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Colloidal transport in a coupled sinusoidal
fracture matrix system
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Abstract— Colloids act as carriers of contaminants in the
subsurface media and thus modeling of colloidal transport
through fractures has gained importance in the recent decades.
Several studies have been conducted on colloid transport in
rock fractures using the traditional parallel plate model while
only a few have addressed the same in irregular fractures with
varying apertures. An attempt has been made to simulate
colloidal transport in sinusoidal fracture-matrix coupled
system numerically. Results suggest that the sinusoidal fracture
model behaves differently from the parallel plate model as the
fracture aperture in the sinusoidal fracture is varying spatially
along the fracture as well as within the same cross section of
the fracture. Filtration and remobilization of colloids has
negligible effect on the colloidal concentration in the
sinusoidal fracture matrix system. For high diffusion
coefficients of the colloids, the concentration of colloids in the
fracture is very significant which is different from the usual
behaviour resulting from the geometry of the fracture aperture
and the proportion of colloids diffusing into the rock matrix

Keywords— Colloidal transport, sinusoidal fracture, finite difference,
rock matrix, remobilisation

I. INTRODUCTION

Colloidal transport in fractured media is very important
phenomenon because of the potential of the colloids in
facilitating the movement of radionuclides in the subsurface
media. Colloids have been observed in the transport of
contaminants in many studies (Champ et al. 1984, Eichholz et
al. 1982, Kretzschmar et al. 1999, Penrose et al. 1990,
Buddemeier and Hunt 1998, Walton and Merritt 1980,
McCarthy et al. 1998a,b, Short et al. 1998, Kersting et al.
1999). The sorption of contaminants on colloids can affect the
transport mechanism of the contaminants in fractured media as
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the sorbed contaminants are not subjected to retardation
mechanisms like matrix diffusion and thus enhancing the
mobility of the contaminants (Baek and Pitt 1996). Thus
analysis of colloids is very important as they act as carriers for
the contaminants and thus influence their rate of migration.

Colloids are tiny particles in the size range of 1 nm to 1um
suspended in water, with high surface area and electrostatic
charge (Hunter 1986). The natural colloids in groundwater and
the repository derived colloids influence the radionuclide
migration significantly since they are smaller than the
intergranular pores and fractures in rock and have the capacity
to travel long distances in percolating waters (Li et al. 2004).
Colloids are present in the subsurface in the form of bacteria,
viruses, metal oxides, clay minerals and humic
macromolecules (Mills et al. 1991, Moulin and Ouzounian
1992).

Many researchers have developed models for colloidal
transport in the subsurface media. Hwang et al. (1990)
presented a model for colloid migration in a single planar
fracture with the assumption that colloids are not depositing on
fracture surfaces. Champ et al. (1984) observed rapid transport
of bacterial colloids relative to conservative tracers in a field
experiment in crystalline fractured rocks. Abdel-Salam and
Chrysikopoulos (1994) presented analytical solution to the
problem of colloid transport in a single fracture for constant
concentration as well as constant flux boundary conditions.
McCarthy and McKay (2004) described the challenges in the
analysis of colloid transport in natural settings. James and
Chrysikopoulos (2003) derived analytical solutions for
monodisperse and polydisperse colloid transport in uniform
fractures. Substantial studies have been conducted on colloid
transport considering the fractures to be smooth, parallel
plates. Only a few studies have accounted for the aperture
variation spatially.

Chrysikopoulos and Abdel-Salam (1997) developed a
numerical model to describe the transport of colloids in a
saturated fracture with spatially variable aperture, accounting
for colloid deposition onto fracture surfaces under various
physicochemical conditions using stochastic modeling. James
et al. (2005) presented a quasi-three dimensional particle
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tracking model to analyze the transport of contaminants in the
presence of colloids through a variable fracture aperture
situated in the porous medium. A probabilistic form of the
Boltzmann law was used to describe filtration of both colloids
and contaminants on fracture walls. Their study has not
included the effect of remobilization of colloids. Earlier
studies have shown that the changes in the subsurface
conditions, such as pH and ionic strength, can remobilize
previously filtered colloids (Vilks et al. 1996, McCarthy and
Degueldre 1993). Thus remobilization of colloids is one of the
important parameter which needs to be taken into account
while modeling colloidal transport. Remobilization process has
been considered while modeling colloidal transport (Anghel
and Reimus 2000, Reimus et al. 2003). Apart from the parallel
plate model, a few researchers have carried out studies on
sinusoidal and saw toothed fractures.

