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Diffusion processes in composite porous media and their
numerical integration by random walks: Generalized stochastic
differential equations with discontinuous coefficients

Eric M. LaBolle,' Jeremy Quastel,> Graham E. Fogg,? and Janko Gravner*

Abstract.

Discontinuities in effective subsurface transport properties commonly arise (1)

at abrupt contacts between geologic materials (i.e., in composite porous media) and (2) in
discrete velocity fields of numerical groundwater-flow solutions. However, standard
random-walk methods for simulating transport and the theory on which they are based
(diffusion theory and the theory of stochastic differential equations (SDEs)) only apply
when effective transport properties are sufficiently smooth. Limitations of standard theory
have precluded development of random-walk methods (diffusion processes) that obey
advection dispersion equations in composite porous media. In this paper we (1) generalize
SDE:s to the case of discontinuous coefficients (i.e., step functions) and (2) develop
random-walk methods to numerically integrate these equations. The new random-walk
methods obey advection-dispersion equations, even in composite media. The techniques
retain many of the computational advantages of standard random-walk methods, including
the ability to efficiently simulate solute-mass distributions and arrival times while
suppressing errors such as numerical dispersion. Examples relevant to the simulation of
subsurface transport demonstrate the new theory and methods. The results apply to
problems found in many scientific disciplines and offer a unique contribution to diffusion

theory and the theory of SDEs.

1. Introduction

Facilitated by geostatistical methods, detailed characteriza-
tions of the subsurface can capture the character of intricate
heterogeneities that strongly control transport [Copty and Ru-
bin, 1995; Sheibe and Freyberg, 1995; McKenna and Poeter,
1995; Carle et al., 1998]. Adequately resolving subsurface het-
erogeneity can yield immense computational grids, commonly
with greater than 10° nodes [e.g., Tompson, 1993], that demand
specialized numerical techniques to solve governing transport
equations. In many cases, random-walk methods are favored
over finite difference, finite element, and method of charac-
teristic techniques for large problems of this type [e.g., see
Tompson et al., 1987; Tompson and Gelhar, 1990; LaBolle et al.,
1996] because of their ability to efficiently simulate solute-mass
distributions and arrival times while suppressing errors such as
numerical dispersion [Prickett et al., 1981; Uffink, 1985; Ahl-
strom et al., 1977; Kinzelbach, 1988; Tompson et al., 1987].

Spatial averaging [Plumb and Whitaker, 1990] of pore-scale
equations for transport by advection and molecular diffusion in
porous media gives rise to advection-dispersion equations
(ADEs) commonly used to model subsurface transport:
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where ¢ is time, ¢ [M L] is concentration, v; [L T '] is
velocity, ® [L* L ~°] is effective porosity, and D, [L> T~ '] is
a real symmetric dispersion tensor. Standard random-walk
methods [e.g., Kinzelbach, 1988; Tompson et al., 1987] approx-
imate solutions to (1) by simulating sample (particle) paths
corresponding to diffusion processes described by stochastic
differential equations (SDEs). Here “diffusion processes” re-
fer to Markov processes with continuous sample paths as math-
ematical models of real subsurface-transport phenomena.
Therefore, in the present context, the term “diffusion process”
refers to “advection dispersion process.”

Use of (1) as a model of transport in heterogeneous porous
media poses problems in the context of random-walk simula-
tion methods: Standard methods, and the theory on which they
are based (i.e., diffusion theory and the theory of SDEs), only
apply when coefficients, porosity and dispersion tensors are
sufficiently smooth functions of space [LaBolle et al., 1996,
1998]. Discontinuities in effective transport properties, how-
ever, commonly arise (1) at abrupt contacts between geologic
materials (i.e., in composite porous media) and (2) in discrete
velocity fields of numerical groundwater-flow solutions. As a
result, standard random-walk methods (and SDEs) cannot
simulate transport in heterogeneous porous media with abrupt
contacts between geologic materials.

