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Abstract. In the present study, method of temporal moments has been used to
analyse the transport characteristics of reactive solute along fracture in a coupled
fracture-skin-matrix system. In order to obtain the concentration distribution within
the fracture, a system of coupled partial differential equations for fracture, fracture-
skin and rock-matrix has been solved numerically in a pseudo two-dimensional
domain using implicit finite difference method. Subsequently, lower order temporal
moments of solute have been computed from the concentration distribution to anal-
yse the transport characteristics of solutes in the fracture. This study has been done
by considering an inlet boundary condition of constant continuous source in a single
fracture. The effect of various fracture-skin parameters like porosity, thickness and
diffusion coefficient on the transport of solutes have been studied by doing sensitivity
analyses. The effect of nonlinear sorption and radioactive decay of solutes have also
been analysed by carrying out simulations for different sorption intensities and decay
constants. Numerical results suggested that the presence of fracture-skin significantly
influences the transport characteristics of reactive solutes along the fracture.
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1. Introduction

Study on fluid flow and transport of solute through fractures has been an area of great interest
among hydro-geologists during past few decades. Flow though fracture has major influence on
fluid migration within a fractured reservoir since the high permeability fracture forms the pref-
erential pathway within the low permeability rock-matrix. The major transport processes which
affect the solute transport through fracture are advection, dispersion, matrix diffusion, sorption
and degradation. Among the above processes matrix diffusion plays an important role in deciding
the solute mobility, dispersion and concentration distribution along the fracture.
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Several studies have suggested the possibility of presence of a thin permeable layer known
as fracture-skin at fracture-rock matrix interface (Moench 1984, 1995; Sharp 1993; Fu et al
1994; Driese et al 2001). According to Sharp (1993) fracture skins are the coatings or zones
of alteration along fracture surfaces caused by mineral–water interactions, organic activity, and
adherence of colloidal materials (including clay minerals) to the fracture surfaces. Sharp et al
(1996) have observed fracture skins on near-surface fractures in a wide variety of environments
which include igneous rocks (tuffs, basalts and granites), sedimentary rocks (limestones, shales
and sandstones) and unconsolidated alluvial sediments. Since the primary porosity of the above
host rocks vary widely, the corresponding porosity of the fracture-skin may also be expected to
be significant. A few more studies have been conducted to study the effect of fracture-skin in
the solute transport and among them, few studies have concluded that the presence of fracture-
skin in the form of mineral precipitation (Fu et al 1994) organic growth material (Robinson &
Sharp 1997) and clay filling (Driese et al 2001) have reduced the permeability, where as some
other studies have concluded that the presence of fracture-skin has resulted in an increase of
permeability by developing micro-fractures (Polak et al 2003; Garner & Sharp 2004). Since
the solute transport parameters of fracture-skin like permeability, porosity, diffusion coefficient
and retardation factor may significantly differ from that of the associated rock-matrix, the pres-
ence of fracture skin may either mitigate or enhance the mass transfer at the interface, and in
turn, influence the fluid flow and solute transport within the fracture (Fu et al 1994; Kreisel &
Sharp 1996; Landrum 2000; Phyu 2002; Robinson et al 1998; Sharp 1993; Sharp et al 1995;
Zimmerman et al 2002; Renu & Suresh Kumar 2012). Modelling of contaminant transport has
been carried out in a set of parallel fractures with fracture skin by Robinson et al (1998). Garner
& Sharp (2004) studied the solute transport in granitic rocks with fracture skin using field data
from two different sites. Suresh Kumar & Sekhar (2005) investigated the sensitivity of fracture
velocity, fracture dispersivity, fracture spacing, matrix diffusion coefficient and matrix porosity
on mobility and spreading of solutes using method of spatial moments in a coupled fracture-
matrix system. Suresh Kumar & Ghassemi (2006) have further extended the spatial-moment
analysis for studying non-isothermal solute transport with simplified dissolution/precipitation of
quartz in a single fracture. Later, Sekhar et al (2006) and Suresh Kumar (2008) have investigated
the effect of linear and non-linear sorption on dispersivity and macro-dispersion coefficient in a
coupled fracture-matrix system. Suresh Kumar (2009) has developed a numerical model to anal-
yse the effect of sorption intensities on solute mobility in a fracture-matrix formation. Natarajan
& Suresh Kumar (2010) developed a numerical model to analyse the colloid facilitated radio-
nuclide transport in a coupled fracture-skin-matrix system. Sharma et al (2012) has numerically
analysed using temporal moments the reactive transport chemicals in fractured impermeable and
permeable formation. Recently, Renu & Suresh Kumar (2012) have numerically analysed mobil-
ity and spreading of solutes using spatial moment analysis in a coupled fracture-skin-matrix
system and they have concluded that the presence of fracture-skin significantly influences the
mobility and spreading of solutes along the fracture in comparison with a coupled fracture-matrix
system in the absence of fracture-skin.

