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Abstract: Subsurface contamination due to transient migration of chemicals through weathered fractures is a
serious problem in hard rock terrains. In this paper, a numerical model has been used to analyse the effect of
various dispersion coefficients on the movement of contaminants in a fracture-matrix system with skin formation.
A constant continuous source of contaminants is considered at the inlet of a set of parallel fractures and an implicit
finite difference technique has been used to solve the model. The transport of contaminants with constant dispersion
coefficients were compared with those subjected to distance and time dependent dispersion. Sensitivity analysis
has been conducted to study the effect of different fluid velocities, fracture-skin porosities, fracture-skin diffusion
coefficients, fracture aperture, retardation factors, and dispersivity—distance ratio on solute transport mechanism
within the system. Results suggest that the solute mass retained in the fracture is higher when time-dependent
dispersion coefficients are used which may be due to seasonal conditioning of the rocks. When constant dispersion
coefficient is considered, the reduction in the solute mass with increment in the fracture-skin porosity is gradual
unlike other cases.The solute mass retained in the fracture increases with increase in dispersivity—distance ratio
for time-dependent dispersion coefficients.
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Introduction

Flow and transport through fracture porous media is
a hot topic of research for many researchers including
geologists and hydro-geologists. This field has gained
momentum over the last few decades as it enhances
the understanding of the migration of contaminants
in the subsurface porous media. The movement of
contaminants in fractured porous media plays a major
role in many areas such as groundwater, petroleum,
geothermal, nuclear, gas, etc. Significant research
has been carried out on solute transport in a coupled
fracture-matrix system (Freeze and Cherry, 1979; Grisak

and Pickens, 1980; Tang et al., 1981; Maloszewski and
Zuber, 1990; Wallach and Parlange, 1998; Sekhar et
al., 2006; Suresh Kumar, 2008; Suresh Kumar et al.,
2008; Moreno and Rasmuson, 2010; Natarajan and
Suresh Kumar, 2011a, b, ¢; Suresh Kumar et al., 2011;
Natarajan and Suresh Kumar, 2012a; Natarajan and
Suresh Kumar, 2015; Natarajan and Suresh Kumar,
2016a). While many of the studies have considered
dispersion phenomenon to be a constant, a few of them
have considered dispersion coefficient to be either
distance-dependent (Pickens and Grisak, 1980; Pang
and Hunt, 2001; Gao et al., 2010) or time-dependent
(Srivastava et al., 2002; Zhou and Selim, 2003; Sharma
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and Srivastava, 2012). Sharma et al. (2014) conducted
a numerical study to compare the effect of usage of
distance and time-dependent dispersion models with
constant dispersion models in the coupled fracture-
matrix system.

Recent studies have reported the deposition of a
low permeability material known as fracture-skin on
the walls of the fracture walls which hinders the mass
transfer between the high permeability fracture and the
low permeability rock matrix (Moench, 1984, 1995;
Kriesel and Sharp, 1996). The fracture-skin material
can be either in the form of clay filling (Driese et al.,
2001), mineral precipitation (Fu et al., 1994), or organic
material (Robinson and Sharp, 1997). Thus the presence
of fracture skin can either mitigate or enhance the mass
transfer at the fracture-matrix interface and thereby
influence the migration of contaminants in fractured
porous media (Sharp, 1993; Fu et al., 1994; Sharp et al.,
1995; Kreisel and Sharp, 1996; Robinson et al., 1998;
Landrum, 2000; Phyu, 2002; Zimmerman et al., 2002).
Only a few studies have been conducted on solute and
colloidal transport in a coupled fracture-matrix system
with skin formation (Natarajan and Suresh Kumar, 2010,
2012b, 2012¢, 2012d; Nair and Thampi, 2010; 2011,
2012; Natarajan and Suresh Kumar, 2014; Natarajan,
2014; Natarajan and Suresh Kumar, 2016b). As far as
the authors’ knowledge is concerned, these preliminary
studies have considered dispersion coefficient to be a
constant. As per the conclusion of Sharma et al. (2014),
the concentration profiles obtained by using constant
dispersion coefficient should definitely differ from
that obtained by using distance-dependent and time-
dependent dispersion coefficients. Although the effect
of distance- and time-dependent dispersion coefficients
have been incorporated in a coupled fracture-matrix
system, the effect of the same is yet to be studied in
the fracture-skin-matrix system. Therefore, the present
study aims to analyse the behaviour of non-reactive
contaminant migration when subjected to different
dispersion coefficients in a fractured porous system
with skin formation.