Both interpolation [LaBolle et al., 1996] and “reflection”
[Uffink, 1985; Ackerer, 1985; Cordes et al., 1991; Semra et al.,
1993; LaBolle et al., 1998; LaBolle and Fogg, this issue]
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techniques have been proposed to address the aforementioned
limitations of standard random-walk methods. By spatially in-
terpolating coefficients, one can ensure they remain sufficiently
smooth throughout the domain such that standard random-
walk (or Ito6-Euler integration) methods can be applied. Accu-
racy of this approach, however, suffers unless one refines the
interpolation (i.e., the region over which coefficients are
smoothed) and time step simultaneously [LaBolle et al., 1996],
which commonly leads to undesirable increases in computa-
tional effort. Furthermore, in the limit, refining the interpola-
tion ultimately gives rise to the original problem: discontinuous
coefficients.

LaBolle et al. [1998] developed necessary conditions for the
convergence of diffusion processes to ADEs in composite po-
rous media and applied the new theory to test four one-
dimensional “reflection” techniques [Uffink, 1985; Ackerer,
1985; Cordes et al., 1991; Semra et al., 1993]. The term “reflec-
tion” is derived from the usual method of reflecting particles to
maintain no-flux boundary conditions in a random walk [see
Tompson et al., 1987]. These techniques rely on either an an-
alytical solution to the specific problem or the specialized nu-
merical treatment of particle displacements to maintain mass
balance at an interface between regions with constant, but
different, diffusion coefficients. LaBolle et al. [1998] showed
that two of these reflection techniques fail to solve the speci-
fied problem, while the methods of Uffink [1985] and Semra et
al. [1993] succeed. One can show that these methods relate to
an analytical solution to the problem of one-dimensional dif-
fusion at an interface [LaBolle and Fogg, this issue]. The
method of Semra et al. [1993] has been recently extended to
three dimensions [Semra, 1994; Ackerer, 1999] for constant
coefficients within subdomains. General mathematical repre-
sentations of multidimensional diffusion processes obeying
ADEs in composite porous media (i.e., porous media charac-
terized by discontinuous coefficients) have remained undevel-
oped [LaBolle et al., 1998].

In this paper we generalize SDEs to the case of discontinu-
ous coefficients to develop (1) new mathematical representa-
tions of diffusion processes that simulate advection and dis-
persion in composite porous media and (2) random-walk
methods for numerical integration of these equations. The new
methods retain many of the computational advantages of stan-
dard methods [e.g., Kinzelbach, 1988; Tompson et al., 1987].
Examples demonstrate application of the new theory and
methods to problems of transport in porous media. However,
our results apply to problems found in numerous scientific
disciplines. Further, since the treatment of diffusion processes
with discontinuous coefficients is presently not covered in sto-
chastic theory (e.g., as described by Arnold [1992]), our results
offer a unique contribution to diffusion theory and the theory
of SDEs. Before considering the new approximations, we re-
view standard stochastic methods for simulating diffusion pro-
cesses.

2. Standard Methods for Simulating Diffusion
Processes

Standard stochastic methods for simulating subsurface
transport [e.g., Kinzelbach, 1988; Tompson, 1987] may be ap-
plied when effective transport properties vary smoothly in
space. In this case, diffusions corresponding to (1) are com-
monly represented by an 1td SDE [lt6 and McKean, 1961]:
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where the last integral in (2a) is referred to as a stochastic
integral, (I) denotes the Itd interpretation of this integral (de-
fined below), X;(t) [L] is a sample path in space, BB, =
2D,;, and W;(t) [T~"'?] is a Brownian motion process such
that AW; = W;(t) — W(t,) has mean zero and covariance
Atd,;. Note that B;; is generally not unique. The coefficients A,
[L T'] and D,; are referred to as the drift vector and diffu-

sion tensor, respectively, and are defined as
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where angle brackets denote the expectation. We will refer to
a component of the drift that involves gradient terms, such as
the second term in the right-hand side of (3a), as a “gradient
drift term.”

In general, to arrive at a unique definition for a stochastic
integral, it is necessary to specify how it is to be evaluated [see
Arnold, 1992, chapter 2]. The It0 stochastic integral specified in
(2a) is defined as

8 f > By(X, t") dWit")

=ms—lim Y, > BilX(te), tiJ[Wit) — Witi-)],  (4)

n—% k=1

where ms-lim denotes the limit in the mean square [Gardiner,
1990]. The It6 definition given in (4) evaluates B,; at location
X(t,_,) rendering B, statistically independent of dW; thus
ensuring that the integral in (4) has mean zero. One well-
known alternative to the Itd interpretation of the stochastic
integral is that of Stratonovich [1963], in which B is evaluated
at location [X(#,_,) + X(#,)]/2, that is,