In this study, we investigate the reactive transport modelling in a coupled fracture-skin-matrix
system using numerical modelling along with first and second order temporal moment analysis.
It can be noted that the temporal moments do not need averaging over large area or volume unlike
spatial moment, while the estimated temporal moments at different distances from the source
can be used to investigate the variations of the controlling parameters with scale (Woodbury
& Rubin 2000). In addition, using the method of temporal moments, arrival time data can be
obtained and this data can be used to forecast environmental impact of migrating contaminant.
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Further, the temporal moment analysis helps the investigator to have an idea about the time at
which a particular contaminant arrive at a locality and the standard deviation with which mean
arrival time can be predicted (Naff 1992). Temporal moment analysis is easier to perform, since
it is easier to collect arrival time data at a few observation points in field or laboratory column
investigations (Bardsley 2003). Valocchi (1990) made use of method of temporal moments to
analyse problems involving sorbing solute transport in soils and aquifers and has stated that tem-
poral moments are very useful in one-dimensional systems like laboratory-scale soil columns.
In this context, the goal of the present study is to apply temporal moment analysis in order to
quantify the velocity and dispersion coefficients of the solutes along the fracture in a coupled
fracture-skin-matrix system.

2. Physical system and governing transport equations

The conceptual model corresponding to a coupled fracture-skin-matrix system (Robinson
et al 1998; Renu & SureshKumar 2012) is adopted in figure 1. The principal transport mecha-
nisms considered along the fracture are advection, hydrodynamic dispersion, nonlinear sorption,
first-order radioactive decay and solute transfer to adjacent fracture-skin through diffusion. The
transport of solutes along the fracture is considered to be one-dimensional since the migration
of solute along the high permeability fracture is faster than in the rock-matrix (Suresh Kumar
& Sekhar 2005; Sekhar et al 2006; Sekhar & Suresh Kumar 2006; Suresh Kumar 2009) and the
ground water velocity is assumed to be constant in the fracture. It is also assumed that com-
plete mixing of solutes is happening normal to the direction of flow due to the free molecular
diffusion, and in turn, result in uniform solute concentration.

Figure 1. Schematic representation of solute transport in a uniform aperture single fracture with a
constant source input C0 and no flux conditions at the matrix.
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If Fickian regime dispersion is assumed along the fracture and if transverse dispersion is
neglected as compared to longitudinal dispersion, the volume concentration of solute in the
fracture obeys the following transport equation (Robinson et al 1998).

Rf

∂Cf

∂t
= DL

∂2Cf

∂x2
− V0

∂Cf

∂x
− λCf + θsDs

b

∂Cs

∂y
|y = b , (1)

where DL = α0V0 +D∗. (2)

The transport processes in immobile zones of fracture-skin and rock-matrix are expressed as
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∂Cs

∂t
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∂2Cs

∂y2 − λCs, (3)

Rm

∂Cm

∂t
= Dm

∂2Cm

∂y2 − λCm, (4)

where b represents the thickness of half fracture aperture (L); (d-b) represents the skin thickness
(L); H represents the thickness of half fracture spacing (L); Cf , Cs and Cm represent the vol-
ume concentrations of solute in fracture, fracture-skin and rock-matrix, respectively (ML−3), x
represents the space coordinate along the flow direction in the fracture plane (L), y represents
the space coordinate perpendicular to the fracture plane (L), t represents the time coordinate (T),
DL represents hydrodynamic dispersion coefficient in the fracture (L2T−1), α0 represents the
longitudinal dispersivity in the fracture (L), D∗ represents the molecular diffusion coefficient of
solute in free water (L2T−1), Vo represents the mean water velocity in fracture (LT−1), Ds and
Dm represent the effective diffusion coefficients in fracture-skin and rock-matrix, respectively, θs
represents the porosity of fracture-skin, λ represents the coefficient of radio-active decay (T−1),
and Rf, Rs and Rm represent the retardation factors in fracture, fracture-skin and rock-matrix,
respectively (-).

The expressions for the retardation factors describing the instantaneous linear equilibrium
sorption isotherm in fracture, fracture-skin and rock-matrix have been provided in Eqs. 5(a)–(c).

Rf = 1 + Kf

b
, (5a)

Rs = 1 + ρsKs

θs
, (5b)

Rm = 1 + ρmKm

θm
. (5c)

Here Kf represents the area based surface distribution coefficient, described as the fracture sur-
face area available for sorption per unit aqueous volume of the fluid within the fracture with
length units. The notations Km and Ks represent the volume based distribution coefficients within
the rock-matrix and fracture-skin, respectively with units [L3/M], describing the volume of sorp-
tion sites available within the rock-matrix, and fracture-skin per unit mass of solutes. θs and
θm represent the porosity of fracture-skin and rock-matrix, respectively; ρs and ρm represent
the mass density of fracture-skin and rock-matrix respectively (ML−3). However, equilibrium
sorption is often better represented by nonlinear sorption isotherms and most commonly used
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sorption relationship is Freundlich sorption isotherm (Weber et al 1991; Renu & Suresh Kumar
2012) and can be expressed as

S = KdC
n, (6)

where C represents the volume concentration of solute (ML−3), S represents the sorbed concen-
tration (MM−1), Kd represents the partition or distribution coefficient (L3M−1), and n represents
the Freundlich exponent, which generally vary in the range of 0.7–1.2 (Banton & Bangoy 1997)
and relates to sorption intensity.