Zimmerman et al. (1991) studied the permeability of rough
fractures using the lubrication theory. They applied the
lubrication theory to two simplified aperture profiles,
sinusoidal as well as saw tooth and derived analytical
expressions for the permeabilities. Dijk and Berkowitz (1998)
examined the evolution of fracture aperture in sinusoidal
fracture geometry due to precipitation and dissolution. Yeo
(2001) investigated the effect of fracture roughness on solute
transport in a single fracture by assuming sinusoidal fracture
geometry using Lattice Boltzmann method. Recently,
Natarajan and Suresh Kumar (2010a,b) have simulated solute
transport and thermal transport in a coupled sinusoidal fracture
matrix system numerically. However, colloidal transport
differs from contaminant transport (Keller and Auset 2004).
None of the previous studies have attempted to analyse the
transport of colloids in a sinusoidal fracture. The objective of
the present study is to investigate the effect of various
colloidal transport properties on the evolution of colloidal
concentration in a coupled sinusoidal fracture matrix system.
Filtration as well as remobilization of colloids has been
incorporated into the present model.

ILPHYSICAL SYSTEM AND GOVERNING EQUATIONS

The conceptual model corresponding to sinusoidal fracture-
matrix system is illustrated in Figure 1 below, where b refers
to the varying half-fracture, H is the half fracture spacing, A is
the amplitude of the sine wave, J is the wavelength of the sine
wave and L¢ refers to the length of the fracture. The principal
colloidal transport mechanisms in the fracture are advection,
hydrodynamic dispersion and matrix diffusion. Colloidal
migration in the fracture is considered to be faster than in the
matrix and diffusion into the matrix is considered to be one
dimensional process.
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Figure 1. Schematic representation of a fracture-matrix
coupled system with sinusoidal fracture geometry with varying
fracture aperture.

The transport equation was adopted for simulating colloidal
transport along the fracture given by Li et al. (2004) has been
modified to account for the varying fracture aperture.
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Qc is the diffusion flux of the colloids from the fracture into
the rock-matrix and
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& is the percentage of matrix flux diffusion into the rock-
matrix since the diffusion of colloids may be hindered by the
colloids filtered on the fracture surface and some colloids with
diameters larger than the pores in the rock-matrix cannot
diffuse into the rock-matrix.

The governing equation for the colloid transport in the rock
matrix is expressed as:
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Where Cp is the concentration of the colloids in the porous
rock matrix, D¢p is the diffusion coefficient of the colloids and

Kd cp

within the rock matrix.

is the sorption partition coefficient for the colloids

The initial and boundary conditions for colloid transport are
given as:

C(x=0,t)=Co
Q)
C(x=L, =0
(6)
C(x,t=0) =Cp(x,z,t=0)= 0
(7

Cp(x,z=Db, t) =C(x, t)
0C,(xz=H,1) _
0z
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Where C, is the concentration of the colloids at fracture inlet

III. NUMERICAL MODEL

The system is described by a set of coupled partial differential
equations, one for the fracture and another for the matrix,
formulated in pseudo two dimensional framework. The set of
equations are solved numerically using fully implicit finite
difference scheme. To satisfy the continuity at the fracture
matrix interface, iteration is performed at each time step. A
varying grid is adopted at the fracture matrix interface to
accurately capture the flux at the interface. A wavelength of
4m and amplitude of 66pum was adopted for simulating the
sinusoidal wave, using which the varying aperture values were
generated for the numerical model. A fracture length of 50m
and a simulation period of 10 years were adopted for the
simulation. A constant discharge of 5x10°m’/d and a varying
velocity has been assumed for the present study.