(S) f > By(X, t') dWi(t")

! X(t) + X(t,-
= ms — lim E 2 BU[M’ tk—1:|

* k=1 j
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where the (S) denotes the Stratonovich interpretation. For
convenience, herein we will adopt the following notation:

(1) X By(X, 1) dW(1) = >, By(X, t) dWi(t)  (6a)

J J
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(S) 2 By(X, t) dWi(t) = >, By(X + dY, 1) dW(r)
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where we have written stochastic integrals as differentials, leav-
ing all integration implied. We will say that B,; is evaluated at
location X and X + dY in the It and Strat0n0V1ch integrals of
(6a) and (6b), respectively. For dX; = B, (X + dY, t) - dW,
and assuming that B;; is sufficiently smooth, expanding the
Stratonovich equation (6b) in a Taylor series shows the rela-
tionship between Itd and Stratonovich integrals is given as

dX, = (S) X By(X, 1) dW; = 2, By(X + ;dX, 1) dW,

J J
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where we have used dW,dW; = dt§,;. Assuming constant O,

one can show that the following Stratonovich SDE obeys (1)
and is equivalent to the Ito0 SDE (2a):

1 9
dX(1) = | w(X, 1) + 5 2 By —By(X, 1)
i 6x1

+ 2 By(X + 2dX, 1) dW(0), (8)
J

where B;; of the stochastic 1ntegral is evaluated at time ¢ and
location glven by the vector X + + dX. Therefore evaluating B
at various locations, which differ infinitesimally from the cur-
rent location, and adding or subtracting necessary gradient
drift terms allows one to formulate a variety of equations that
are mathematically equivalent to (2a).

Standard random-walk methods for simulating (1) are nor-
mally based on Euler integration of the I1td SDE in (2a) [e.g.,
see Tompson et al., 1987]. However, equation (2a) only applies
when coefficients @ and D; are sufficiently smooth. Therefore,
when either D;; or @ are discontinuous, these standard meth-
ods fail [LaBolle, 1996]. For example, Euler approximations to
(2a) that either evaluate gradient drift terms by finite differ-
ences [Tompson et al., 1987] or neglect gradient drift terms all
together [Prickett et al., 1981] cannot simulate (1) in composite
media. Further, results from these methods cannot be im-
proved by refining the time step of the integration scheme. In
summary, standard stochastic theory fails to provide a defini-
tion for such equations in composite media in which ® and D ;
are discontinuous. We address this problem in section 3.

3. Diffusion Processes in Composite Media

The methods developed here stem from the premise that
SDEs may be generalized to consider discontinuous coeffi-
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cients, yielding diffusion processes that obey (1) for both
smooth and discontinuous transport properties. By inspection
the principle objection to applying the SDE (2a) in composite
media is the presence of the gradient drift term therein, not
formally defined when ® and/or D,; are discontinuous, that is,
step functions. We will show that one can formulate equations
equivalent in meaning to (2a) but free of gradient drift terms.
Numerical integration by random walks will demonstrate that
these equations correspond to (1) in composite media, where
0 and D;; are discontinuous. These new methods preserve
many of the computational advantages of standard random-
walk techniques. In Appendix A we consider the new methods
in one dimension and show that they, indeed, correspond to (1)
in composite media. In Appendix B we show that a similar
result may be obtained by applying a stochastic calculus using
generalized functions. Next we present these methods and
demonstrate their application to subsurface transport prob-
lems beginning with the simple case of isotropic dispersion in
composite media, and then we consider the case of anisotropic
dispersion.

3.1. Isotropic Diffusions

The mathematical representation of isotropic diffusion pro-
cesses arising from advection and dispersion in composite po-
rous media is relevant to the simulation of transport in heter-
ogeneous porous media. As we will demonstrate in a
subsequent paper, the dispersion tensor can often be approx-
imated as isotropic without loss of accuracy provided the pore-
scale dispersion tensor can be approximated as isotropic with
respect to its minor axes (assumed to be orthogonal to the
velocity vector) and provided longitudinal spreading due to
explicitly modeled heterogeneities is much greater than longi-
tudinal spreading represented by the pore-scale dispersion
process. Beginning with the case of constant ® and isotropic
D,;, we develop an equation that is equivalent to (2a) and yet
free of gradient terms. We seek an equation that takes the
form of (2a) after expanding in Taylor series. By inspection we
arrive at the following result:

dX,(t) = v(X, 1) dt + >, By(X + dX, 1) dW,(¢)

