduced for a positive correlation
between sorption coefficient and hydraulic conductivity,
relative to the case of negative or no correlation.

Fractured media are often extremely heterogeneous with
respect to fracture aperture which influences the local retar-
dation factor (see equation (2)). Direct observations on cores
[e.g., Snow, 1970] as well as hydraulic measurements [e.g.,
Raven, 1986] have shown that fracture apertures can span
several orders of magnitude in a fractured rock. Since
fracture aperture influences retardation at the scale of a
single fracture, local retardation factors can also be expected
to vary widely in a fractured rock. In addition, there is a
conceptual argument for a correlation between the retarda-
tion factor and the fluid velocity in a single fracture. The
retardation model (2) states that retardation in a fracture is
inversely proportional to its aperture. However, fracture
aperture also strongly influences the velocity of the fluid.
This nonlinear coupling of fluid velocity and local retardation
may prohibit the use of a constant retardation factor at the
network scale. This heterogeneity in local retardation is a
direct consequence of the geometric properties of the frac-
ture system; additional chemical heterogeneity will also
occur in fractured media but has not been considered here.

In this paper we evaluate the continuum concept of a
retardation equation with a constant retardation factor for a
fractured medium. First we review the derivation of the
continuum transport equation with retardation due to sur-
face sorption and derive a retardation factor based on the
specific surface area of a fracture network. Next, we use
numerical migration experiments in discrete fracture net-
works to show that retardation due to surface sorption is a
nonuniform and anisotropic process. Different segments of a
plume, or equivalently, different breakthrough fractions at a
downstream boundary, are retarded to a different degree.
Hence surface sorption may either reduce or increase the
dispersion of the breakthrough curve depending on the
network geometry and its orientation in the flow field. We
will show that only the mean arrival time is predicted
accurately when using a constant retardation factor based on
the specific surface area.

Retardation Models

The concept of retardation is based on experimental data
which show that the partitioning of many solutes between
the solid and the aqueous phase is a fast, reversible process
which can be described by a linear isotherm. With the
assumption of linear sorption the transport equation for a
sorbing solute in a homogeneous porous medium [e.g.,
Freeze and Cherry, 1979] is given by

V-(DVC) V:(CV) acC
R, R, ot
where V is the average linear velocity of the groundwater

and D is the dispersion tensor. R is known as the retardation
factor,

(3a)

p
Ry=1 +7”K,, (3b)
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where 6 and p,, are the porosity and the bulk density of the
porous medium, respectively, and K, is the distribution
coefficient (all assumed to be constant). It is seen from (3a)
that the effect of sorption is to decrease both the advective
flux and the dispersive flux by a constant retardation factor,
R;.

The retardation concept may also be applied to a fractured
medium where the host rock is assumed impermeable and all
sorption reactions are limited to the fracture walls (surface
sorption). Here, the amount of solute, $*, sorbed to the
solid in an isotherm experiment is better expressed in terms
of the surface area of the sorbate. Introducing the surface
distribution coefficient, K,, we have [Neretnieks et al.,
1982]

S*=K,C ()]

where the mass of solute, S*, sorbed on the solid part of the
fractured medium per unit surface area of sorbate is propor-
tional to the solute concentration, C, in solution. K, can be
determined in static sorption experiments by exposing rock
coupons containing fracture surface material to a solution
containing a sorbing solute of interest [e.g., Vandergraaf et
al., 1988].

The transport of a reactive solute in a fractured medium of
constant porosity can be described in a general form as

aC dq
—6V-F=0 —+ — &)
at at

where F is the total (advective and dispersive) flux of the
solute C in a unit volume of rock, 6 is the porosity, and q is
the mass of solute that is transferred to the sorbate per unit
volume of rock. The derivation of the surface retardation
factor for a fractured medium is analogous to that for a
porous medium with one important exception. We need to
consider the bulk surface area, A, of the fractured medium
in order to relate g in the transport model (5) to $* given by
the isotherm experiment (4). In the context of surface
sorption in a fractured medium, g is linked to $* via the
relation

q=A,S* (6)

where A, is defined as the total surface area of all hydrau-
lically connected (open) fractures per unit volume of rock.
Differentiating (4) and (6) with respect to time and assuming
6 and A, are constant in space and time, the transport
equation for a sorbing solute in a fractured medium simplifies
to

F 1 bK i 7
~V.F= + — —
6 “1 3t ™

The term in parentheses is a constant which we define as the
surface retardation factor, {R), for the fractured medium.
The angle brackets identify parameters which are used at the
network scale and which need to be distinguished from
equivalent parameters at the scale of a single fracture.
Assuming all fractures can be approximated by parallel
plates of variable length, /,,, and aperture, b,, and further
assuming a constant depth, D, for all fractures that is much
greater than b, (i.e., a two-dimensional problem), the bulk
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surface area and porosity can be written for a unit volume,
V, of fractured rock with N fractures as ‘

N
> 20,D
n=1

Ay = v ¥

with dimensions [L2]/[L3] and

N
> 1,b,D
n=1

0=——V— 9)

with dimensions [L3]/[L*]. We define the ratio of A, over 8
as the specific surface area, (a), of the fractured medium,

(10)

We emphasize that (a) is defined as the ratio of the surface
area of (open) fractures to the fracture volume, and not to
the total volume, V, of the fractured rock. Substituting (10)
into (7), the surface retardation factor, (R), for a fractured
medium becomes

(R)=1+{a)K, an
Note that this continuum retardation equation (11) for a
fractured medium is consistent with the retardation equation
(2) given earlier for a single fracture. If the fractured medium
consists of a single fracture, {(a) simply reduces to the
surface area-to-volume ratio of this fractire, that is, two
over the fracture aperture.

The specific surface area, (a), is calculated from all
fractures present in a representative elementary volume
(REYV) of the fractured medium. Dverstorp et al. [1992] have
termed (a) the ‘‘geometric estimate’” of the specific surface
area. Similarly, (R) in (11) may also be referred to as the
geometric retardation factor. The use of (a) in the continuum
retardation equation is justified only if the solute plume
encounters a representative (unbiased) sample of fractures
along its flow path. Any significant channeling (i.e., a bias
toward transport in wider fractures) that involves the entire
solute plume should yield a reduction in the observed
(“‘effective’’) value of specific surface area and consequently
the retardation factor.

There is considerable practical advantage in replacing the
explicit formulation of (a) (equation (10)) by an approxima-
tion involving only the mean values of fracture length and
aperture as well as fracture density. Consider a network of
two fracture sets with N’ and N’ fractures, respectively.
Assuming that the fracture aperture and fracture length of
each fracture set are independent random variables given by
a probability distribution with mean values [/, b} for
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fracture set I, and I{;,, b{n for fracture set J, respectively, the
specific surface area can be approximated as
2NILE + 2NE,
N'l.b,, + NI, b,

(a) (12)

It should be kept in mind that the independence of the
fracture length and aperture is a crucial assumption in
identifying this approximation for (a). This assumption may
or may not be satisfied in fractured geologic material depend-
ing on the genesis of the fracture network [e.g., Chernyshev
and Dearman, 1991]. Equation (12) is easily rewritten in
terms of fracture density. The fracture density, v, of a
fracture set can be expressed by the ratio of the total number
of fractures in this set per volume of rock (e.g., v’ = N'/V).
Substituting the product of the respective fracture density
and V for total numbers of fractures of each set in (12), V
cancels and we have

2yl + 2971,

@ =77 (13)
Vb + Vb,

This formulation of specific surface area (a) is readily
extended to three dimensions by assuming a probability
distribution for fracture depth (instead of a constant D). This
extension would introduce the mean fracture depth of each
fracture set into (13).