The retardation factors for fracture, fracture-skin and rock-matrix can be modified for
nonlinear isotherm and Eqs. (7)–(9) represent the expressions for the same.

Rf = 1 + Kf

b
nCn−1

f , (7)

Rs = 1 + ρsKs

θs
nCn−1

s , (8)

Rm = 1 + ρmKm

θm
nCn−1

m . (9)

3. Initial and boundary conditions

The initial solute concentration everywhere in the fracture, fracture-skin and rock matrix is
assumed to be zero. A constant continuous source is assumed at the upstream boundary of the
fracture and a zero flux boundary condition is assumed at the downstream end of the fracture.
The downstream boundary is assumed to be far away from the inlet of fracture so that the con-
centration front will not reach the downstream during simulation time (Renu & Suresh Kumar
2012). The fluxes at fracture-skin interface and skin-matrix interface are assumed to be continu-
ous to ensure the coupling between fracture, fracture-skin and rock-matrix. Concentration at the
fracture-skin interface, i.e., concentrations along the fracture walls and along the lower bound-
ary of the fracture-skin are assumed to be equal and concentrations at the skin-matrix interface,
i.e., concentration along the upper boundary of the fracture-skin and lower boundary of the
rock-matrix are assumed to be equal.

The initial and boundary conditions associated with Eqs. (1), (3) and (4) are:

Cf (x, t = 0) = Cs (x, y, t = 0) = Cm (x, y, t = 0) = 0, (10)

Cf (x = 0, t) = C0, (11)

Cf

(
x = Lf , t

) = 0, (12)

Cf (x, t) = Cs (x, y = b, t) , (13)

θsDs

∂Cs (x, y = d, t)

∂y
= θmDm

∂Cm (x, y = d, t)

∂y
, (14)

Cs (x, y = d, t) = Cm (x, y = d, t) , (15)
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∂Cm (x, y = H, t)

∂y
= 0, (16)

where H represents the fracture spacing (L), and Lf represents the fracture length in x
direction (L).

4. Numerical method and moment analysis

In this study, the system of partial differential equations for fracture, fracture-skin and rock-
matrix is solved numerically in a one-dimensional framework using second-order central
difference finite difference scheme. Uniform grid size is assumed within the fracture and non-
uniform grid sizes are assumed within fracture-skin and rock-matrix. Smaller grid sizes are
adopted near fracture-skin and skin-matrix interface. The solution is iterated at each time step
to satisfy the continuity at the fracture-skin interface. The retardation factors in the fracture,
fracture-skin and rock-matrix for all nodes in the coupled fracture-skin-matrix system are com-
puted as nonlinear functions of solute concentration, at each time level, are substituted into the
solute transport at current time levels (Suresh Kumar 2008; Renu & Suresh Kumar 2012). The
simulations are carried out starting with small time steps to ensure the accuracy of the results.
The results of numerical model are compared with the available analytical solution (Robinson
et al 1998). The numerical results are found to be in close agreement with analytical solution for
a ranges of values pertaining to fracture, fracture-skin and rock-matrix transport parameters.

In general, the analysis on fluid flow and its associated transport of solutes in a saturated
sub-surface fractured formation is generally highly complex in space and time. In addition, the
fluid flow in a saturated rock-mass is typically dominated by hyperbolic nature of equations as
against the conventional parabolic dominant diffusivity equation, used to describe the fluid flow
through a sub-surface system using the macroscopic Darcy’s law. Such hyperbolic nature of
equations does not allow the physical system to proceed towards a steady-state condition unlike
parabolic equations, and subsequently, the concept of transient simulation of flow and transport
characteristics becomes inevitable, and temporal moments offer an approach to reduce such time
demands of transient simulations. Thus, temporal moments reduce transient governing equations
to steady-state and directly simulate the temporal characteristic of the system for linear equations
with time-independent coefficients. This reduction is achieved through the integral transforma-
tion of zeorth, first and second temporal moments. The zeroth temporal moment represents a
simple integral of a response over time, while the first and second temporal moments provide
the characteristic response time of the system and square of the characteristic response duration,
respectively (Leube et al 2012).

The temporal moment analysis has been shown to be useful for describing solute breakthrough
curves (BTC) measured from a solute transport experiment (Rasmuson 1985). Since the resulting
Gaussian or bell-shaped BTCs (obtained from numerical modelling) closely match with a prob-
ability distribution function (pdf), the statistical properties of the measured breakthrough curve
can be used to characterize the behaviour of solute transport processes in a saturated sub-surface
system (Govindarajau & Das 2007).

After obtaining the concentration distribution along the fracture for a coupled fracture-
skin-matrix system, at each time level, from the above numerical method, the method of tempo-
ral moments of lower order for an evolving solute, as a function of space is calculated. Temporal
moment estimation has been often used to define the arrival time of a contaminant plume at dif-
ferent distances from source. In addition, temporal moment analysis provides an insight on scale
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dependent characteristics of fracture, skin and rock-matrix parameters as it provides the varia-
tion of conventional constant parameters such as velocity and dispersion coefficient as a function
of space along the fracture length, while it is to be noted that the each spatial value from the
temporal moment analysis represents an average over the time scale of interest. Thus, the infor-
mation from spatial and temporal moment analyses has different bases. Spatial moment analysis
provides better understanding on non-Fickian behaviour of solutes, while temporal moment anal-
ysis provides a better understanding on the scale-dependent characteristic nature of constant
coefficients used in conventional Advection-Dispersion Equation (ADE).