J

(92)

By(x, t) = \A(x, 1)8;, (9b)
where A is the eigenvalue of 2D;; and Bj; is evaluated at time
t and location given by the vector X + dX. For smooth coef-
ficients, (9a) has been referred to as the “backward It6” sto-
chastic integral [Karatzas and Shreve, 1991]. Expanding (9a) in
a Taylor series shows that (9a) and (2a) are, indeed, equivalent

for constant ® and smooth isotropic D,;. For all D;; we have

dX, = v(X, t)dr+23(x+dx 1) dW; = v(X, t) dt
+E B(X,t )+E (Xt)

By (X, 1) dW, + dw;

‘f( ’ )B,](X 1)dr + >, By(X, 1) dW,

J

= y(X, t)dt-i-z

(10a)

and when D; is diagonal,
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Figure 1. The two-step process of random-walk simulation
of advection and isotropic dispersion in composite porous me-
dia for the algorithm given in equations (11a) and (11b).
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Formally, this Taylor series expansion is not allowed for
discontinuous D,;; however, in Appendix B we show that one
can expand (9a) for discontinuous D,; using generalized func-
tions. In the following sections we introduce a method for
numerically integrating (9a) and apply this method to clearly
demonstrate convergence to (1) in composite media.

3.1.1. Numerical integration. Equation (9a) may be inte-
grated over a time step At by taking two particle displace-
ments, AY, and AX;, as

AX; = vAt + >, By(X, + AY,, ) AW, (11a)

J

AY] = E Blk(X7 t)AWk.

k

(11b)

Note that advective transport is not included in (11b); here
velocity only contributes to higher-order terms that can be
neglected in the limit. To implement this algorithm, (11b) is
first evaluated to determine the particle displacement AY).
The result is used in (11a) to determine AX,. This simulation
method is illustrated in Figure 1. Boundary conditions must be
implemented in the application of both (11a) and (11b). If a
particle exits an absorbing or reflecting boundary in the appli-
cation of (11a) or (11b), it is either removed from the simula-
tion or reflected in the usual way, respectively [see Tompson et
al., 1987].

In Appendix A we show that distributions approximated by
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(11a) satisfy (1). In Appendix B we show that a similar result
can be obtained through the use of a stochastic calculus using
generalized functions. To our knowledge this result has not
been described elsewhere in the literature. We do not, how-
ever, present a formal proof of convergence of these approx-
imations. Such a lengthy proof usually demonstrates conver-
gence only; it does not guarantee a robust approximation. To
this end we will demonstrate convergence and applicability of
these approximations through numerical examples. In all ex-
amples, Brownian motions will be simulated by uniformly dis-
tributed random variables with mean 0 and variance At¢.

3.1.2. Diffusion in one-dimensional composite media. In
this example we consider one-dimensional diffusion in an un-
bounded domain with governing equation (1), constant ©, v =
0, and initial and boundary conditions

ci(x, 0) = 8(x — xy), X € Q) (12a)
(=, 1) = cy(+,t) =0 (12b)
ci(x, t) = cy(x, t), x=0 (12¢)
. dcy(x, 1) . acy(x, t)
T
D, x <0
D(x) = {Dz’ o (12¢)

where i = 1, 2 denotes quantities within subdomains (), and
Q, to the left and right, respectively, of an interface located at
x = 0.

First, we apply (11a) performing three simulations corre-
sponding to Az = 100.0, 10.0, and 1.0 to demonstrate con-
vergence with decreasing time step of simulated moments to
analytical moments of the distribution. In each simulation we
use D, = 10.0 and D, = 1.0 and begin with 1000 particles
located at x, = —1.0. Figure 2 plots the mean and standard
deviation computed from an analytical solution [see Carslaw
and Jaeger, 1959] against values computed from particle dis-
placements, given as

_ 1 G
X)) = (X(0) = 5 2 X,(0) (13a)
() = ([X(1) = X))
1/2
NG _
= { N2 X0 - X(r)P] (13b)

respectively, where N, is the total number of particles and
X, (1) is the location of the pth particle at time ¢.