IV. RESULTS AND DISCUSSION

A numerical model is developed to simulate colloidal transport
in a coupled sinusoidal fracture matrix system. The numerical
model using the conventional parallel plate fracture system
was validated with the analytical solution provided by Van
Genuchten (1981). The base case data pertaining to colloids
was adopted from Abdel-Salam and Chrysikopolous (1994).
The parameters used for validation of the numerical results
with the analytical solution for colloids are presented in
Tablel. The results for the verification of the model have
been shown in Figure. 2.

Table I Parameters used for the numerical simulation
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Fluid velocity (m/year) \Y 1
Hydrodynamic dispersion D 0.25
coefficient in the fracture (m*/year)

Length of the fracture (m) L¢ 150
Total simulation time (day) T 5
Colloid dispersion coefficient (m) K le-10
Concentration of colloids at the C, 1
inlet of the fracture (kg/m’)

0.8 4
0.6 —— Analytical solution
’ ®_ Numerical solution:

0.4

0.2

. —

15

Relative concentration of colloids

20
Distance along the fracture (m)

Figure 2. Validation of numerical results with analytical
solution for colloid transport in a single rock fracture. Refer to
Table 1 for data.

The analytical solution is represented by solid lines while the
numerical solution is represented by data points. It is observed
from Figure. 2 that the numerical results are in close
agreement with the analytical solution for the data provided in
Table 1, which illustrates the robustness of the numerical
model. The parameters used for numerical simulation of
colloid transport in the sinusoidal fracture matrix system are
provided in Table 2.

Table 2. Parameters used for the colloid
transport in sinusoidal fracture matrix system

Parameter Symbol Value

Initial half-fracture aperture (m) b 1.25e-04

Parameter Symbol Value
Initial half-fracture aperture (m) b 100e-06
Fracture spacing (m) 2H 0.1
Porosity of the rock matrix 2 0.09
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Colloid concentration at the inlet of C, 1
the fracture (kg/m")

Hydrodynamic dispersion coefficient Dc 1
of colloids suspended in the rock

fracture (m”/year)

Filtration coefficient for colloids (m™) A 0.5
Percentage of diffusion for colloids & 0.5
Diffusion coefficient of colloids Dcp 2.2e-08
within the fracture-skin (m*/year)

Distribution coefficient for colloids o 0.1
within the rock-matrix

Remobilisation coefficient for Rmb 0.5
colloids in the fracture (year)

Length of the fracture (m) L 50
Total simulation time (year) T 10

e
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Figure 3. Comparison of relative concentration of colloids
obtained from parallel plate and sinusoidal fracture models.
Refer Table 2 for base case parameters.

Figure 3 illustrates the comparison of concentration of colloids
obtained from the parallel plate model and the sinusoidal
fracture model. It is observed from Figure 3 that the relative
concentration of colloids from the parallel plate model reaches
zero concentration at 20m from the fracture inlet. On the other
hand, the relative concentration of colloids reaches zero at
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approximately 15m from the fracture inlet since the curvature
of the sinusoidal fracture increases the rate of diffusion of
colloids into the rock matrix due to the high residence time
available for the colloids in the fracture.
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Figure 4. Comparison of relative concentration of colloids
obtained from parallel plate and sinusoidal fracture models for
various dispersion coefficients of colloids in the fracture.
Refer Table 2 for base case parameters.

Figure 4 illustrates the comparison of concentration of colloids
obtained from the parallel plate model and the sinusoidal
fracture model for various dispersion coefficients of colloids in
the fracture. It is observed from Figure 4 that the concentration
of colloids in the fracture increases with increase in the
dispersion coefficient. The concentration profiles obtained
from the parallel plate model for different dispersion
coefficients merge with each other nearer to the fracture inlet
due to the immediate diffusion of colloids into the rock matrix
in all the cases and they deviate from each other far away from
the fracture inlet. On the other hand, the concentration profiles
obtained from the sinusoidal model for different dispersion
coefficients are distinct from each other. This is because the
fracture aperture in the sinusoidal fracture is varying spatially
along the fracture as well as within the same cross section of
the fracture. Thus, the behavior of the colloids movement
within the fracture is distinct.
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Figure 5. Comparison of relative concentration of colloids
obtained from parallel plate and sinusoidal fracture models for
various matrix porosities. Refer Table 2 for base case
parameters.