In the following we consider a few special cases for which
the specific surface area (a) of a network with two fracture
sets can be further simplified. These special cases will be
explored in our migration experiments to be discussed later.
If the two fracture sets have a common mean aperture b,,,,
that is, b/, is equal to bJ,, we have

20yl + yIE) 2 1

e (I + ¥y b, a4
For this special case, (a) can be estimated directly from the
common mean aperture. The specific surface area is inde-
pendent of the mean fracture length and the total number of
fractures of the two fracture sets, respectively. In contrast,
if we assume that the two fracture sets have a common mean
fracture length /,,, that is, I}, is equal to I, we have

@ 2u(y' + ¥ 20y + ¥ s

Ln(V'bm + ¥'by)  (v'bp + v/b7)
Here (a) is given by twice the inverse average of the two
mean aperture values weighted by the relative fracture
densities of the two fracture sets. For a fracture network
composed of two fracture sets with equal fracture density
and a common mean fracture length /,,,, the specific surface
area is given by

(16)

that is, twice the inverse average of the two aperture means.
In summary, the transport equation for a sorbing solute in
a fractured medium is given as

aC
-V-F=(1 +(a)Ka); (17)
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where the term in parentheses is defined as the (geometric)
surface retardation factor, (R). For a fracture network
composed of two fracture sets the specific surface area is
given by the general formulation (13). The above transport
equation applies to a fractured medium that satisfies the
following assumptions: (1) fracture planes are open and can
be approximated by parallel plates, (2) fracture length and
fracture aperture are statistically independent, (3) no signif-
icant channeling (biased sampling of wide fractures) of the
entire solute plume occurs at the scale of the REV, and @a
uniform and isotropic retardation factor exists at the net-
work scale. The last assumption is perhaps the most inter-
esting. It implies that at the continuum scale the entire flux of
the solute (advection and dispersion) has to be reduced
equally by sorption. In addition, this retardation of the solute
plume has to be independent of the direction of the hydraulic
gradient. Only then is the use of a constant retardation factor
(R) justified. Most of the discussion in this paper will focus
on assumption 4.

A transport experiment in the field or laboratory is needed
to test the validity of these assumptions. For this purpose the
retardation factor would be determined experimentally using
the retardation equation for a fractured medium,

(v)
) =1+ (a)K,

(R) = (18)

where (v) and (v,) are the average linear velocities of the
groundwater (or a conservative solute) and a reactive solute,
respectively, in the fractured medium. Commonly, retarda-
tion factors are determined from breakthrough curves (BTC)
in tracer experiments. Brusseau and Rao [1989] pointed out
that the mean arrival time is the correct reference point to
estimate a retardation factor. This method yields good
estimates of (R) even in the case of nonideal (nonequilib-
rium) sorption behavior because the first time moment is
independent of enhanced spreading due to kinetic limitations
in the sorption behavior [Brusseau and Rao, 1989, and
references therein]. Although (18) provides a way to esti-
mate (R), it does not test whether the same retardation
applies to all segments of the solute plume traveling through
the medium. Assuming that molecular diffusion does not
contribute significantly to dispersion, a more general retar-
dation equation can be written,

<v>ref =1+ (a)K,,

R)es =
(Reet (vr)ref

(19)

where the index ‘“‘ref’’ indicates any reference point of the
solute plume (or equivalently any reference point on a BTC
at a downstream boundary). The general retardation equa-
tion (19) above is satisfied if the entire breakthrough curve is
retarded equally, that is, shifted by a constant (R). This
relation implies that surface sorption reduces the advective
and dispersive flux by a constant (R) as assumed for the
reactive transport equation (17). The numerical migration
experiments described below will demonstrate that this
assumption is not generally justified.

Numerical Migration Experiments:
Design and Choice of Parameters

The fractured medium in our migration experiments is
represented by two-dimensional fracture networks gener-
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ated stochastically from a set of fracture system statistics
[Clemo, 1994]. The numerical model generates a network of
open fractures by randomly locating fracture midpoints
using a uniform distribution. Fracture orientations are nor-
mally distributed, and fracture length is specified by a
negative exponential probability distribution. Fracture aper-
ture is lognormally distributed and does not vary along the
length of a fracture. These stochastic input parameters are
all independent. The networks studied here consist of two
sets of fractures. Each set is specified by scan line density
(vs), mean length (/,,), mean aperture (b,,), and the stan-
dard deviation of aperture in log;, space (o). Scan line
density is the expected number of intersections of the
fractures in a set with a line of unit length that is normal to
the mean orientation of the set.

Flow and transport are simulated using a modified version
of the finite difference model DISCRETE [Clemo, 1994]. The
fracture segments between fracture intersections have a
constant flow. The flow is related to the hydraulic head drop
between intersections by

Py Ah
0=——b"+
12u Al

(20)
where Q is the volumetric flow in a fracture segment of unit
depth, Ak is the head drop between the intersections, and Al
is the distance between the intersections. Conservation of
mass at the intersections results in a set of linear equations
that describe the flow within the domain.

Transport is modeled using a particle-tracking routine. For
any single network realization, two runs are performed: (1)
transport of a nonsorbing (‘‘conservative’’) solute and (2)
transport of a reactive solute sorbing to the fracture walls
(equilibrium surface sorption). Nonreactive particles travel
from intersection to intersection according to the residence
time of the fluid, 7, in a fracture segment given by

T =bAlIQ 21
Stream tube routing is implemented at the fracture intersec-
tions. Surface sorption is modeled by increasing the resi-
dence times of all fracture segments by their respective
surface retardation factor, R, as defined by the retardation
equation for a single fracture (equation (2)). This transport
routine assumes plug flow, that is, dispersion at the single
fracture scale is negligible compared to dispersion at the
network scale [e.g., Hull et al., 1987]. This assumption is a
reasonable approximation for the vast majority of fracture
segments under the flow conditions studied in our migration
experiments.

The flow domain and the boundary conditions are chosen
to mimic the conditions of a tracer experiment at the
near-field scale. The flow domain is 10 m by 10 m with
constant head boundaries on the left and right and no-flow
boundaries at the top and bottom (Figure 1). The magnitude
of the head gradient between the constant head boundaries
were set to 0.01. However, the magnitude of the global
hydraulic gradient does not influence the retardation behav-
ior studied here. Several migration experiments in dense
networks (see reference geometry below) were rerun on a
larger flow domain (20 m by 20 m) with identical boundary
conditions as those shown in Figure 1. No significant differ-
ences in the retardation behavior were observed, suggesting
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Figure 1. Flow domain, boundary conditions, and the
source zone used in the simulations. No-flow boundaries are
imposed at the top and bottom of the model domain.

that a domain size of 10 m by 10 m is sufficiently large to
study a representative retardation behavior in the dense
networks considered here.

The solute is introduced as an instantaneous pulse along a
line source of 1 m length in the center of the left (upgradient)
boundary (Figure 1). The line source is centered on the
inflow boundary so as to minimize the influence of the
no-flow boundaries on the spreading of the solute plume. A
source length of 1 m was sufficiently large to provide good
access (approximately four to six injection nodes) to the
dense fracture networks studied here. Transport calculations
are not performed in individual network realizations if (1) no
fracture intersects the source area or (2) the combined flow
rate for all intersecting fractures is less than 10% of the flow
rate across the domain. This filter ensures that the particles
are not trapped in close proximity of the source due to poor
connection of the source line to the network. Sensitivity
analyses indicated that although this filter artificially reduces
the variance in the transport results (in particular for the
sparse network in scenario 2), it does not influence the
general pattern of behavior we observed. Transport of a
single particle is completed when it reaches the downstream
(right) boundary. Its total transport time is given as the sum
of the fracture residence times determined during transport
through the network. The distribution of total transport
times for a large number of particles constitutes the break-
through curve (BTC) for a given transport simulation.

The particle-tracking technique requires the use of a
sufficiently large number of particles so that the transport
characteristics do not change with a further increase in the
number of particles. In the networks studied here, 5000
particles are sufficient to characterize the reactive transport
behavior. No significant deviations in transport results were
obtained in comparative runs with up to 50,000 particles.
Four retardation factors, (R})s, (R)s¢, (R),,, and (R)s are
determined for each network realization by comparing the
arrival times of four reference mass breakthrough fractions,
Ts, Tsy, T,, and Tys in a conservative and reactive
transport run. These reference points (5%, 50%, mean, and
95% mass breakthrough fraction) have been chosen to com-
pare retardation of the leading edge, the center, and the tail
of the solute plume. Note that the solute breakthrough
curves in most fractured media are skewed to the right, so
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Figure 2. Single realization of a fracture network repre-
senting the reference geometry used in scenarios 1 and 3—4.
Only the hydraulically connected network is shown. See
Table 1 for fracture statistics.

that the mean arrival time is later than the arrival time of the
center of mass (i.e., T, > Tsq).