Second, using (11a), we perform three simulations corre-
sponding to D, = 2.5, 0.5, and 0.05. In each simulation we
use D, = 5.0, At = 0.01, x, = —5.5 and 10° particles.
Figure 3 compares simulated density at time t = 6, computed
by summing particle masses within unit lengths along the x
axis, with analytical distributions [see Carslaw and Jaeger, 1959]
to (1) with initial and boundary conditions (12a)—(12e).

Numerical simulation results presented here compare well
with analytical solutions and demonstrate convergence of (11a)
and (9a) to (1) in one dimension with discontinuous coeffi-
cients. As we will show, extension to (multidimensional) iso-
tropic diffusions for hyperplane interfaces follows directly from
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Figure 2. Simulation results for (a) X(¢) and (b) 2(¢) are
compared with analytical moments for A = 100, 10, and 1.

this result by noting that diffusion processes in the different
coordinate directions are independent in this case.

3.1.3. Effective diffusivity of composite media. In this ex-
ample, we estimate effective diffusivity of composite media.
The specific geometry considered here is that of circular cyl-
inders packed in regular square arrays within a matrix of con-
trasting material as shown in Figure 4. Dispersion tensors of
both materials are constant and isotropic. Transport is de-
scribed by (1) with constant ® and v = 0. This classic problem
has received much attention [e.g., see Keller, 1963; Sangani and
Acrivos, 1983; Quintard and Whitaker, 1993], and accurate ex-

0.08
o Algorithm (11a)
— Analytical
0.06 - g TR
2
g 004t N
Q
D:=25
0.02 4 g A
D:= 0.5/(
D:=0.05 .
0.00 T T T
-30 -20 -10 0 10

Figure 3. Simulation results for density are compared with
analytical solutions for D, = 5.0 and D, = 2.5, 0.5, and 0.05.
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Figure 4. Square array of cylinders with known diffusivity D,
embedded in a matrix with contrasting diffusivity D, .

perimental and analytical values of effective diffusivity are
available [Perrins et al., 1979].

We estimate the effective diffusivity of the periodic array by
specifying reflecting boundaries at lines ABC and DEF and
absorbing boundaries at lines AF and CD as shown in Figure
4. Simulation proceeds by releasing particles at time # = 0 and
random locations with uniform distribution along the line BE
that bisects the system. Particle paths are simulated using (11a)
until particles exit the system by crossing absorbing boundaries
at lines AF or CD. Effective diffusivity is given by the relation-
ship

. -1
R
D = Ly ﬁz"'p ,

Py

(14)

where 7, is the elapsed time from release until particle p exits
the system and L ,p is the length of line AB.

The matrix diffusivity is arbitrarily chosen as 1.0. Simulations
are performed for a range of cylinder volume fractions, con-
trolled by varying cylinder diameter, and diffusivities. In each
simulation, 1000 particles are released; time step is dynamically
controlled to ensure particles cannot bypass subdomains in any
single step of the algorithm given by (11a). Figure 5 compares
simulated effective diffusivities with values reported by Perrins
et al. [1979] for a range of cylinder volume fractions and dif-
fusivities. Simulation results compare well with reported values

—
N

—
<

o

Effective Diffusivity
E

0
0 0.2 0.4 0.
Volume Fraction of Cylinders

/
/7
4 e

0.8

Figure 5. Simulated effective diffusivities are compared with
values reported by Perrins et al. [1979] for cylinder volume
fractions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.75, matrix
diffusivity D, = 1, and cylinder diffusivities, D, = 2 (circles),
5 (diamonds), 10 (triangles), 20 (squares), and 50 (plus signs).
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(2)

X
0 >
0 1 2

Figure 6. Composite media with anisotropic diffusion ten-
SOrs.

as expected because of the previous success of (11a) in one
dimension.

3.1.4. Discussion. Our results show that diffusions de-
scribed by (9a) obey (1) in composite media with discontinui-
ties in effective transport properties. Furthermore, the numer-
ical integration method (11a) “accurately” solves this equation.

Convergence and analysis of errors associated with the nu-
merical simulation of SDEs is a developing field [e.g., see
Kloeden and Platen, 1992]. Verification of convergence and
quantification of accuracy may generally be addressed by com-
paring numerical results with known analytical solutions, as we
have done here, or by using a bench mark against established
numerical methods as in sections 3.2.1 and 3.2.2. Since we
cannot consider all of the many problems to which (11a), and
the other approximations that follow, may be applied, we sug-
gest verification by a similar procedure to assess accuracy and
convergence when the methods are used under circumstances
other than those considered herein.