Figure 5 illustrates the comparison of concentration of colloids
obtained from the parallel plate model and the sinusoidal
fracture model for various matrix porosities. It is observed
from Figure 5 that both the colloids behave in the same
manner for different matrix porosities in both the models. Due
to the effect of the sinusoidal curvature of the fracture, the
colloidal concentration in the sinusoidal fracture reaches zero
at 15 from the fracture inlet while the concentration reaches
zero at 20m from the fracture inlet in the parallel plate model.
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Figure 6. Comparison of relative concentration of colloids
obtained from parallel plate and sinusoidal fracture models for
various filtration coefficients of colloids. Refer Table 2 for
base case parameters.

Figure 6 illustrates the comparison of concentration of colloids
obtained from the parallel plate model and the sinusoidal
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fracture model for various filtration coefficients of colloids. It
is observed from Figure 6 that the concentration of colloids in
the fracture reduces with increment in the filtration coefficient
in the parallel plate model. This is because when the filtration
coefficient is zero, i.e. A = 0, none of the colloids are filtered
from the aqueous phase and thus high concentration of colloids
is observed in the fracture and on the other hand, when the
filtration coefficient is very high all the colloids are filtered off
from the aqueous phase resulting in very low concentration. In
the sinusoidal fracture model, similar concentration profiles
are observed for different filtration coefficients. This is
because the zig zag nature of the fracture aperture hinders the
filtration of colloids and thus increment in the filtration
coefficient of colloids does not alter the concentration of
colloids in the fracture.
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Figure 7. Comparison of relative concentration of colloids

obtained from parallel plate and sinusoidal fracture models for

various remobilization coefficients of colloids. Refer Table 2

for base case parameters.

Figure 7 illustrates the comparison of concentration of colloids
obtained from the parallel plate model and the sinusoidal
fracture model for various remobilization coefficients of
colloids. It is observed from Figure 7 that the concentration of
colloids in the fracture increases with increment in the
remobilization coefficient in the parallel plate model. This is
because when the remobilisation coefficient is zero, i.e. Rmb =
0, none of the colloids are remobilized back into the aqueous
phase and thus very low concentration of colloids is observed
in the fracture and on the other hand, when the remobilization
coefficient is very high all the colloids are remobilized back to
the aqueous phase resulting in high concentration. In the
sinusoidal fracture model, similar concentration profiles are
observed for different remobilization coefficients. The
sinusoidal fracture does not enhance the remobilization of
colloids into the aqueous phase which results in colloidal
concentration reaching zero at the same distance from the
fracture inlet for all the remobilization coefficients. In
addition, it is assumed that 50% of the colloids are diffusing
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into the rock matrix which also hinders the remobilization
process.
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Figure 8. Comparison of relative concentration of colloids
obtained from parallel plate and sinusoidal fracture models for
various diffusion coefficients of colloids into the rock matrix.
Refer Table 2 for base case parameters.

Figure 8 illustrates the comparison of concentration of colloids
obtained from the parallel plate model and the sinusoidal
fracture model for various diffusion coefficients of colloids
into the rock matrix. In general, as the diffusion coefficient
increases, the concentration of contaminants decreases in the
fracture as more contaminants diffuse into the rock matrix.
This phenomenon is observed nearer to the fracture inlet for
very low diffusion coefficients for both the models and the
profiles merge with each other father away from the fracture
inlet. When the colloid diffusion coefficient is high, the
colloidal concentration is significant in the fracture which is
different from the usual behavior. In the parallel plate model,
this phenomenon is observed because some of the colloids are
filtered off from the aqueous phase which gets deposited on
the fracture surface and only 50% of the colloids are assumed
to enter the rock matrix. In the sinusoidal fracture model, the
curvature of the fracture contributes to the non linear
concentration profile of colloids and thus only a small fraction
of the colloids are diffusing into the rock matrix.