In accord with the general retardation equation (19) a
continuum transport equation with a constant retardation
factor can be formulated if these four (R).; are equal
(assuming no diffusion into the rock matrix). In this case of
uniform retardation, the four (R) s may either approximate
the (known) geometric retardation factor (R) (equation (11))
or converge to an (unknown) effective retardation factor.
However, if the four (R),.¢ differ significantly, the retarda-
tion process is considered nonuniform and a constant retar-
dation factor is not applicable. An alternative interpretation
of the experiments would be to fit an advection-dispersion
model to the BTC of the sorbing solute [e.g., Dverstorp et
al., 1992]. In this procedure, nonuniform retardation could
potentially be accounted for by fitting an effective dispersion
coefficient to a retardation run. As discussed in a later
section, from a conceptual viewpoint, we prefer to separate
hydrodynamic dispersion from that due to chemical interac-
tion.

Transport properties (nonreactive and reactive) vary con-
siderably among individual realizations of a given fracture
network description. This variability results from differences
in the arrangement and connectivity of fractures that are
possible within the stochastic network description. Trial
runs with up to 500 Monte Carlo realizations showed that
stable average values for T, and (R).s were obtained
for ~100 Monte Carlo realizations of a given fracture net-
work description. All results presented here are based on 250
Monte Carlo realizations.

The extent of retardation due to surface sorption depends
on the type of network studied. In this paper, we study
primarily dense fracture networks in which a continuum
approximation to reactive transport would appear to be most
promising. Figure 2 shows an example of a fracture network
with the reference geometry used in the majority of the
migration experiments. This reference geometry consists of
two orthogonal fracture sets each with a mean length of 1 m
and a scan line density of six fractures per meter. This
combination of fracture length and scan line density repre-
sents well-connected and dense networks (10-20 intersec-
tions per square meter).

Fracture length, fracture density, and fracture aperture all
influence specific surface area (see equation (13)) and pre-
sumably retardation. However, in this paper we consider
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primarily the influence of fracture aperture on retardation.
Therefore all networks studied here are composed of two
fracture sets with equal mean fracture length, /,,, of 1 m and
equal fracture density. In this way, specific surface area and
the geometric retardation factor can be estimated directly
from the mean aperture of the two sets (equation (16)).

The range of fracture apertures, b, in each fracture set is
represented by a lognormal density distribution which is
given (for b > 0) as

—(log b — log by)?
202

n(b) = (22

i
b[27(n 100)2] 2 P

and specified by two parameters, the mean (log b,) and
standard deviation (o) of aperture in log 10 space. The
nontransformed value b is the most probable aperture value
(geometric mean) and is related to the (arithmetic) mean
aperture, b,,, by

(In (10)0)?

b, = by exp >

(23)

As can be seen from (23), the geometric mean, by, is always
smaller than the arithmetic mean, b,,. Note that the specific
surface area (equations (13)—(16)) is estimated based on the
arithmetic mean aperture, b,,.

We study the sensitivity of retardation to the spread (or
variability) in the aperture distribution by varying o. How-
ever, the resulting aperture distributions differ considerably
in shape depending on whether the geometric mean b or the
arithmetic mean b,, is held constant [e.g., Tsang et al.,
1988]. The use of a constant b,, generally gives more weight
to the lower aperture values relative to that using a constant
b,. Note that for o = 0 the aperture distribution collapses to
a single aperture value (b = by = b,,). In our sensitivity
studies the arithmetic mean aperture, b,,, is held constant so
that the specific surface area and the geometric retardation
factor of the network remain constant.

Results of migration experiments for six types of fracture
networks (scenarios) are presented in this paper. The differ-
ent network parameters used for these scenarios are sum-
marized in Table 1. Scenarios 1 and 3-4 use the dense and
well-connected reference geometry of two orthogonal sets
shown in Figure 2. The only parameters to be varied relate to
the aperture distribution for the two sets. In the first scenario
we study a fracture network where the two fracture sets are
described by a common aperture distribution with a constant
mean b,, equal to 80 um (Table 1). In scenarios 3 and 4 we
study a network where each fracture set has a distinct
aperture distribution with b,, equal to 20 um and 80 um,
respectively. Scenarios 3 and 4 differ in the orientation of the
network with respect to the overall direction of flow (Table
1). In the remaining three scenarios we study ‘‘connectivity
effects”” by changing the network geometry itself. In sce-
nario 2 we reduce the fracture density of the fracture
network with common aperture distribution by half relative
to the reference geometry. In the last two scenarios we study
fracture networks in which the two fracture sets (with
differing mean apertures) are not strictly orthogonal (scenar-
io 5) or show no preferred mean orientation (scenario 6).

For each scenario, arrival times and (R) ¢ are calculated
repeatedly while systematically increasing o from 0 to 0.5 in
both sets. The sorption strength of the surface reaction
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Table 1. Summary of Fracture Network Input Parameters Which Were Varied in the Six Transport Experiments
Fracture Scan’Line
Mean Fracture Density,t fractures
Aperture, um Fracture Orientation,* deg per meter
Scenario bl b2 ay a " Y2
1 80 80 0.0 90.0 6.0 6.0
2 80 80 0.0 90.0 3.0 3.0
3 80 20 0.0 90.0 6.0 6.0
4 80 20 90.0 0.0 6.0 6.0
Near-Orthogonal
5 80 20 0.0 = 10.0 90.0 = 10.0 6.0 6.0
(90.0 = 10.0 0.0 = 10.0)
Random
6 80 20 0.0 = 90.0 90.0 = 90.0 6.0 6.0
(90.0 = 90.0 0.0 = 90.0)

All fracture networks are composed of two sets of fractures. The mean fracture length of both sets is 1.0 m in all runs.

*Orientation of each fracture set with respect to the overall hydraulic head gradient (i.e., with respect to the horizontal); in scenarios 5
and 6 two (principal) orientations of the network were studied (see text).
tFracture densities used for generation of the network; densities actually observed for the hydraulically connected network within the

flow domain are slightly lower (by no more than 3% of the input value).

characterized by K, is held constant in all simulations. We
have chosen K, somewhat arbitrarily (K, = 4 X 10 3 m)so
that the geometric retardation factor (R) is equal to 101 in
the first scenario (with (a) = 2/b,, = 2.5 X 10%* m). The
chosen value of K, is within the range of K, values
measured in static sorption experiments for weakly sorbing
radionuclides [e.g., Vandergraaf and Drew, 1991].
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Figure 3. Transport behavior in the dense network of
scenario 1. The two fracture sets have a common aperture
distribution (b,, = 80 um). Shown are the average values for
(top) conservative arrival times T ¢ and (bottom) retardation
factors (R) .. The standard deviation of these estimates is
indicated by the one-sided error bars. The geometric esti-
mate of (R) in scenario 1 is equal to 101 (solid line).

Results and Discussion

Two Orthogonal Fracture Sets With a Common
Aperture Distribution

In the first scenario we study the retardation behavior in a
dense fracture network where the two fracture sets are
described by a common aperture distribution. Figure 3
summarizes the transport behavior of a conservative and
sorbing solute in scenario 1. The upper panel shows the
average arrival times, T, of the conservative solute at the
downgradient (right) boundary as a function of o. The
respective retardation factors, (R),.¢, are shown in the lower
panel. The arrival times of the sorbing solute are easily back
calculated by multiplying (R).s by T, All values are
average values of 250 Monte Carlo realizations with a
standard deviation indicated as one-sided error bars.

Two general observations can be made in this experiment
with respect to retardation at the plume scale. First, the four
(R) s are not equal except for the special case where all
fractures have the same aperture (o = 0). This behavior
suggests that the concept of a single retardation factor
rigorously applies only to a network composed of fractures
with equal aperture. Provided there is any variability in
fracture aperture (o > 0), retardation at the plume scale
cannot be considered uniform. The difference in retardation
factors (R) s can be significant depending on the spread in
the aperture distribution. For example, consider the fracture
network in which fracture aperture varies by approximately
1 order of magnitude (o = 0.3). In this case the 5 percentile
breakthrough fraction is retarded by a factor of ~70 whereas
the 95 percentile breakthrough fraction is retarded by a
factor of ~120 (Figure 3).