Physical System and Governing Equations

The conceptual model illustrating a coupled fracture-
skin-matrix system (Robinson et al., 1998) is illustrated
in Figure 1. A set of parallel fractures with aperture of
size 2b is separated by a distance of 2H. The fracture-
skin having thickness d-b lies between the fracture and
the rock-matrix. The principal transport mechanisms
considered within the fracture entails the following:
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Figure 1: Schematic representation of the fracture-matrix
system with skin formation.

advection, hydrodynamic dispersion, sorption and first-
order radioactive decay, accompanied with mass transfer
to the adjacent skin by diffusion. Molecular diffusion,
sorption and decay have been considered within the
fracture-skin and rock-matrix.

The governing equations for contaminant transport
in fracture, fracture-skin and rock-matrix are expressed
as (Robinson et al., 1998);
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As mentioned earlier, both distance-dependent and
time-dependent dispersion coefficients have been
considered for this study. Yates (1990) provided the
expression for distance-dependent dispersion coefficient:

D(x) = a(x) V + D, = exV + D, 2)

where a(x) is the distance-dependent dispersivity, € is
the slope of the dispersivity—distance relationship, x is
the distance from the source, and D, is free molecular
diffusion coefficient.

The time-dependent dispersion coefficient can be
represented as (Yates, 1990)

D(t) = a(t) V + Dy = eXV + D, 3)

where a(?) is the time-dependent dispersivity, X is the
mean travel distance and it is represented as V' X ¢.
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Here C, Cand C, represent the concentration of
solute in high-permeability fracture, low-permeability
fracture-skin and low-permeability rock-matrix, x is the
space coordinate along the direction in the fracture, y is
the space coordinate perpendicular to the fracture, ¢ is
the time coordinate, D is the hydrodynamic dispersion
coefficient in the fracture, V' is the velocity of the
fluid, O, is the fracture skin porosity, D, is the matrix
diffusion coefficient, D, is the molecular diffusion
coefficient of solute in free water, D, and D, are
effective diffusion coefficients in fracture-skin and
rock-matrix respectively, and A is first order radioactive
decay constant. R, R and R, are the retardation factors
in fracture, fracture-skin and rock-matrix respectively.

The initial and boundary conditions associated with
equations (1), (4) and (5) are:
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Following assumptions have been made in this study:

1. The fracture aperture is very small in magnitude
compared to length of the fracture.

2. Permeability of fracture-skin and rock-matrix is
ignored as there is no advection within fracture-
skin and rock-matrix.

3. Concentrations at the fracture-skin interface,
i.e., concentration along the fracture walls and
along the lower boundary of the fracture-skin
is assumed to be equal.

4. Concentrations at the skin-matrix interface, i.e.,
concentration along the upper boundary of the
fracture-skin and lower boundary of the rock-
matrix is assumed to be equal.

5. Due to symmetry, only one half of a high
permeability fracture, its adjacent low
permeability fracture-skin and its associated
one half of rock-matrix has been considered
for simulation.

6. Fracture-skin thickness is assumed to remain
constant with time.

Numerical Method

The physical system is described by a set of three partial
differential equations: one for the fracture, another
for the fracture-skin and the final one for the rock-
matrix, formulated as a one-dimensional framework.
The coupled non-linear equations are solved using
implicit finite difference technique: Upwind scheme
for advection and second-order central difference for
the dispersion. The continuity of fluxes at the interface
of the fracture-skin is satisfied by iterating the solution
at each time step. The grid size in the fracture is
maintained uniform whereas a varying grid size is
adopted at the fracture-skin interface to capture the
concentration flux at the interface of the fracture and
the fracture-skin. The last term on the right hand side
of Eq. (1) is discretized as follows:

ocC n2+1_ n1+1
MO (=)

where Ay(1) represents the width of the first cell at the
fracture-skin interface. The contaminant concentration
in the first node in the fracture-skin, i.e. Cﬁ“ will
be equal to the corresponding fracture concentration

C n—lﬂ Li = 1 perpendicular to the fracture satisfying the
boundary condition. The contaminant concentration at
the second node of the fracture-skin C;’; 1 is unknown
at the (n + 1) time level in Eq. (1). The value of this
unknown is assumed and iterated until convergence. The
Thomas algorithm or otherwise known as Tri-diagonal
matrix algorithm (TDMA) is used to solve the three
unknowns in Eq. (1) at the i node, (i + 1)" node and
(i — )" node at (n + 1) time level.

Results and Discussion

In this study, an implicit finite difference numerical
model has been used to analyse the effect of distance-
dependent and time-dependent dispersion coefficients
on the contaminant transport mechanism in a coupled
fracture-matrix system with skin formation. The input
parameters used in the present study has been adopted
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from Robinson et al. (1998). Table 1 provides the list
of parameters used in the simulation of this study.