V. CONCLUSION

Numerical simulation of colloidal transport in a sinusoidal
fracture matrix coupled system has been attempted. The results
suggest that the sinusoidal fracture model behaves differently
from the parallel plate model. The concentration profiles
obtained from the sinusoidal model for different dispersion
coefficients are distinct from each other because the fracture
aperture in the sinusoidal fracture is varying spatially along the
fracture as well as within the same cross section of the
fracture. Filtration and remobilization of colloids has
negligible effect on the colloidal concentration in the
sinusoidal fracture matrix system as the curvature of the
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fracture aperture hinders the diffusion mechanism of the
colloids. For high diffusion coefficients of the colloids, the
concentration of colloids in the fracture is very significant
which is different from the usual behavior resulting from the
geometry of the fracture aperture and the proportion of
colloids diffusing into the rock matrix.

REFERENCES
[1]Champ D.R, Young J.L, Robertson D.E and Abel K.H.,
1984. Chemical speciation of longlived radionuclides in a
shallow groundwater flow system, Water Pollut. Res. J.Can. ,
Vol. 19, pp. 35-54.
[2]G.G.Eichholz, B.G. Wahlig, G.F. Powell, T.F. Craft,
“Subsurface migration of radioactive waste materials by
particulate transport,” Nucl. Technol., Vol. 58, pp. 511-520,
1982.
[3]R. Kretzschmar, M. Borkovec, D. Grolimund, M.
Elimelech, ‘“Mobile subsurface colloids and their role in
contaminant transport,” Adv. Agron., Vol. 66, pp. 121-
194,1999.
[4]W.R. Penrose, W.L. Polzer, E.H. Essington, D.M. Nelson,
K.A. Orlandini, “Mobility of Plutonium and Americum
through a shallow aquifer in a semiarid region,” Environ. Sci.
Technol., Vol. 24, pp. 228-234, 1990.
[5]R.W. Buddemeier and J.R. Hunt, “Transport of colloidal
contaminants in groundwater : radionuclide migration at the
Nevada Test Site,” Appl. Geochem., Vol. 3, pp. 535-
548,1998.
[6]F.B. Walton and W.F. Merritt, “Long term extrapolation of
laboratory glass leaching data for the prediction of fission
product release under actual groundwater conditions,” Sci.
Basis Nucl. Waste Management, Vol. 2, pp. 155-166.,1980.
[71J.F. McCarthy, K.R.Czerwinski, W.E. Sanford, P.M.
Jardine, J.D. Marsh, “Mobilization of transuranic
radionuclides from disposal trenches by natural organic
matter,” J. Contam. Hydrol.Vol. 30, pp. 49-77, 1998a.
[8]J.F. McCarthy, W.E. Sanford, P.L. Stafford, “Lanthanide
surface roughness on the colloidal forces between a particle
and field tracers demonstrate enhanced transport of transuranic
radionuclides by natural organic matter,” Environ. Sci.
Technol., Vol. 32, pp. 3901-3906, 1998b.
[9]S.A. Short, R.T. Lowson, J.Ellis J, “234U/238U and
230Th/234U activity ratios in the colloidal phases of aquifers
in lateritic weathered zones,” Geochim. Cosmochim. Acta
Vol. 52, pp.2555-2563, 1998.
[10]JA.B. Kersting, D.W. Efurt, D.L. Finnegan, D.J. Rokop,
D.K. Smith, J.L. Thompson, “Migration of Plutonium in
groundwater at the Nevada Test Site,” Nature, Vol. 397, pp.
56-59, 1999.
[11]1. Baek and W.W. Pitt, “ Colloid-facilitated radionuclide
transport in fractured porous rock,” Waste Management ,
Vol.16, pp. 313-325, 1996.
[12]R.J. Hunter, “Foundations of colloid Science
Clarendon Press, Oxford, pp. 541,1986.
[13]S.H. Li, H. Yang, C.P. Jen, “Modeling of colloid transport
mechanisms faciltitating migration of radionuclides in
fractured media,” Nucl. Technol., Vol. 148, pp. 1-11, 2004.

I,”



INTERNATIONAL JOURNAL OF GEOLOGY

[14]V. Moulin and G. Ouzounian, “ Role of colloids and
humic substances in the transport of radioelements through the
geosphere,” Appl. Geochem., Vol. 1, pp. 179-186,1992.
[15]Y. Hwang, P.L. Chambre, W.W.L. Lee, T.H. Pigford,
“Analytical studies of colloid transport in fractured porous
media,” Mate. Res. Soc. Symp. Proc., Vol. 176,pp. 599—
605,1990.