In the present study, the transport parameters are analysed by computing the zeroth, first, and
second temporal moments of concentration distribution along the fracture. Temporal moments
can be computed for numerical analysis if concentration data at all time levels are available at a
particular location. Such usage of temporal moments is suitable for numerical simulations in the
sense that all nodal concentrations in time are available at a given location.

The zeroth moment (M0) is proportional to the total aqueous mass of solute within the high
permeability fracture, the first temporal moment (M1) provides the residence time, second tem-
poral moment (M2) describes the spread or deviation about the center of the mass. The method
of evaluation of zeroth moment, first moment, second moment, mean (X1), variance (X2) and
space dependant velocity and macro-dispersion coefficient are provided in Eqs. (17)–(26).

M0 =
T∫

0

c (x, t) dt. (17)

Eq. (17) represents the area underneath the concentration breakthrough curve, which can be
estimated by the Simpson’s 1/3rd rule, which is an extension of Trapezoidal rule, where the
integrand is approximated by a second order polynomial.

I =
b∫

a

f (x) dx ≈
b∫

a

f2 (x)dx, (18)

where f 2(x) is a second order polynomial given by

f2 (x) = a0 + a1x + a2x
2. (19)

Since for Simpson’s 1/3rd rule, the limits of the function are taken between the intervals a and b,
the segment width becomes

h = b − a

2
. (20)

Thus, the Simpson’s 1/3rd rule is given by

b∫

a

f (x) dx ≈ h
3

[
f (a)+ 4f

(
a+b

2

) + f (b)
]
. (21)

The zeroth moment represents the ‘effective mass’ of the concentration breakthrough curve. The
first moment of the breakthrough curve is found by summing the products of the individual
zeroth moments and the elapsed time (t) measured to each time step from the beginning of
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solute injection as expressed in Eq. (22). The second temporal moment involves the square of
the elapsed time (t2) as provided in Eq. (23).

M1 =
T∫

0

tc(x, t)dt, (22)

M2 =
T∫

0

t2c(x, t)dt. (23)

The first normalized temporal moment is computed as provided in Eq. (24), which represents
the mean breakthrough time, i.e., the time when half of the injected mass passed through the
location of measurement.

T1(x) = M1

M0
. (24)

The second normalized temporal moment is computed as provided in Eq. (25), which represents
the degree of mixing of the solute mass within the fracture.

T11(x) = M2

M0
−

[
M1

M0

]2

. (25)

From the computed first and second normalized temporal moments, the solute velocity, and the
macro-dispersion coefficient can be obtained using the following expressions:

V (x) = dx

d {T1(x)} ; D(x) = 1

2

V 3d {T11(x)}
dx

, (26)

where V(x) and D(x) represent the velocity and macro-dispersion coefficient respectively in the
fracture corresponding to a particular location (x) along the fracture.

The expressions for first and second normalized temporal moments (Eqs. 24 and 25) are valid
for concentration pulse source. A first derivative of the concentration in the fracture is used to
obtain the equivalent pulse of constant continuous source used at the inlet of fracture in order to
use Eqs. (17) to (26). From such an analysis, the spatial variation of the effective parameters of
the coupled fracture-skin-matrix system such as solute velocity and spreading of solutes along
the fracture is assessed.

5. Results and discussions

Figure 2 provides the spatial distribution of zeroth temporal moment, which quantifies the total
mass in the breakthrough distribution of concentration in a fractured formation in the pres-
ence (Cases 3 and 4) and absence (Case 1) of fracture-skin. It is observed from figure 2 that in
the absence of fracture-skin and rock-matrix (Case 1) the total mass of solute within the fracture
remains equal to 100 mg/l. It is also noted that this mass is distributed uniformly throughout the
entire length of the fracture at a rate of 1 mg/l, which is equal to that of the concentration at
the inlet, and subsequently represents that there is no mass transfer either into fracture-skin or
rock-matrix associated with it. However, the mass distribution within the fracture in the presence
of fracture-skin is no more uniform within the fracture and the mass distribution varies linearly
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Figure 2. Spatial distribution of zeroth temporal moment for a coupled fracture-skin-matrix system. Refer
table 1 for base case parameters. (Case 1: Fracture only; Case 3: θs = 0.00145; Case 4: θs = 0.0145).

within the fracture with a relatively low fracture-skin thickness (Case 3), while the mass dis-
tribution within the fracture varies nonlinearly (similar to that of an exponential decay) for a
relatively larger fracture-skin thickness (Case 4). However, it can be noted that the total mass of
solute in all these cases remain the same at 100 mg/l. It is observed from figure 2 that the mass
accumulation nearer to the fracture inlet is very high (nearly 3 mg/l @ 1 m), while the same is

Table 1. Base case parameters [basic dataset taken from Robinson et al (1998)].