Second, the geometric estimate of the retardation factor
(here (R) = 101) which is based on the specific surface area,
(a), accurately predicts the retardation of the mean arrival
time for the entire range of o values considered (Figure 3).
At the same time, the geometric estimate of (R) consistently
overestimates retardation for breakthrough fractions ahead
of the mean arrival time and underestimates retardation for
breakthrough fractions arriving later than the mean arrival
time (Figure 3). This systematic deviation of the observed
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Figure 4. Spatial particle distributions for a single realiza-
tion of scenario 1 with o equal to 0.5 (top) for the conserva-
tive solute plume at Ty = 2 days, (middle) for the sorbing
solute plume at T; = To{R)so = 154 days, and (bottom) for
the sorbing solute plume at T, = Ty(R),, = 202 days. The
spatial distribution of 5000 particles was discretized in a grid
of 1000 by 1000 cells. The number of particles per grid cell is
indicated by the number of vertices used to draw the data
point. The first (M) and second (M) spatial moments (x,
y) of the respective solute plumes are shown in each panel as
well.

(R) s from the geometric (R) is a result of biased ‘‘sam-
pling’” of fractures by the solute particles. For example, a
fast particle representing the 5 percentile breakthrough frac-
tion preferentially travels in fractures of wide aperture since
these fractures tend to have higher flow rates (see equation
(20)) and shorter residence times. It follows that the effective
specific surface area experienced by a fast particle is lower
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than the geometric estimate of (a); hence the resulting
retardation factor (R); is also lower than the geometric:(R).
Similar arguments can be made to explain the greater retar-
dation of slow particles (e.g., (R)qs) relative to the geometric
estimate.

The mean arrival time T,, of the conservative solute is
greater than the arrival time of the 50% breakthrough frac-
tion Tsq, indicating a BTC which is skewed to the right
(Figure 3). Consistent with the above line of reasoning, the
faster center of mass shows a lower (R)s, than the mean
arrival time ((R),, ~ (R) = 101) for all o values greater
than ~0.1 (Figure 3). Such differences cannot be confirmed
in a statistical framework due to the high standard deviations
in the mean values of T as well as (R) ¢, in particular for
large values of o. However, the trend of a lower (R)s,
relative to (R),, has been observed in most realizations of
this scenario.

The observed differences in the values of (R)5, and (R),,
raise a question concerning which reference point is more
appropriate for estimating the ‘‘average’ retardation of a
solute plume. Brusseau and Rao [1989] favor the use of the
mean arrival time to estimate a retardation factor. They
argue that T, is a truer measure of retardation than is T's
because the retardation of T, is independent of any non-
equilibrium effects (kinetic limitations in the sorption reac-
tion). As shown here, retardation of 7,, is independent of
any spatial heterogeneity of local retardation (nonuniform
sorption) in a network of fractures (Figure 3). In principle,
this allows a prediction of retardation of the mean arrival
time from the specific surface area of the fractured medium
(or vice versa). From a practical viewpoint, however, this
reference time is influenced significantly by the tail of the
BTC which can be very long and difficult to measure
accurately. This dependence on the tail of the BTC makes it
much more difficult to determine T, in an experiment than
the arrival time of the center of mass (Tsy). More impor-
tantly, the strong weight that the tail of the plume gives to
T,, (and subsequently (R),,) results in an estimate of plume
retardation which is often not representative of the retarda-
tion of the faster ‘‘bulk’ of the plume.

To illustrate this point we have plotted snapshots of the
spatial distribution of the particles in a network realization of
scenario 1 for the conservative run and the retardation run
(Figure 4). The spatial distribution of the conservative solute
plume is shown for the time T, equal to 2 days after pulse
injection. At this time all particles are still present in the
domain. This spatial distribution should be approximately
reproduced by the retardation run at a time T, multiplied by
the ‘‘average” (R). A visual comparison of the retarded
plumes for times equal to 154 days (7| = T¢(R)s) and 202
days (T, = To(R),,) with the conservative plume shows that
(R)s is a better estimator for the retardation of the ‘‘bulk’’
of the plume (Figure 4). In particular, the retardation of the
front of the plume is much better captured using (R)s,. In
contrast, the differences in using (R)s, or (R),, for predict-
ing the retardation of the tail of the plume are minor.

In densely fractured media, spatial moments provide a
meaningful description of the spatial distribution of the
solute plume; that is, the first and second moments represent
the center of mass and the degree of spatial dispersion of the
solute plume, respectively [{Smith et al., 1990]. A compari-
son of the first and second spatial moments of the three
solute plumes (M, and M,, respectively; Figure 4) confirms
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the visual impression that a retardation factor estimated
from Ts5, describes the spatial distribution of a reactive
solute plume (both center of mass and spreading) much
better than does an estimate of (R) based on T,,. Unfortu-
nately, the geometric estimate of (R) is not a good model for
(R)sg, in particular for high o (Figure 3).

A Continuum Model for Nonuniform Retardation?

The results of scenario 1 clearly demonstrate that even for
a dense and well-connected fracture network retardation is
more complicated than the conventional retardation model
applied in a granular porous medium. The major difference
between the K, approach in a fractured medium and the K,
approach in a porous medium lies in the way local retarda-
tion is linked to local particle velocities. This point is best
understood by considering the influence of sorption on the
particle velocity distribution. In the Fickian dispersion
model for a porous medium the solutes are assumed to
sample randomly from a velocity distribution of which the
first and second moments define the average linear velocity
and the dispersion of the conservative solute, respectively
[Bear, 1972]. In the traditional K, approach it is assumed
that the entire velocity distribution is shifted by a constant
retardation factor for a sorbing solute. In this way the
average linear velocity and the dispersion coefficient are
both reduced by this retardation factor (equation (3a)).
Because it is not possible to measure the velocity distribu-
tion, this assumption can only be tested at the continuum
scale using an equivalent form of the general retardation
equation (19).

In the K, approach developed here, we assume a priori a
relationship between the velocity of a conservative solute
and a sorbing solute at the scale of a single fracture in the
form of (2). In principle, the reactive particle velocity
distribution is shifted by a constant factor only if aperture is
constant for all fractures of the network, that is, o is equal to
0. The use of discrete fracture networks allows us to
calculate the distribution of local particle velocities in the
network. Figure 5 shows such particle velocity distributions
for a conservative and a retardation run observed in a single
network realization of scenario 1. As expected, for o equal
to zero the entire velocity distribution for reactive particles
is shifted toward a lower average particle velocity but the
spread in particle velocities is constant (Figure 5 (top)). In
contrast, for a fracture network with variable aperture (e.g.,
o = 0.5) the velocity distribution is not simply shifted by a
constant factor; instead the mean as well as the standard
deviation of the reactive particle velocity distribution is
changed relative to the conservative particle (or fluid) veloc-
ity distribution (Figure 5 (bottom)). This perturbation in the
velocity distribution arises because fracture aperture influ-
ences not only the local retardation factor but also the fluid
velocity itself (see (20)). In scenario 1 this coupling of fluid
velocity and retardation via fracture aperture gives rise to a
substantial increase in the spread of the velocity distribution
when introducing retardation (Figure 5 (bottom)). This in-
creased spread in the particle velocities explains the en-
hanced dispersion of the retarded solute plume relative to the
plume of a nonsorbing solute (Figure 4). Dispersion of the
retarded solute plume remains unchanged only in a network
with no spatial variability in local retardation (uniform retarda-
tion for o = 0.0, Figure 3) in which the spread in the particle
velocity distribution is unchanged (Figure S (top)).
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Figure 5. Histograms of the particle velocities in all frac-
ture segments observed in the conservative run (open bars)
and retardation run (hatched bars) for a single realization of
scenario 1 with (top) o equal to 0.0 and (bottom) o equal to
0.5.

This enhanced dispersion in the retarded solute plume due
to a coupling of local retardation and local fluid velocities is
not limited to a fractured medium. Stochastic analyses of
reactive solute movement in a heterogeneous porous me-
dium have shown that a negative cross correlation between
the pore water velocity and the local retardation factor may
produce enhanced dispersion of the retarded solute plume
[e.g., Garabedian et al., 1988; Valocchi, 1989; Bellin et al.,
1993; Bosma et al., 1993]. It should be kept in mind,
however, that our results are not directly comparable to the
above studies, which all assume a correlation between the
two random fields of sorption coefficients (or retardation
factors) and hydraulic conductivity. In the K, approach for
a fractured medium the fluid velocity and retardation factor
in a single fracture are related via the fracture aperture. Yet,
the overall nature of this relationship is more complicated
than a simple negative cross correlation. The fluid velocities
are also influenced by the local head gradients which in turn
depend on the network geometry as well as the boundary
conditions. Hence the solution to the flow problem has a
direct bearing on the nature of the relationship between fluid
velocity and retardation.