[16]A. Abdel-Salam and C.V. Chrysikopolous, “Analytical
solutions for one-dimensional colloid transport in saturated
fractures,” Adv. Water Resour., Vol. 17, pp. 283-296, 1994.
[17]).F. McCarthy and L.D. McKay, “Colloid transport in the
subsurface: past, present, and future challenges,” Vadose Zone
J., Vol. 3, pp. 326337, 2004.

[18]S.C. James and C.V. Chrysikopoulos, “Analytical
solutions for monodisperse and polydisperse colloid transport
in uniform fractures,” Colloids Surf. A: Physicochem. Eng.
Aspects , Vol. 226, pp. 101-118, 2003.

[19]C.V. Chrysikopolous and A. Abdel-Salam A, “Modeling
colloid transport and deposition in saturated fractures,”
Colloids Surf. A: Physiochem. Eng. Aspects, Vol. 121, pp.
189-202,1997.

[20]S.C. James, T.K. Bilezikjian, C.V. Chrysikopoulos,
“Contaminant transport in a fracture with spatially variable
aperture in the presence of monodisperse and polydisperse
colloids,” Stoch. Environ. Res. Risk Assess., Vol. 19,pp. 266—
279, doi:10.1007/s00477-004-0231-3, 2005.

[21]P. Vilks, L.H. Frost, D.B. Bachinski, “Field-scale colloid
migration experiments in a granite fracture,” J. Contam.
Hydrol., Vol. 26,pp. 203-214, 1996.

[22]J.F. McCarthy and C. Degueldre, “Environmental Particles
2, Lewis, Boca Raton, FL, pp. 247, 1993.

[23]1. Anghel and P.W. Reimus, “Abstr. Pap. Am. Chem.
Soc.,”Vol. 220, No. 1, U232, 2000.

[24]P.W. Reimus, S.D.Ware, N.P. Lu,K.S. Kung, M.P.Neu,
S.D. Reilly, A.B. Kersting, “Abstr. Pap. Am. Chem. Soc.,”
Vol. 225, No. 1,pp. U984, 2003.

[25]R.W. Zimmerman, S. Kumar, G.S. Bodvarsson,
“Lubrication theory analysis of the permeability of rough
walled fractures,” International Journal of Rock Mechanics,
Vol. 28, No. 4, pp. 325-331, 1991.

[26]P. Dijk, B. Berkowitz, “Precipitation and dissolution of
reactive solutes in fractures,” Water Resources Research,Vol.
34, No.3,pp. 457-470, 1998.

[27]L.LW. Yeo, “Effect of fracture roughness on solute
transport,” Geosciences Journal, Vol. 5, No. 2,pp. 145-151,
2001.

[28]N. Natarajan, and G. Suresh Kumar, “Solute transport in a
coupled fracture-matrix system with sinusoidal fracture
geometry,” International Journal of Engineering Science and
Technology , Vol. 2, No.6, pp. 1886-1892, 2010a.

[29]N. Natarajan and G. Suresh Kumar, “Thermal transport in
a coupled sinusoidal fracture-matrix system,” Infernational
Journal of Engineering Science and Technology, Vol. 2,
No.7,pp. 2645-2650, 2010b.

[30]JA.A. Keller and M. Auset, “Pore-scale processes that
control dispersion of colloids in saturated porous media,”

47

Issue 2, Volume 4, 2010

Water Resour. Res., Vol.40, w03503,
doi:10.1029/2003wr002800, 2004.

[31]M. Th Van Genuchten, “Analytical solutions for chemical
transport with simultaneous adsorption, zero-order production
and first-order decay, “ J. Hydrol., Vol. 49, pp. 213-233,
1981.

[32]W.B. Mills, S.Liu, F.K. Fong, “ Literature review and
model (COMET) for colloid/metals transport in porous

media,” Ground Water , Vol. 29, pp. 199-208,1991.