Variable Skin 1

Average fluid flow velocity in fracture (V0) 1.0 m/d
Fracture dispersivity (α) 0.001 m
Longitudinal dispersion coefficient within the fracture (L) 1 × 10−3 m2/d
Free molecular diffusion coefficient in water (D∗) 1 × 10−6 m2/d
Effective diffusion coefficient in the rock-matrix (Dm) 4 × 10−6 m2/d
Effective diffusion coefficient in the fracture-skin (Ds) 4 × 10−7 m2/d
Porosity of fracture-skin (θs) 0.0145
Porosity of rock-matrix (θm) 0.145
Length of fracture (Lf ) 150 m
Fracture pacing (2H) 0.31 m
Half fracture aperture (b) 0.0002 m
Skin thickness (d-b) 0.0018 m
Radioactive decay (λ) 0.0 d−1

Cell width (�x) 0.001 m
Time step (�t) 0.005 d
Total simulation time (TST) 100 days
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Table 2. Variation of parameters in different cases.

Eff. diffusion Eff. diffusion Fracture
Skin coefficient Matrix coefficient skin Radioactive Sorption
porosity in skin porosity in matrix thickness decay intensity

Parameter (θs) (Ds (m2/d)) (θm) (Dm (m2/d)) (d-b(m)) (λ(/d)) (n)

Case 1 0 0 0 0 0 0 0
Case 2 0 0 0.145 4*10−6 0 0 0
Case 3 0.00145 4*10−7 0.145 4*10−6 0.0018 0 0
Case 4 0.0145 4*10−7 0.145 4*10−6 0.0018 0 0
Case 5 0.145 4*10−7 0.145 4*10−6 0.0018 0 0
Case 6 0.00145 4*10−7 0.145 4*10−6 0.0005 0 0
Case 7 0.00145 4*10−7 0.145 4*10−6 0.001 0 0
Case 8 0.00145 4*10−7 0.145 4*10−6 0.05 0 0
Case 9 0.145 4*10−7 0.145 4*10−6 0.0005 0 0
Case 10 0.145 4*10−7 0.145 4*10−6 0.001 0 0
Case 11 0.145 4*10−7 0.145 4*10−6 0.05 0 0
Case 12 0.0145 4*10−7 0.145 4*10−6 0.0018 0 0
Case 13 0.00145 4*10−8 0.145 4*10−6 0.0018 0 0
Case 14 0.0145 4*10−7 0.00145 4*10−8 0.0018 0 0
Case 15 0.145 4*10−6 0.00145 4*10−8 0.0018 0 0
Case 16 0.145 4*10−6 0.145 4*10−6 0.0018 0 0.8
Case 17 0.145 4*10−6 0.145 4*10−6 0.0018 0 1.0
Case 18 0.145 4*10−6 0.145 4*10−6 0.0018 0 1.2
Case 19 0 0 0 0 0 0.05 0
Case 20 0 0 0.145 4*10−6 0 0.05 0
Case 21 0.145 4*10−7 0.145 4*10−6 0.0018 0.05 0

very low (nearly 0 mg/l @ 100 m) towards the outlet in the presence of fracture-skin with sig-
nificant thickness (Case 4). This implies that a large diffusive mass transfer will be associated
towards the inlet, while there is no opportunity for diffusive mass transport at all towards the
outlet as the associated mass distribution towards the outlet is nearly zero. It can be concluded
from figure 2 that the total mass of solute in a coupled fracture-skin-matrix system is conserved
in the absence of radioactive decay (table 2).

Figure 3 provides the spatial distribution of first temporal moment (mean arrival time) for
different values of fracture-skin porosities. It is observed from figure 3 that in the absence of
fracture-skin and rock-matrix (Case 1) the mean arrival time of solute in the fracture varies
linearly and from the slope of the profile it can be seen that the solute velocity along the fracture
is 1 m/day and is equal to the fluid velocity. Whereas in case of a coupled fracture-matrix system
(Case 2), the variation of mean arrival time along the fracture is nonlinear and the slope of the
profile is decreasing as the distance from the source increases and finally it tends to approach
zero (at the end of 80 m in figure 3). Further it can be noted from figure 3 that in case of coupled
fracture-skin-matrix system with low fracture-skin porosity (Cases 3 and 4), the mean arrival
time is linearly varying along the fracture. It can be observed from figure 3 that in a coupled
fracture-skin-matrix system with low porosity fracture-skin, the solute velocity along the fracture
is constant. In the case of high fracture-skin porosity (Case 3) slope of the profiles is constant
near the source and slope of curve is becoming zero away from the source (at the end of 100 m
in figure 3) which indicates that the solute velocity along the fracture is constant near the source
and solute velocity is becoming zero away from the source.
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Figure 3. Spatial distribution of first temporal moment for a coupled fracture-skin-matrix system. Refer
table 1 for base case parameters. (Case 1: Fracture only; Case 2: Fracture-Matrix; Case 3: θs = 0.00145;
Case 4: θs = 0.0145, Case 5: θs = 0.145).