The examples presented above were for isotropic diffusions
with constant ® and v = 0. Next we present a more general
multidimensional approximation for anisotropic diffusions. Ex-
amples that follow will consider advection and dispersion in
composite porous media.

3.2. Anisotropic Diffusions

As with the isotropic case, we find ourselves faced with the
following problem: eliminating the gradient drift term in (2a)
in the anisotropic case. Note that this problem is not trivial.
Nevertheless, with considerable effort we arrived at the follow-
ing inspired result:

1 A
dX(1) = v(X, 1) dr + 5 X, ©7*(X, 1)By

Jik

X+ 0 VX, 1) D B (X, 1) dW,, t | dW,
1
+5 2 Zim(X, 07X, 1)
J.k.m,n
*Bu(X, + NA(X, 1) AW, 1) dW, (15a)
By(x, 1) = OVx, DAVH(x, 1) Zy(x, 1) (15b)

Z(x, 1) = [ex(x, D)][ex(x, 1)];, (15¢)

where e, is the normalized eigenvector corresponding to the
kth eigenvalue A, of 2D, and, for example, in the first term
on the right-hand side of (15a), B, is evaluated at time ¢ and
location given by the vector whose /th component is X, +
0 V*X, 1) 2, B,,..(X t) dW,,. For isotropic D,;, A =
Ax, Vk, and using relationships given in Appendix C, (15a) and
(15b) simplify considerably:

dX,(t) = v(X, t) dt + @ V(X 1)

<> BiIX + 07X, 1) dX, 1] dW(1) (162)

]

By(x, t) = \|O(x, t)A(x, 1) (16b)

Further, for constant ®, (16a) and (16b) reduce to (9a) and
(9b). Therefore (9a) can be viewed as a special case of (15a).

Integration of (15a) may proceed according to a discrete-
time random walk that includes the approximations

AX; = v(X, DAL + 307X, 1) D) Bu(X, + AV, 1)AW,

Jik

+307AX, 1) D Zia(X, 0B (X + AU, 1)AW,

Jiksm,n
(17a)
AV, =0 VX, 1) D, Byu(X, 1)AW,, (17b)
AUnl = A,I,/Z(X, t)AWI (170)

First, equations (17b) and (17c) are evaluated to determine
AY, and AU,,, Vn. These results are used in (17a) to deter-
mine AX. As with the (11a) and (11b), boundary conditions
must be implemented in the application of each step of algo-
rithm (17a)—(17c).

When coefficients are sufficiently smooth, (15a) is a SDE. In
Appendix C we expand this SDE in Taylor series to show that
it is, indeed, equivalent to (2a) in this case. Standard stochastic
theory [e.g., see Arnold, 1992] shows that diffusions described
by (2a) and therefore (15a) obey (1) when coefficients are
smooth. Next we demonstrate that (17a) converges to (1) in
composite media and is applicable to the simulation of subsur-
face transport.

3.2.1. Anisotropic diffusion in composite media. In this
example we simulate anisotropic diffusion in composite media.
The system illustrated in Figure 6 is a composite of two media
with contrasting diffusion (dispersion) tensors whose principle
axes, designated by A, are oriented at an angle ¢ with the x
axis; eigenvectors corresponding to A, and A, are given as e, =
(sin ¢, cos ¢) and e, = (—sin ¢, cos ¢), respectively. Two
problems are considered. In the first problem we test the ability
of approximation (17a) to maintain the invariant distribution,
that is, a uniform number density, for the system in Figure 6
given periodic boundaries in the x direction and reflective,
no-flux boundaries aty = 0 and y = 2. In each of the four
simulations a total of 5000 particles are initially distributed
uniformly over the domain, and the system is evolved over time
using the parameters specified in Table 1. Results for first
moments in the x and y directions plotted in Figures 7a-7d
indicate that approximation (17a) can successfully maintain
the invariant distribution for these problems.
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Table 1. Parameters Corresponding to Simulation Results
Presented in Figures 7a—7d and 8a—8d
Region 1 Region 2
b, b,
Figures A A deg A Ay deg
7Jaand8a 2x 1072 2x107° 90 2x107% 2x107° 0
7band 8b 2X 1072 2X 107 —45 2x1072 2x107° 45
7Jcand 8¢ 2x 1072 2x107° 30 2x107° 2x107* 30
7dand 8d 2x 1072 2x 1073 70 2x1073 2x107* 0