Bellin et al. [1993] further suggested that chemical heter-
ogeneity has a much greater effect on longitudinal spreading
than on transverse spreading of the retarded solute plume in
a heterogeneous porous medium. A preliminary analysis of
the spatial moments in scenarios 1 and 2 suggests that this
trend may also exist in a fractured medium (e.g., compare
spatial moments in Figure 4). A more detailed analysis is
required to confirm this hypothesis. In this context it needs



2556

= T T
a2 Scenario 2 ]
S 200 Tos
= 150 I 4
= ]
2 ]
& ; ]
& 100 ; ]
& Tm ]

s ]
@ 50 I J/ 4 Tso
o I et ST T 7
© it A ; AN

0.6
T
<R>gs |
<R>, T
E i ]
v F "I<R>5 T
50 - —
0_1 T R RS S BN Iﬂ
0 0.2 0.4 0.6

o of loge(b)

Figure 6. Transport behavior in the sparse network of
scenario 2. The two fracture sets have a common aperture
distribution (b,, = 80 um). Shown are the average values for
(top) conservative arrival times T ¢ and (bottom) retardation
factors (R)¢. The standard deviation of these estimates is
indicated by the one-sided error bars. The geometric esti-
mates of (R) in scenario 2 is equal to 101 (solid line).

to be emphasized that the spatial heterogeneity in retarda-
tion in our fracture networks is a result of the physical
heterogeneity (i.e., variable aperture) and not chemical
heterogeneity (that is variable K or K,) as assumed by
Bellin et al. [1993]. The presence of a variable sorption
strength (K,) has not been considered here but would
certainly further complicate the process of nonuniform re-
tardation.

How can we describe this nonuniform retardation at the
continuum scale? The nonlinear coupling of retardation and
fluid velocity prohibits in all but a few special cases the use
of a transport equation with a constant retardation factor as
postulated in (17). However, to our knowledge, a rigorous
mathematical model that describes the variable retardation
observed (e.g., Figures 3 and 4) in a transport equation is
currently not available. A pragmatic alternative would be to
consider only the retardation of the ‘‘advective flux,’’ that is,
retardation of the first time moment (or perhaps retardation
of the first spatial moment) of the solute plume. The effects
of nonuniform retardation for noncentral parts of the solute
plume would then be absorbed in the operator describing the
‘‘dispersive flux’’ using a lumped parameter. This approach
is essentially pursued when fitting the advection-dispersion
model (equation (3)) to breakthrough curves of a sorbing
solute without obtaining the dispersion coefficient a priori
from a conservative transport experiment (see Dverstorp et
al. [1992] for such an application to a fracture network). For
example, in scenario 1 with o equal to 0.5, nonuniform
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retardation results in enhanced dispersion, and a fit of the
advection-dispersion equation would yield a greater ‘‘effec-
tive’’ dispersion coefficient for the sorbing solute than for the
conservative solute.

Although appealing in its simplicity, we do not recom-
mend this modeling approach for conceptual reasons. The
use of a single, lumped parameter which would describe the
physical as well as chemical processes (sorption) resulting in
dispersion introduces ambiguity into the meaning of the
dispersion coefficient. The dispersion coefficient would no
longer be solely determined by the hydromechanics of the
medium (such as dispersivity) but it would also depend on
the sorption strength of any given solute. From a pragmatic
point of view this would imply that tracer tests would have to
be run for every sorbing solute of interest to determine its
“‘effective’’ dispersion coefficient. In our opinion, it is pref-
erable to find a model formulation for reactive transport in
which each parameter is defined as much as possible by a
unique physical or chemical process. Our analysis of the
influence of fracture network parameters on nonuniform
retardation, discussed in the remainder of this paper, may
help to develop a continuum model that accounts explicitly
for nonuniform retardation.

Influence of Fracture Density on Retardation

In scenario 2 we have reduced the scan line density of both
fracture sets to three fractures per meter, that is, half the
scan line density of scenario 1 (Table 1), to demonstrate the
influence of fracture density on nonuniform retardation.
Figure 6 summarizes the transport behavior in this relatively
sparse network type. As a result of the reduction in the
number of fractures present in the domain, the conservative
travel times are generally much greater than in scenario 1
(Figure 6 (top)).

Apart from this expected reduction in the permeability of
the fracture system, the overall transport behavior is re-
markably similar to that described for scenario 1. Again we
observe a growing spread in the conservative arrival times
T for large o (Figure 6 (top)). The retardation of the mean
arrival time is predicted by the geometric estimate of (R)
(Figure 6 (bottom)). Note that the value of (R) is the same
for scenarios 1 and 2 ((R) = 101) despite the difference in
total numbers of fractures. This behavior follows since (R) is
governed by the specific surface area (@) which should be
independent of the total (or relative) number of fractures
present in the networks of scenarios 1 and 2 which have a
common mean aperture (where b ,‘,, = b ,%,; see (14)). As
observed earlier, the various (R) ¢ deviate from the geomet-
ric retardation factor for o greater than zero (Figure 6
(bottom)).

Despite these similarities the transport behavior in scenar-
ios 1 and 2 differs in two important aspects. First, a reduc-
tion in fracture density introduces a larger variability in the
estimates for (R).s and particularly for the conservative
T, as indicated by the larger error bars for the average
values of (R).s and T,y (Figure 6). Second, a sparser
network reduces the degree of nonuniformity in retardation,
especially at larger o (compare Figures 3 and 6). Both
observations are related to the extent of flow channeling that
occurs in the respective network geometries.

An increase in o generally provides more opportunity for
flow channeling due to the increased variability in fracture
aperture [e.g., Nordqvist et al., 1992; Dverstorp et al., 1992].
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However, the continuity and dominance of individual flow
channels differ for different fracture densities. Figure 7
shows the flow distribution for representative single realiza-
tions of scenario 1 (top) and scenario 2 (bottom) for o equal
to 0.5. The relative thickness of the bar indicates the amount
of flow (volumetric flow rate) passing through a hydraulically
connected fracture segment. The flow distribution in these
two realizations is typical in that the dense and well-
connected fracture network develops several discontinuous
flow channels throughout the domain (Figure 7 (top)). In
contrast, the sparse and poorly connected fracture network
develops one or two dominant and rather continuous flow
channels across the flow domain (Figure 7 (bottom)).

This difference in the type of flow channeling has implica-
tions for both conservative and reactive transport. In a
sparse network the extent of a dominant flow channel and its
exact position with respect to the source area are crucial for
the conservative transport times. Good access of the source
area to the dominant channel will result in fast travel times
with little dispersion of the conservative BTC; poor access
will result in long travel times and a conservative BTC with
a very long tail. When averaging over many Monte Carlo
realizations, this uncertainty in the exact position of the
dominant flow channel translates into large standard devia-
tions of the average values of T (Figure 6 (top)).

Reactive transport is affected similarly by the dominant
flow channels developing in a sparse network. Transport of
sorbing solutes in such a channel results in less opportunity
for biased sampling of fracture apertures. Slow particles as
well as fast particles will use this flow path for much of their
travel across the domain. As a result, at the scale of
individual fractures they sample a similar suite of surface
area-to-volume ratios, and thus the retardation factors of the
various reference mass fractions are similar as well. Typi-
cally, a good connection of the source area to a dominant
flow channel will result in low (R) ¢ with little nonunifor-
mity, whereas a poor connection to a dominant flow channel
(or the absence of the continuous flow channel) will give rise
to a greater spread of (R) ;. The overall effect on retardation
at the plume scale is a-reduction in the spread of (R) ¢ albeit
with higher variability in the average values of (R) s (Figure
6 (bottom)).