Figure 4 provides spatial distribution of second temporal moment (variance of the mean arrival
time) for same data set as given in figure 3. It can be seen from figure 4 that value of the second
temporal moment increases nonlinearly in both coupled fracture-matrix system (Case 2) and
in coupled fracture-skin-matrix system (Cases 3, 4 and 5) which indicates that the magnitude
of solute dispersion coefficient is scale dependant in both the cases. Magnitude of dispersion
coefficient of solutes can be computed from the slope of the profiles using Eq. (19). It can
be observed from figure 4 that the presence of fracture-skin may reduce or increase quantum
of dispersion in comparison to that in a coupled fracture-matrix system depending on porosity
of fracture-skin. Presence of high porosity fracture-skin will enhance solute spreading whereas
presence of low porosity fracture-skin will reduce of solute spreading. In all cases shown in
figure 4 quantum of dispersion is very large near the fracture inlet and reduces exponentially
along the fracture.

Figure 5 provides the spatial distribution of first temporal moment for a coupled fracture-
skin-matrix system for a range of fracture-skin thicknesses under very low fracture-skin porosity
(θs = 0.00145). It can be observed from figure 5 that the mean arrival time is increasing linearly
along the fracture for all cases of fracture-skin thickness and the solute velocity remains constant
along the fracture in all the three cases of fracture-skin thickness. It implies that under very low
fracture-skin porosity, velocity of solute is not scale dependant and mobility of solute is not
sensitive to thickness of fracture-skin. Figure 6 provides spatial distribution of second temporal
moment for same data sets as seen in figure 5. It can be noted from figure 6 that under low
fracture-skin porosity solute spreading is sensitive to thickness of fracture-skin. In all three cases
shown in figure 6, slope of profiles are very large near the source and is becoming zero away
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Figure 4. Spatial distribution of second temporal moment for a coupled fracture-skin-matrix system.
Refer table 1 for base case parameters (Case 1: Fracture only; Case 2: Fracture-Matrix; Case 3: θs =
0.00145; Case 4: θs = 0.0145, Case 5: θs = 0.145).

Figure 5. Spatial distribution of first temporal moment for a coupled fracture-skin-matrix system. θs =
0.00145, refer table 1 for base case parameters (Case 6: (d-b) = 0.0005 m; Case 7: (d-b) = 0.001 m; Case
8: (d-b) = 0.05 m).
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Figure 6. Spatial distribution of second temporal moment for a coupled fracture-skin-matrix system. θs =
0.00145, refer table 1 for base case parameters (Case 6: (d-b) = 0.0005 m; Case 7: (d-b) = 0.001 m; Case
8: (d-b) = 0.05 m).

from fracture inlet. Further, it can be noted from figure 6 that the solute spreading reduces with
increase in fracture-skin thickness.

Figure 7 provides the spatial variation of first temporal moment for fracture-skin thicknesses
varying over two orders of magnitude under high fracture-skin porosity. It can be observed from
figure 7 that in case of low fracture-skin thickness (Cases 9 and 10), the mean arrival time of
solute is varying linearly along the fracture and the solute velocity remains constant whereas
in case of high fracture-skin thickness (Case 11), the mean arrival time is showing a nonlinear
variation along the fracture. In case of high fracture-skin thickness solute velocity is more near
the source and it reduces to zero away from source. It implies that under high fracture-skin
porosity, solute velocity is sensitive to thickness of fracture-skin and under high fracture-skin
porosity and large fracture-skin thickness; solute mobility scale dependant. Figure 8 provides
spatial distribution of second spatial moment for same data sets as seen in figure 7. It can be
seen from figure 8 that under very high fracture-skin porosity, for all three cases of fracture-skin
thicknesses the second temporal moment shows a nonlinear variation along the fracture and the
magnitude of dispersion coefficient is not sensitive to thickness of fracture-skin. Further, it can
be noted from figure 8 that the quantum of dispersion is very huge near the fracture inlet and it
exponentially reduces as distance from source increases.

Figure 9 provides spatial distribution of first temporal moment when properties of rock-matrix
(θm and Dm) have larger magnitude than that of its associated fracture-skin (θs and Ds). Case
12 in figure 9 corresponds to the case parameters or rock matrix (Dm and θm) are slightly larger
than that of fracture-skin whereas Case 13 corresponds to the case in which parameters of rock-
matrix are significantly higher than that of fracture-skin. It is observed from figure 9 that mean
arrival time is showing a linear variation indicating a constant velocity of solutes along the
fracture in both the cases and from the figure it can be inferred that the solute velocity is not
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Figure 7. Spatial distribution of first temporal moment for a coupled fracture-skin-matrix system. θs =
0.145, refer table 1 for base case parameters (Case 9: (d-b) = 0.0005 m; Case 10: (d-b) = 0.001 m; Case
11: (d-b) = 0.05 m).