Table 1: Parameters used in the present study

Parameter Value
Fluid velocity in the fracture (V) 1 m/d
Half fracture aperture (b) 100e-06 m
Fracture-skin porosity (0,) 0.035
Fracture-skin diffusion coefficient (D,) 4e-06 m*/d
Rock-matrix diffusion coefficient (D, ) 4e-06 m?/d
Free molecular diffusion coefficient (Do)  1e-06
Rock-matrix porosity (0,,) 0.145
Length of the fracture (L) 100 m
Half-fracture spacing (H) 0.15m
Fracture skin thickness (d-b) 0.0018 m
Total simulation time 100 days
Decay in the fracture (A) 6.33e-05 d!
Retardation factor in the fracture 6
Retardation factor in the fracture-skin 673
Retardation factor in the rock-matrix 141

Figure 2 shows the comparison of the results obtained
from the numerical model with the analytical solution
provided by Robinson et al. (1998) for solute transport
in a fracture-matrix coupled system with skin formation.

Figure 3 shows the comparison of the solute
concentration in a coupled fracture-matrix system
with and without fracture-skin. The concentration
profiles obtained by using three different dispersion
coefficients (namely, constant, distance-dependent and
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Figure 2: Validation of the numerical model with
analytical solution.
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Figure 3: Comparison of solute concentration in a coupled
fracture-matrix system with and without skin formation
for various dispersion coefficients.

time-dependent) for the coupled fracture-matrix system
has been compared with that of the coupled fracture-
skin-matrix system. It is observed from the plot that
the concentration of the solute retained in the fracture
is higher in case of the fracture-matrix system (i.e. in
the absence of fracture-skin) irrespective of the type
of dispersion coefficient adopted as the fracture-skin
enhances the diffusion of solute from the fracture into
the rock-matrix. Moreover, the solute mass retained
in the fracture is much higher when time-dependent
dispersion coefficient is used as compared to other
dispersion coefficients. This observation is quite different
from that of Sharma et al. (2014) who concluded that
distance-dependent and time-dependent dispersion
models behave similarly. The solute concentration in the
fracture-matrix as well as fracture-skin-matrix system
is very much similar when distance-dependent and
constant dispersion coefficients are used.

Figure 4 shows the comparison of solute concentration
in the fracture-skin-matrix system with different
dispersion coefficients for different half fracture
apertures of 100 um, 200 pm and 500 pm. It is
observed from the plot that the dispersion coefficient
is independent of the size of the half fracture aperture.
Furthermore, the mass of solute retained in the fracture
increases in increment in the half fracture aperture
(Figure 4c). This is because the coupling between
the fracture and the fracture-skin becomes weaker as
the half fracture aperture size increases and thus the
concentration of the solute is high for large fracture
apertures. The concentration profiles for constant and
distance-dependent dispersion coefficients are very
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Figure 4: Comparison of solute concentration in the fracture-skin-matrix system with different dispersion
coefficients for half fracture aperture of (a) 100 pm, (b) 200 pm and (c) 500 pm.

much similar for half fracture apertures of 100 pm and
200 um (Figures 4a and 4b). For half fracture aperture of
500 um, the concentration profiles obtained for constant
and distance-dependent dispersion coefficients vary
marginally. It can also be observed from the plots that
the rate at which solute mass decreases in the fracture
for various dispersion coefficients is different. The same

phenomenon is observed irrespective of the size of the
half fracture aperture.

Figure 5 shows the comparison of solute concentration
in the fracture-skin-matrix system with different
dispersion coefficients for different fluid velocities
of 1 m/d, 2 m/d and 5m/d. When fluid velocity is 1
m/d (Figure 5a), the solute concentration reaches zero
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at 2 m from the inlet of the fracture for constant and
distance-dependent dispersion coefficients. The solute
concentration reaches zero only at 6 m from the inlet
for time-dependent dispersion coefficient. When fluid
velocity is 5 m/d (Figure 5b), the solute concentration
reaches zero at 10 m from the inlet of the fracture for
constant and distance-dependent dispersion coefficients
but the concentration becomes zero at 30 m from
the inlet for time-dependent dispersion coefficient.
Similarly, when the fluid velocity is very high (i.e. 10
m/d, Figure 5c), the solute travels a longer distance
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(55 m) before reaching zero concentration when time-
dependent dispersion coefficient is used. The reason
for such behaviour is that the mechanical dispersion
increases significantly for high fluid velocities,
which in turn causes the hydrodynamic dispersion
to increase, resulting in higher concentration in the
fracture. Furthermore, when time-dependent dispersion
coefficient is considered, the mass of solute retained
in the fracture for high fluid velocities is much higher
when compared to the mass retained for other dispersion
coefficients.
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Figure 5: Comparison of solute concentration in the fracture-skin-matrix system with different dispersion
coefficients for fluid velocities of (a) 1 m/d, (b) 5 m/d and (c) 10 m/d.
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Figure 6 shows the comparison of the solute
concentration obtained with different dispersion
coefficients for various fracture-skin porosities. It is
observed from the plot that the mass retained in the
fracture is high when the porosity of the fracture-skin
is low (Figure 6a). On the other hand, the mass retained
in the fracture decreases with increment in the fracture-
skin porosity (Figures 6b and 6c), as the high porosity
of the fracture-skin facilitates the transfer of solutes
from the fracture into the fracture-skin. When constant
dispersion coefficient is considered, the reduction in the
solute mass with increment in fracture-skin porosity is
gradual but for distance and time-dependent dispersion
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coefficients, the reduction in the solute mass is rapid.
Another interesting observation is that when the fracture
skin porosity is very low (i.e. 0.005), the porous
medium surrounding the fracture becomes practically
insignificant and the fracture plays a major role. This is
the reason why in Figure 6(a), the concentration profile
for constant dispersion coefficient has an advective
part in addition to the dispersive component, while
for distance-dependent and time-dependent cases, an
exponentially decaying curve is observed.