In the second problem we compare predictions for evolution
of concentration from approximation (17a) with finite differ-
ence numerical solutions to (1) for the system in Figure 6 with
absorbing (zero concentration) boundaries onx = 0, x = 2,
y = 0, and y = 2 and initial distribution c(x, 0) = ¢, in the
region 0.99 <x < 1.00 and 0.99 <y < 1.00 and ¢(x, 0) =
0 outside this region. The finite difference algorithm is imple-
mented using an explicit updating scheme. Choosing Ax =
Ay = 0.005 and Ar = 0.0005 satisfies criteria for numerical
stability [Peaceman, 1977]. Particle simulations are imple-
mented using 10° particles. Coarse particle and finite differ-
ence solution contours of c¢(x, #)/c, at t = 5.0 plotted in
Figures 8a—8d for parameters given in Table 1 compare well.
The results herein clearly demonstrate that diffusions de-
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scribed by (15a) and approximation (17a) obey (1) for the cases
considered here.

3.2.2. Advective-dispersive transport in composite media.
In this example we simulate advective-dispersive transport ac-
cording to (1) for the system illustrated in Figure 6 with ab-
sorbing (zero concentration) boundaries onx = 0,x = 2,y =
0, and y = 2. The functional form of the hydrodynamic-
dispersion tensor used here is given as

D;= (‘V‘aT + D*)Si/’ + (ar — aL)Uin/|V|,

(18)
where ar and «; (L) are transverse and longitudinal disper-
sivities, respectively, and D* is effective molecular diffusivity
(L? T™1). Velocity direction is oriented at an angle ¢ with the
x axis as illustrated in Figure 6. We compare predictions from
approximation (17a) with finite difference numerical solutions
to (1). Again, the finite difference algorithm uses an explicit
updating scheme. Choosing Ax = Ay = 0.005 and Ar =
0.0005 satisfies the stability criteria referenced in section 3.2.1
and ensures a grid Peclet number Pe ~ Ax/ay less than one.
Particle simulations use 10° particles. As in the previous sim-
ulations, the initial distribution in each simulation is c¢(x, 0) =
¢, specified within a square region of Ax = Ay = 0.01, as
shown in Figures 9a-9c¢, and c¢(x, 0) = 0 outside of this region.

Coarse particle and finite difference solution contours of
c(x, t)/cy att = 2.5, 5.0, and 5.0 plotted in Figures 9a, 9b,
and 9c, respectively, for parameters given in Table 2 compare
well. These and the previous results show that diffusions de-

(a)

(b)
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Mean
—h
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Il
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o] 200 400 800

Time

1000

Figure 7. Simulated first moments in the x and y directions as a function of time for the system illustrated
in Figure 6 with periodic boundaries in the x direction and reflective, no-flux boundaries aty = 0 andy =
2, and initially uniform number density. (a—d) Parameters given in Table 1.
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Figure 8.

(a—d) Contours of c(x, t)/c, from simulations of anisotropic diffusion in the composite media

shown in Figure 6 with parameters given Table 1. Figure 8a shows contour intervals used in Figures 8a—8d.

scribed by (15a) correspond with (1) and that approximation
(17a) simulates (1) in composite media with surprising accuracy.

4. Discussion and Conclusions

Standard diffusion theory only applies when effective trans-
port properties are sufficiently smooth, yet discontinuities in
transport properties arise naturally in porous media at abrupt
contacts between geologic materials with contrasting transport
properties. Limitations of standard diffusion theory have pre-
cluded development of diffusion processes that obey spatially
averaged transport equations in composite media. In this pa-
per we have (1) generalized SDEs to the case of discontinuous
coefficients and (2) developed random-walk methods for nu-
merically integrating these equations. The new results apply to
problems found in many scientific disciplines and offer a
unique contribution to diffusion theory and the theory of
SDEs. Examples demonstrated convergence of the new meth-

ods to ADEs in composite media and applications to subsur-
face-transport problems including (1) one-dimensional diffu-
sion in composite porous media with constant coefficients in
subdomains, (2) isotropic two-dimensional diffusion in a sys-
tem of circular cylinders packed in regular square arrays within
a matrix of contrasting material, (3) two-dimensional anisotro-
pic diffusion in a composite system with contrasting diffusion
tensors, and (4) transport by advection and dispersion in com-
posite porous media.