Figure 8. Spatial distribution of second temporal moment for a coupled fracture-skin-matrix system. θs =
0.145, refer table 1 for base case parameters (Case 9: (d-b) = 0.0005 m; Case 10: (d-b) = 0.001 m; Case
11: (d-b) = 0.05 m.
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Figure 9. Spatial distribution of first temporal moment for a coupled fracture-skin-matrix system. Dm =
4 × 10−6 m2/d, θm = 0.145, refer table 1 for base case parameters (Case 12: Ds = 4 × 10−7 m2/d,
θs = 0.0145; Case 13: Ds = ×10−8 m2/d, θs = 0.00145).

sensitive to fracture-skin parameters (Ds and θs) when parameters of rock-matrix (Dm and θm)

have large magnitude compared to that of fracture-skin (Ds and θs). Figure 10 provides spatial
distribution of second temporal moment for same data sets as seen in figure 9. It can be observed
from figure 10 that when parameters of rock-matrix are slightly higher than that of fracture-skin
(Case 12), magnitude of solute dispersion coefficient is very huge near the source and it reduces
exponentially and is becoming zero away from the source whereas when parameters of rock-
matrix are significantly higher than that of fracture-skin spreading of solute along the fracture
is very less. From figure 10 it can be inferred that spreading of solutes is highly sensitive to
fracture-skin parameters (Ds and θs) when parameters of rock-matrix (Dm and θm) have slightly
large magnitude compared to that of fracture-skin (Ds and θs).

Figure 11 provides the spatial distribution of first temporal moment when properties of
fracture-skin (θs and Ds) have higher magnitude in comparison with that of the surrounding
rock-matrix. It can be observed from figure 11 that in both the cases, the mean arrival time
shows a linear variation indicating a constant velocity along the fracture and when the prop-
erties of fracture-skin are significantly greater than the surrounding rock-matrix (Case 15), the
solute velocity is getting retarded considerably along the fracture and velocity is reaching zero
away from the source. Figure 12 provides spatial distribution of second temporal moment for a
coupled fracture-skin-matrix system for the same data sets as seen in figure 11. It can be noted
from figure 12 that in both the cases, magnitude of dispersion coefficient reduces with increase
of distance along the fracture and becomes zero away from the source. From the figure 12 it can
be inferred that the second temporal moment is not much sensitive to fracture skin parameters
when properties of fracture-skin (θs and Ds) have higher magnitude in comparison with that of
the surrounding rock-matrix.
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Figure 10. Spatial distribution of second temporal moment for a coupled fracture-skin-matrix system.
Dm = 4 × 10−6 m2/d, θm = 0.145, refer table 1 for base case parameters (Case 12: Ds = 4 × 10−7 m2/d,
θs = 0.0145; Case 13: Ds = 4 × 10−8 m2/d, θs = 0.00145).

Figure 11. Spatial distribution of first temporal moment for a coupled fracture-skin-matrix system. Dm =
4 × 10−8 m2/d, θm = 0.00145, refer table 1 for base case parameters (Case 14: Ds = 4 × 10−7 m2/d,
θs = 0.0145; Case 15: Ds = 4 × 10−6 m2/d, θs = 0.145).
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Figure 12. Spatial distribution of second temporal moment for a coupled fracture-skin-matrix system.
Dm = 4×10−8 m2/d, θm = 0.00145, refer table 1 for base case parameters (Case 14: Ds = 4×10−7 m2/d,
θs = 0.0145; Case 15: Ds = 4 × 10−6 m2/d, θs = 0.145).

Figure 13 provides spatial distribution of first temporal moment under high skin porosity (θs =
0.145) for sorption intensities varying from 0.8 to 1.2. It can be observed from figure 13 that
for all cases of sorption intensities profile obtained are nonlinear, which indicates non uniform
solute velocity along the fracture. It can be seen from the figure that near the source, slope of the
profile is more hence solute velocity is more, and as the distance from the inlet increases solute
velocity is getting retarded. Further it can be observed from figure 13 that as the sorption intensity
increases the solute velocity will reach zero closer to the source and it can be inferred from the
figure that in a coupled fracture-skin-matrix system under nonlinear sorption, solute mobility is
a function of space. Figure 14 provides spatial distribution of second temporal moment for a
coupled fracture-skin-matrix for same data sets seen in figure 13. It can be noted from figure 14
that profiles obtained are similar in case of both linear and nonlinear sorption and implies that
the solute spreading as a function of space is not sensitive to the sorption intensities. Further, it
can be noted from figure 14 that spreading of the solute is more near the source and approaches
zero as the distance from source increases.

Figure 15 provides spatial distribution of first temporal moment for radioactive decay. Case
19 represents the profile, when decay is considered within the fracture in the absence of
fracture-skin and rock-matrix. Case 20 represents the profile when decay is considered in a
fracture-matrix coupled system in the absence of fracture-skin. Case 21 represents the profile
when decay is considered in a coupled fracture-skin-matrix system. It can be noted from figure 15
that the profile is linear when decay is considered in a fracture and in a fracture-skin-matrix
coupled system. Profile is nonlinear in a fracture-matrix coupled system, with a high solute
velocity very nearer to the source and zero solute velocity away from the source. This implies
that solute velocity in a coupled fracture-matrix system is scale dependant. Figure 16 provides
spatial distribution of second temporal moment for same data set as shown in figure 15. It can be
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Figure 13. Spatial distribution of first temporal moment for a coupled fracture-skin matrix system. (Kf /

b) = 6, (ρsKs / θs) = 699, (ρmKm / θm) = 69, Ds = 4 × 10−6 m2/d, θs = 0.145, refer table 1 for base case
parameters (Case 16: n e = 0.8; Case 17: n = 1.0; Case 18: n = 1.2).