Figure 7 shows the comparison of the solute
concentration obtained with different dispersion
coefficients for various fracture-skin diffusion
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Figure 6: Comparison of solute concentration in the fracture-skin-matrix system with different dispersion
coefficients for fracture-skin porosities of (a) 0.005, (b) 0.01 and (c) 0.035.
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coefficients. It is observed from the plot that the mass
retained in the fracture is high when the fracture-skin
diffusion coefficient is low (Figure 7c¢). On the other
hand, the mass retained in the fracture decreases with
increment in the fracture-skin diffusion coefficient
(Figures 7a and 7b), as the high fracture-skin diffusion
coefficient facilitates the mass transfer of solutes. From
plots 7a and 7b, it can be observed that concentration
profile is very much similar for constant and distance-
dependent dispersion coefficients for high fracture-skin
diffusion coefficients such as 1e-06 m/d and 1e-07 m/d.
On the other hand, for low skin diffusion coefficient,
both of them behave differently as the solute mass
retained is different (Figure 7c).
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Figure 8 shows the concentration profile obtained by
using constant, distance-dependent and time-dependent
dispersion coefficients with various dispersivity-ratios
for a half fracture aperture of 100 um. As observed
earlier, in this plot also, the concentration profile
obtained for constant and distance-dependent dispersion
coefficient merge with each other. The variation in
the dispersivity-distance ratios has very insignificant
effect on the solute transport migration when distance-
dependent dispersion coefficient is used. On the other
hand, when time-dependent dispersion coefficient is
used, the solute mass retained in the fracture is more
for dispersivity-distance ratio of 0.3.
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Figure 7: Comparison of solute concentration in the fracture-skin-matrix system with different dispersion coefficients
for fracture-skin diffusion coefficients of (a) 1e-6 m/d, (b) 1e-07 m/d and (c) 1e-08 m/d.
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Figure 8: Comparison of concentration profiles for
constant, distance-dependent and time-dependent dispersion
coefficients with various dispersivity-distance ratios.

Conclusion

The effect of distance-dependent and time-dependent
dispersion coefficients on the solute migration in a
coupled fracture-matrix system with skin formation
has been analysed in this study. The implicit finite
difference technique was adopted for solving the
coupled non-linear equations. A constant continuous
source was assumed at the inlet of the fracture.
The influence of distance-dependent and time-dependent
dispersion coefficients on the solute movement was
analyzed for different fluid velocities, half-fracture
apertures, fracture-skin porosities, and fracture-
skin diffusion coefficients. The effect of different
dispersivity-distance ratios on the solute migration was
also analysed for the base case parameters (Table 1). The
conclusions for this study based on the above analysis
are as follows:

1. The behaviour of the solute migration in the
fracture-matrix system with skin is quite different
from the fracture-matrix system for different
dispersion coefficients.

2. The solute mass retained in the fracture is higher
when time-dependent dispersion coefficient is used,
when compared to constant and distance-dependent
dispersion coefficients.

3. Irrespective of the size of the fracture aperture,
the rate at which the solute mass decreases in

the fracture is different for the various dispersion
coefficients.

4. When time-dependent dispersion coefficient is
considered, the mass of solute retained in the
fracture for high fluid velocities is much higher
when compared to the mass retained for other
dispersion coefficients.

5. When constant dispersion coefficient is considered,
the reduction in the solute mass with increment in
fracture-skin porosity is gradual but for distance
and time-dependent dispersion coefficients, the
reduction in the solute mass is rapid.

6. The mass retained in the fracture is significant for
low fracture-skin diffusion coefficients when time-
dependent dispersion coefficient is considered.

7. The solute mass retained in the fracture increases
with increase in dispersivity-distance ratio in the
case of time-dependent dispersion coefficients but
the variation of the same has insignificant impact
when constant and distance-dependent dispersion
coefficients are used.
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