In contrast, in a dense network with discontinuous flow
channels the solute plume disperses more widely into the
network, sampling many more fractures. The discontinuous
flow channels are only of local importance in focusing flow
and transport. The resulting wider spreading of the solute
plume and sampling of many more fractures (with different
surface area-to-volume ratios) results in a higher degree of
nonuniformity in retardation at the plume scale. In a dense
network the exact position of the (discontinuous) flow chan-
nels with respect to the source area is not crucial, and
estimates of (R),¢ and T, are less variable.

We emphasize again that the reduction in fracture density
and the resulting tendency for extended flow channels did
not cause a general lowering in retardation of the plume.
This result appears at first to contradict findings by Dver-
storp et al. [1992] obtained in sparse fracture networks using
numerical migration experiments. They observed that retar-
dation of the center of mass (7'5y) was on average a factor of
2 lower than expected based on the geometric estimate of
specific surface area. From this, the authors concluded that
flow channeling reduces the specific surface area. However,
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Figure 7. Flow distribution for single realizations of (top)
the dense network of scenario 1 and (bottom) the sparse
network of scenario 2 for o equal to 0.5. The relative
thickness of the bar indicates the amount of flow (volumetric
flow rate) passing through the fracture segment.

Dverstorp et al. failed to acknowledge the nonuniform
character of retardation. It is conceivable that the observed
reduction in retardation is due entirely to nonuniform retar-
dation, that is, a lower retardation for the center of mass
relative to the mean arrival time. According to our results,
significant channeling of flow and transport does not, aver-
aged over many Monte Carlo realizations, reduce the retar-
dation of any segment of the solute plume. Instead, the
major effect of strong channeling is to increase the variability
in (R) ¢ for a given network description. ~

The large variability observed in the (conservative and
reactive) transport behavior in the sparse network suggests
that the domain size of 10 m by 10 m is below the scale of a
representative elementary volume (REV) for such a low
fracture density (if this REV exists at all). We have not
studied larger domain sizes for scenario 2. Nevertheless, it is
reasonable to conclude that a decrease in fracture density
generally reduces the degree of nonuniformity in retardation.
However, there is a greater uncertainty attached in estimat-
ing retardation of any segment of the plume.

Two Orthogonal Fracture Sets With Differing
Mean Aperture

In scenarios 3 and 4 we study retardation in an orthogonal
fracture network consisting of one fracture set with wide
fractures (b,, = 80 um) and a second set with relatively
narrow fractures (b,, = 20 um). Here the orientation of the
network with respect to the mean hydraulic gradient has an
effect on retardation. Figure 8 shows the retardation behav-
ior for the two scenarios. Note that the only difference
between scenarios 3 and 4 is a change in orientation of the
entire network by 90° within the flow domain (Table 1).

Three observations summarize the retardation response in
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Figure 8. Transport behavior in the dense network of (top)
scenario 3 and (bottom) scenario 4. The two fracture sets
have differing aperture distributions (b,‘,l =80 umand b2 =
20 wm). Shown are the average values of the various
retardation factors (R).¢. The standard deviation of these
estimates is indicated by the one-sided error bars. Scenarios
3 and 4 differ only in their orientation with respect to the
mean hydraulic gradient; hence the geometric estimate of
(R) is equal ((R) = 161) in both scenarios (solid lines).

a network where the fracture sets do not have a common
aperture distribution. First, the observed retardation factors
(R) s in both scenarios are not equal for the case of two
constant aperture values in the respective sets (o = 0; Figure
8). This behavior confirms our earlier contention that retar-
dation is only uniform in a network where all fractures have
the same aperture value.

Second, retardation of the mean arrival time, (R),,, is
again described accurately by the geometric retardation
factor for both orientations of the fracture network (Figure
8). The geometric estimate of (R) in this network (here (R) =
161) is greater than in scenario 1 ((R) = 101) because the
specific surface area in scenarios 3 and 4 is greater due to the
smaller mean aperture of the second set (see (16)). By
definition, the geometric (R) is independent of the orienta-
tion of the mean hydraulic gradient to the network and hence
is equal in scenarios 3 and 4. The good agreement of this
geometric (R) and (R),, demonstrates that for these two
orientations of the hydraulic gradient, the retardation of the
mean arrival time is controlled by the specific surface area of
the network. We will show below that (R),, agrees with the
geometric (R) for any orientation of the fracture network
relative to the mean hydraulic gradient.

Third, the difference in the various (R).s for a given
scenario is not only a function of o but also depends on the
orientation of the network relative to the mean hydraulic
gradient. In scenario 3, where the fracture set with the larger
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b,, is oriented in the direction of the mean hydraulic gradi-
ent, the degree of nonuniformity increases as a function of o
(Figure 8 (top)). The geometric (R) systematically overesti-
mates (R) ¢ for reference breakthrough fractions ahead of
T,, and underestimates (R).s for reference breakthrough
fractions arriving later than T, (Figure 8 (top)). This behav-
ior is a result of preferential travel of fast particles in wide
fractures as discussed for the case of scenario 1. Here the
nonuniformity in retardation is more pronounced since the
range of fracture apertures is greater (note the change in the
scale of the (R) . axis between Figures 3 (bottom) and 8).

In scenario 4, when the fracture set with the smaller b,, is
aligned with the direction of the mean hydraulic gradient, the
observed (R) ¢ fall above and below the geometric (R) when
considered over the entire range of o (Figure 8 (bottom)).
For small o the geometric (R) underestimates the (R) ¢ for
reference breakthrough fractions ahead of T,.; and overes-
timates (R) s for reference breakthrough fractions behind
T s (Figure 8 (bottom)). This pattern is gradually reversed as
o increases. The value of o equal to ~0.2 represents a
crossover point at which the four (R) ¢ are equal.

But what process causes the early breakthrough fractions
to be retarded more than the late breakthrough fractions for
small o in scenario 4? This observation is not intuitive and is
“forced’’ by the orientation of the two fracture sets with
respect to the mean head gradient. Consider the case of two
fracture sets with constant but differing apertures (b, = 20
pm and b, = 80 um for o = 0). In this configuration, fluid
velocities are often greater in the narrow (horizontal) frac-
tures as the influence of the small cross-sectional area
(aperture) is more than compensated for by high local head
gradients. Similarly, fluid velocities are often smaller in the
wider (vertical) fractures due to the small local head gradi-
ents. As aresult, fast particles will have spent the majority of
their (relatively direct) travel path across the domain in
horizontal fractures with high retardation. In contrast, slow
particles use a more circuituous path involving many more
vertical fractures and thus experiencing relatively less retar-
dation. With an increase in the variability of fracture aper-
ture in both sets (larger o) the difference between wide
fractures in one set and narrow fractures in the other set
becomes less distinct. At some point (here o > ~0.2) there
are a sufficient number of wide fractures in the horizontal set
and narrow fractures in the vertical set so that the fastest
particles again travel mostly in wide, horizontal fractures
experiencing the lowest retardation.

Note that the unusual form of nonuniform retardation
(early breakthrough fractions are retarded more than the late
breakthrough fractions) for small o in scenario 4 implies a
reduced dispersion of the retarded solute plume relative to a
conservative solute plume. Such a reduction in plume
spreading has also been observed in a heterogeneous porous
medium for the case of a positively correlated sorption
coefficient K and hydraulic conductivity [Bosma et al.,
1993]. The reason for this reduced dispersion is essentially
the same in both fractured and (heterogeneous) porous
media, namely, a positive correlation of the local retardation
factor and the local fluid velocity. However, the underlying
cause for this correlation is physical heterogeneity in the
case of the fracture network (variable aperture) and chemical
heterogeneity (variable Kp) in the case of a heterogeneous
porous medium. This leads to different retardation behavior
in response to a change in the physical heterogeneity of each
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system. For example, an increase in aperture variability (in-
crease in o) in scenario 4 produces once again enhanced
dispersion of the retarded solute plume indicative of a nega-
tive correlation between local retardation factors and local
fluid velocities. This change in correlation structure between
local retardation and fluid velocity as a function of physical
heterogeneity is perhaps unique to a fractured medium.