Figure 14. Spatial distribution of second temporal moment for a coupled fracture-skin matrix system.
(Kf /b) = 6, (ρsKs /θs) = 699, (ρmKm / θm) = 69, Ds = 4×10−6 m2/d, θs = 0.145, refer table 1 for base
case parameters (Case 16: n = 0.8; Case 17: n = 1.0; Case 18: n = 1.2).
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Figure 15. Spatial distribution of first temporal moment for a coupled fracture-skin-matrix system. λ =
0.05/d, refer table 1 for base case parameters (Case 19: Fracture only; Case 20: Fracture-matrix; Case 21:
θs = 0.145).

Figure 16. Spatial distribution of second temporal moment for a coupled fracture-skin-matrix system.
λ = 0.05/d, refer table 1 for base case parameters (Case 19: Fracture only; Case 20: Fracture-matrix; Case
21: θs = 0.145).
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noted from figure 16 that under radioactive decay spreading of solute is not affected by the pres-
ence of fracture-skin. From figure 16 it can be inferred that in a coupled fracture-matrix system
(Case 21), the spreading of solutes is more near the source and it reaches zero very nearer to the
source compared to the spreading of solutes in a coupled fracture-skin-matrix system.

6. Summary and conclusions

In this study, numerical simulation is carried out along with temporal moment analysis to study
the influence of fracture skin on solute breakthrough curve of a solute in a coupled fracture-skin-
matrix system. The study is conducted in a one-dimensional framework for a boundary condition
of constant continuous source at the inlet and a constant flow velocity is assumed within the
fracture. Findings of the study can be summarized as follows:

(i) When properties of rock-matrix (θm and Dm) have larger magnitude than that of its asso-
ciated fracture-skin (θs and Ds), the solute mobility is not dependant on the fracture-skin
properties where as spreading of the solutes is dependent on fracture-skin properties.

(ii) When properties of fracture-skin (θs and Ds) have higher magnitude in comparison with
that of the surrounding rock-matrix, the solute mobility is considerably getting retarded
with increase in fracture properties whereas spreading of solutes is insensitive to properties
of fracture-skin.

(iii) Under high fracture-skin porosity, the presence of fracture skin does not significantly influ-
ence both the mobility as well as spreading characteristics for both favourable (n = 0.8) as
well as unfavourable (n = 1.2) nonlinear sorption isotherms, from that of linear isotherms.

(iv) The presence of fracture-skin does not significantly affect the mobility and mixing of
solutes, when decay is considered.
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Notation

The following symbols are used in this paper:

b = Half fracture aperture, [L];
d = Distance from center of fracture to the skin-matrix interface, [L];
H = Half fracture spacing, [L];
Cf =Volume concentration of solute in the fracture,

[
ML−3

]
;

Cs =Volume concentration of solute in the skin,
[
ML−3

]

Cm =Volume concentration of solute in the matrix,
[
ML−3

]

C = Volume concentration of solute,
[
ML−3

]
;

C0 = Constant concentration for continuous injection of solute source at the inlet of fracture,[
ML−3

]
;

DL = Hydrodynamic dispersion coefficient in the fracture,
[
L2T −1

]
;
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D∗ = Free molecular diffusion coefficient of the solute in water,
[
L2T −1

]
;

DS = Effective diffusion coefficient in the fracture-skin,
[
L2T −1

]
;

Dm = Effective diffusion coefficient in the rock-matrix,
[
L2T −1

]
;

Kd = Proportion or distribution coefficient,
[
(L3M−1)n

]
;

Kf = Surface sorption coefficient of fracture, [L];
KS = Volume sorption coefficient of the fracture-skin,

[
L3M−1

]
;

Km = Volume sorption coefficient of the rock-matrix,
[
L3M−1

]
;

Lf = Length of the fracture along the flow direction, [L];
Mo = Zeroth Temporal moment, [-];
M1 = First Temporal moment, [T];
M2 = Second Temporal moment,

[
T 2

]
;

n = Freundlich sorption isotherm exponent, [-];
Rf = Retardation factor of fracture, [-];
RS = Retardation factor of fracture-skin, [-];
Rm = Retardation factor of rock-matrix, [-];
S = Sorbed concentration,

[
MM−1

]
;

λ = Radioactive decay constant,
[
day−1

]

t = Time variable, [T];
V0 = Mean water velocity in the fracture,

[
LT −1

]
;

V (x) = Velocity of the solute in the fracture corresponding to distance x,
[
LT −1

]
;

T1 (x) = Normalised first temporal moment at distance x, [T ];
T11 (x) = Normalised second temporal moment at distance x, [T 2];
D (x) = Macro-dispersion coefficient in the fracture corresponding to distance x,

[
L2T −1

]
;

x = space coordinate along the flow direction in the fracture plane, [L];
y = Space coordinate in the direction normal to the fracture, [L];
x = Mean distance traveled by a solute front along the fracture, [L];
α0 = Local fracture dispersivity, [L];
ρs = Bulk density of the fracture skin,

[
ML−3

]
;

θs = Fracture-skin porosity, [-];
ρm = Bulk density of the rock matrix,

[
ML−3

]
;

θm = Rock-matrix porosity, [-];
�y (1) = Cell width across the fracture-skin interface, [L]
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