The different retardation response in scenarios 3 and 4
demonstrates the directional dependence of retardation for
various segments of the plume. Therefore retardation at the
plume scale has to be considered anisotropic in networks in
which the mean fracture aperture differs between two (or
more) fracture sets. Given the orientation of the network in
these two scenarios (0° and 90° angle from the direction of
the mean hydraulic gradient), one might expect that these
results represent the maximum possible range of (R) s due
to rotation of the network alone. In order to test this
hypothesis, two fracture networks (o = 0.0 and 0.5) of the
same network geometry as in scenarios 3 and 4 were rotated
in increments of 15° through the flow field using identical
boundary conditions as shown in Figure 1. For each orien-
tation, 250 Monte Carlo realizations were used to determine
average values of (R) ..

The four (R),.s determined in these simulations are plotted
in polar coordinates, where the angle represents the degrees
of rotation of the network and the radius is given by the
respective (R) s (Figure 9). Figure 9 (top) shows resuits for
o = 0.0, while Figure 9 (bottom) is for o = 0.5. In this
presentation the four (R),¢ for scenario 3 (a; = 0°) plot on
the x axis and the (R) s for scenario 4 (a; = 90°) plot on the
y axis. These two orientations are referred to as the principal
orientations of the network with respect to retardation.
Similarly, the (R) s measured in those two orientations are
defined as the principal retardation factors for the respective
reference point. The simulation results show that these
principal retardation factors indeed represent the maximum
range for any given (R) s (Figure 9). The (R), observed for
the intermediate orientations are predicted well by a retar-
dation ellipse using the observed principal retardation fac-
tors as minor and major axes.

We have studied only orientations in the range of 0° to 90°.
However, retardation factors are symmetrical to both prin-
cipal orientations due to the symmetry in network geometry
and the flow domain. To indicate this symmetry, the retar-
dation ellipses have been drawn for the entire range of «
(0°-360°). The good fit of these empirical retardation ellipses
indicates that the influence of network orientation on retar-
dation is systematic and predictable.

No-flow boundary conditions were used for the top and
bottom boundaries in our analysis to ensure that sufficient
particles exit at the downgradient boundary. This procedure
could potentially introduce artificial flow and transport be-
havior (‘‘wall effects’’). To test for such boundary effects,
transport simulations were also performed for the two prin-
cipal orientations in flow domains 10 % 20 and 10 x 30, that
is twice and 3 times the width of the flow domain shown in
Figure 1. No significant differences were found for the
various (R) ., suggesting that the observed anisotropy in
retardation is not influenced significantly by artificial bound-
ary effects.

The retardation ellipses serve to illustrate both the non-
uniformity (different values for (R).s) and the anisotropy
(directional dependence of (R)¢) of retardation at the plume
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3 <R>,

Figure 9. Retardation factors plotted in polar coordinates
for a range of network orientations in the flow domain for
(top) o equal to 0.0 and (bottom) o equal to 0.5. The angle is
defined as the angle that the wide fracture set (b,, = 80 um)
spans from the (horizontal) direction of the global hydraulic
gradient, and the radius is given by the respective value of
{R)s. The data points represent the average values of (R) ¢
observed for the four reference mass breakthrough fractions.
The data points are obtained by rotating the network of
scenario 3 in 15° intervals; the various lines represent
retardation ellipses for the four reference points which are
constructed based on the principal retardation factors (see
text).

scale. Both aspects of retardation are governed by the
variability in the aperture distribution. Anisotropy in retar-
dation is greatest for o equal to 0 (Figure 9 (top)). A
comparison of the ellipses drawn for (R)s and (R)gs for this
fracture network (o = 0) shows that the major axis of (R);
corresponds to the minor axis for (R)qs (Figure 9 (top)). The
degree of anisotropy (ratio of major and minor axis) for those
two reference points is comparable. For high o, however,
the anisotropic nature of retardation is greatly reduced
(Figure 9 (bottom)). In other words, the increased variability
in fracture aperture has the effect of decreasing the direc-
tional dependence of retardation. This is true in particular
for the tail of the plume (see (R)q5 in Figure 9 (bottom)).

The opposite trends are observed for the influence of o on
nonuniformity in retardation. For o equal to zero the retar-
dation ellipses of the various reference points are relatively
close to each other, indicating little nonuniformity (Figure 9
(top)). In fact, retardation is uniform for an intermediate
orientation of ~45°. An increase in o results in greater
nonuniformity in retardation, which is apparent in a clear
separation of the retardation ellipses so that (R); is consis-
tently lower and (R)g5 is consistently greater than (R) for
any orientation of the network within the flow domain
(Figure 9 (bottom)).
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Figure 10. Example realization of (top) a near-orthogonal

fracture network in scenario 5 and (bottom) a random
network in scenario 6. Only the hydraulically connected
network is shown.

Retardation of the mean arrival time is invariant since it is
independent of the orientation of the network as well as the
spread in fracture aperture. In polar coordinates, (R),, plots
as a circle with its radius equal to the geometric estimate of
(R) for any o (Figure 9). Note that all (R); of scenarios 3
and 4 would fall on this circle if retardation was isotropic and
uniform.

In theory, knowledge of the principal retardation factors
for any given reference breakthrough fraction would be
sufficient to predict retardation for any orientation of the
network. Unfortunately, an analytical formulation of the
principal retardation factors has not yet been found. It is
clear, however, that the magnitude of the principal retarda-
tion factors is directly related to (1) the aperture distribution
(described by b,, and o) for each fracture set and (2) the
network geometry (described by fracture density and frac-
ture orientation). In the next section we address the influ-
ence of variability in fracture orientation on the extent of
nonuniformity and anisotropy in plume retardation.

Influence of Variability in Fracture Orientation
on Retardation

In scenarios 5 and 6 we study retardation in networks in
which the orientation of the two fracture sets (with differing
mean aperture for the sets) is not strictly orthogonal. Trans-
port was simulated in two network geometries with (1) 10°
standard deviation about the two mean (orthogonal) orien-
tations (‘‘near-orthogonal orientation’’) and (2) 90° standard
deviation about the two mean (orthogonal) orientations
(“‘random orientation’’) for the two fracture sets (Table 1).
Figures 10 (top) and 10 (bottom) show example realizations
of the networks with near-orthogonal and random orienta-
tion, respectively. In scenarios 5 and 6, migration experi-
ments were run only in the two principal orientations (0° and
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90°; see Table 1) for o equal to 0.0 and 0.5. We have
interpolated the retardation behavior to all intermediate
orientations by drawing retardation ellipses using the prin-
cipal retardation factors obtained for o equal to 0.0 and 0.5
(Figures 11 and 12, respectively). The retardation ellipses for
the near-orthogonal network plot in the upper half of the
diagram (Figures 11 (top) and 12 (top)), and those for the
random network plot in the lower half of the diagram
(Figures 11 (bottom) and 12 (bottom)).

For the case where all apertures for one set are 80 um, and
for the second set 20 um (i.e., o = 0.0), the near-orthogonal
network still shows directional dependence in retardation
(Figure 11 (top)). As might be expected, a random fracture
network shows no directional dependence in retardation
(Figure 11 (bottom)). This gradual loss in anisotropy is
accompanied with an increase in the nonuniformity of retar-
dation. The overall spread in the various (R) . is consider-
ably greater for the random network than for the near-
orthogonal network (Figure 11).

For a large spread in the aperture distribution the degree
of anisotropy in retardation is greatly reduced in the near-
orthogonal network (Figure 12 (top)). As a result, retardation
is consistently nonuniform for any orientation of the network
in the flow field. Similar trends have been described already
for the orthogonal network (Figure 9). In the network with
no preferred (i.e., random) orientation the degree of nonuni-
formity also increases with an increase in o (compare
Figures 11 (bottom) and 12 (bottom)).

Based on these results the influence of variability in

near—orthogonal
0=0.0

<R>,

Figure 11. Retardation ellipses for (top) the near-
orthogonal network of scenario 5 and (bottom) the random
network of scenario 6 for o equal to 0.0. The ellipses are
constructed based on transport simulations with the net-
works oriented in the two principal orientations (0° and 90°).
Retardation ellipses are drawn for the 5%, 50%, mean, and
95% breakthrough fractions.
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fracture orientation on retardation can be summarized as
follows. The highest degree of anisotropy in retardation can
be expected in a strictly orthogonal fracture network com-
posed of two fracture sets with widely differing mean aper-
ture, in particular if the spread in each aperture distribution
is small (low o). Greater variability in the orientation of the
fractures for each set weakens the directional dependence of
retardation. There is, however, an increase in nonunifor-
mity, that is, the overall spread in the retardation factors for
different reference points on the breakthrough curve.

The reason for this complex dependence of retardation on
the mean orientation of fracture sets in the flow field (and its
variability) is again found in the coupling of fluid velocity and
retardation through fracture aperture. For fracture networks
with a common mean aperture (scenarios 1 and 2) and those
fracture networks with differing mean apertures in each
fracture set but no preferred mean orientation of the sets
(scenario 6), fluid velocity is directly proportional to b2 (i.e.,
the cross-sectional term in the cubic flow equation (20)). For
a network in which the fracture sets have differing preferred
mean orientation and aperture is nonuniformly distributed,
the relationship of fluid velocity and aperture is further
complicated by a correlation of local head gradients and
fracture aperture. The general nature of this correlation (i.e.,
positive or negative) is determined by which fracture set is
more closely aligned with the mean hydraulic gradient. The
strength of this correlation and its influence on retardation
are determined by the variability about the preferred orien-
tation, that is, the extent to which the fracture sets are
preferentially oriented.

Limitations of This Study

The applicability of our findings is clearly limited by our
assumptions. With respect to the fracture network we have
assumed a two-dimensional network of parallel plates. In
reality, a fractured medium is composed of fracture planes
with rough surfaces in a three-dimensional configuration.
However, the mechanisms responsible for nonuniform and
anisotropic retardation are expected to be present in a
three-dimensional fracture network as well, namely, the
nonlinear coupling of fluid velocity and retardation via the
fracture aperture (or more precisely the specific surface
area) of any given fracture segment.

Direct surface profiling in natural fractures has shown that
natural fractures are often rough and partially closed [e.g.,
Brown and Scholz, 1985]. In experimental studies on flow
and transport in single fractures, significant channeling has
been observed [e.g., Abelin et al., 1985; Brown, 1987]. The
parallel plate model may not be adequate to describe the
channelized movement of fluid and solutes in such rough,
partially closed fractures. Moreno et al. [1988] conceptual-
ized the fracture plane as a field of variable fracture aper-
tures with a spatial correlation length. Using numerical
migration experiments, they observed channeling phenom-
ena comparable to those observed in experimental studies.
Moreno et al. [1988] also found that the retardation factor for
this variable aperture fracture could be determined from the
retardation equation (2) with the use of the mean aperture of
the fracture. This result is consistent with our findings for
retardation at the network scale. Moreno et al. did not
comment on any nonuniformity in the retardation response.
Based on our results we anticipate that a variability in local
fracture aperture (within a single fracture plane) would also
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Figure 12. Retardation ellipses for (top) the near-
orthogonal network of scenario 5 and (bottom) the random
network of scenario 6 for o equal to 0.5. The ellipses are
constructed based on transport simulations with the net-
works oriented in the two principal orientations (0° and 90°).
Retardation ellipses are drawn for the 5%, 50%, mean, and
95% breakthrough fractions.

lead to nonuniform retardation even at the scale of a single
fracture.

At the network scale the fracture density and the mean
orientation of these rough fracture planes in three dimen-
sions should determine to what extent this nonuniformity in
retardation at the single fracture scale translates into non-
uniformity and anisotropy at the fracture network scale. The
general trends presented earlier regarding the influence of
fracture density and variability in fracture orientation on
retardation in two dimensions should in principle apply to
three-dimensional networks of these rough (variable aper-
ture) fractures as well.

Perhaps the most important assumption in the retardation
approach presented here is the dependence of retardation on
the surface area-to-volume ratio for a single fracture (see
(1)). This assumption has been tested, for example, by
Vandergraaf and coworkers, who compared surface retarda-
tion factors determined from tracer BTCs in machined and
natural fractures in granite to those calculated from K,
values determined from static sorption experiments using
rock coupons. For migration experiments in machined frac-
tures with residence times of the order of days, retardation
factors were in good agreement with those calculated from
static K, values [Vandergraaf et al., 1988]. In another
laboratory experiment, Vandergraaf and Drew [1991] deter-
mined a surface retardation factor for cesium in a natural
fracture (0.9 m by 0.9 m) in a block of granite. The observed
surface retardation factor (based on retardation of the 50%
mass breakthrough fraction) was approximately half of that
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expected from the static K, value. The observed differences
in (R)s, and (R) could have resulted from nonuniform
retardation due to the roughness of the fracture plane.
Unfortunately, retardation of the mean arrival time was not
reported. These laboratory results are generally encouraging
and suggest that the retardation equation (2) for a single
fracture may be applicable.

The retardation equation (2) for a single fracture, as well
as its counterpart for a fractured medium (11), assumes that
the sorption reaction is instantaneous, that is, that sorption
rates are much faster than transport rates. This assumption
is commonly referred to as the local equilibrium assumption
[e.g., Brusseau and Rao, 1989]. For many sorbing solutes
this assumption is not strictly valid. Static sorption experi-
ments indicate an increase in K, values as a function of the
time allowed for partitioning {e.g., Vandergraaf and Drew,
1991]. As a result, the amount of retardation is often strongly
affected by the residence time in the fracture [Vandergraaf
et al., 1988]. We are currently investigating under which
transport conditions the local equilibrium assumption can be
invoked for surface sorption in a single fracture. The param-
eters of interest here are the sorption rates, the rates of
advection and diffusion within the open fracture, and the
transport distances involved.

It should be emphasized again that we have considered
only surface sorption onto the rock walls. Numerous studies
have shown that retardation of a sorbing solute due to matrix
diffusion and matrix sorption is potentially significant [e.g.,
Neretnieks et al., 1982; Sudicky and McLaren, 1992; Mal-
oszewski and Zuber, 1993]. Matrix sorption has a similar
effect on the retardation of the solute plume as has surface
sorption in most fracture networks, namely, an increase in
dispersion of the sorbing solute plume relative to a conser-
vative solute plume. It may be difficult to distinguish be-
tween those two mechanism based on the comparison of
conservative and reactive BTCs in a real tracer experiment.

Conclusions

Numerical migration experiments have been performed to
study retardation of reactive solutes due to surface sorption
in relatively dense two-dimensional fracture networks com-
posed of two fracture sets. The fractures are approximated
by parallel plates, and retardation in a single fracture is
assumed to vary with the surface area—to-volume ratio of the
fracture.

Given these assumptions, retardation at the plume scale is
a nonuniform and anisotropic process. Different segments of
the plume, or equivalently different breakthrough fractions
at a downstream boundary, are retarded to a different
degree. The mean arrival time is the only breakthrough
fraction that is consistently described by a uniform, isotropic
retardation factor which is based on the specific surface area
of the network. The degree to which various breakthrough
fractions are retarded varies as a function of the orientation
of the mean hydraulic gradient relative to the orientation of
the fracture sets. This variation can be described in the form
of a retardation ellipse.

The degree of nonuniformity and anisotropy in the retar-
dation factor is controlled largely by the difference in the
mean apertures of each fracture set, the standard deviation
in fracture aperture, and the network geometry (fracture
density and fracture orientation). A larger variability in
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fracture aperture, or in the orientation of fractures within
each set, promotes nonuniform retardation while reducing
the degree of anisotropy in the retardation factor. Dense
fracture networks are more likely to exhibit nonuniform
retardation at the plume scale than are sparse networks. The
complex retardation behavior is a result of the nonlinear
coupling of fluid velocities and retardation via fracture
aperture.

Our results suggest that a transport model based on the
conventional advection-dispersion equation, using a uniform
retardation factor, may be conceptually incorrect, even for a
dense fracture network. While the effects of nonuniform
retardation modify the dispersive flux in a way that could be
described by ‘‘effective’” dispersion coefficients, it is our
opinion that a model formulation is needed that clearly
separates chemical effects from those due to hydrodynamic
dispersion. One alternative approach to model the process of
retardation may be the stochastic continuum approach to
transport developed by Schwartz and Smith {1988]. In this
approach, transport is modeled by repeatedly sampling from
velocity distributions uniquely defined for different orienta-
tions of solute movements. A consideration of retardation
would involve modifying these velocity distributions based
on discrete network simulations such as discussed in this
paper. In this way the nonuniform and anisotropic nature of
retardation at the network scale is accounted for in the
model.
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