Standard theory shows that diffusions described by the new
generalized SDEs obey ADEs when coefficients are sufficiently
smooth. Further, we have demonstrated that these diffusions
obey ADEs in composite media. Thus, in cases where coefficients
are smooth, we conclude that the new methods may often be
more robust approximations than standard Ito-Euler techniques.

The new simulation techniques possess the computational
advantages of standard random-walk methods, including the
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Figure 9. (a—c) Contours of c(x, t)/c, from simulations of
advective-dispersive transport in the composite media shown
in Figure 6 with parameters given Table 2. Figure 9a shows
contour intervals used in Figures 9a-9c.
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ability to efficiently simulate solute-mass distributions and ar-
rival times while suppressing errors such as numerical disper-
sion, common to finite difference methods when Peclet num-
bers are large. As such, the new methods are appropriate for
problems characterized by immense computational grids, such
as those now commonly produced through the use of geostatis-
tical simulation techniques for subsurface characterization. Fi-
nally, unlike alternatives relying on Itd-Euler integration and
spatial interpolation to ensure smooth coefficients, the new
methods will converge exactly in the limit, without the need to
simultaneously refine the interpolation scheme and time step.

Appendix A: Necessary Conditions for Weak
Convergence

LaBolle et al. [1998] use a graphical technique to show that
approximations with symmetric transition-probability density
satisfy necessary conditions for weak convergence developed
therein. Since transition-probability densities specified by
(11a) and similar approximations are asymmetric, however, the
simple graphical techniques used by LaBolle et al. [1998] are
not applicable here. Instead, here we will show mathematically
that (11a) approximates the diffusion equation of interest.

Functions p(x, ¢) satisfy the one-dimensional diffusion
equation

ap(x,
ff(x, r)p(;,t)dx—f [D'(x, 0 f" (x, 1)

+ D(x, t)f"(x, t)]p(x, s) dx (Al)

for all smooth and bounded test functions f and are weak solu-
tions of (1) with v = 0 [LaBolle et al., 1998], where the f’ and f”
denote the first and second partial derivatives of f with respect
to x. For the problem at hand it is convenient to consider the
case in which D(x, t) has constant values within subdomains
and a single jump of size |D, — D,| atx,, D = D, forx <
Xy, and v = 0. Here D' = 0 except at x,,, where it is given as

D’ :(DZ—D])S(X—XO). (A2)
Substituting this result into (Al) yields
ap
de: (D'f" + Df")p dx
= f [(D; = Dy)8(x —xo) f" + Df"]p dx
= J Df"p dx + (D = D)) f'pla (A3)

We will show that the density p.(x, t) generated by (11a)
satisfies (A3).

To facilitate computations, we will consider the following
variation of approximation (11a):

AX(1) = H{B[X + B(X)Z] + 2B(X) - B[X - B(X) Z]}Z,

(Ad)

where Z has distribution ®(Z) with mean zero and variance
At = &%, We could work directly with (11a), but use of (A4)
simplifies the math that follows. The density p_ generated by
the Markov-chain approximation (A4) satisfies the equations
[LaBolle et al., 1998]
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Table 2. Parameters Corresponding to Simulation Results Presented in Figures 9a-9¢

Figure 0, O, v| Qg ar ¢, deg D*
Region 1
9a 1/3 0, (107h 107! 1072 —45 1072
9 13 0, (1071 10! 1072 30 10°5
9¢c 1/3 0, (107h 107! 1072 60 10°°
Region 2
9a 1/3 0, (107h 107! 1072 45 1072
9 12 0, (1071 0, (1072)/0, 1.5%x 1072 30 10°5
9c 12 0, (5 X 1072 0, (2 X 1072)/0, 3.0x 1073 0 10°5
: where D = (D, + D,)/2 at x, and D = B?/2 elsewhere.
ap.(x, s) L 2t = T
f(x, s) —a dx ds Substituting these relationships into (A6), we have
0

= J’[ J L.f(x, s)p.(x,s) dx ds + o(e?) (A5a)
0

1
Lf(x,1)= 82'[ [f(z, 6) = flx, )]po(z, t + &%x, 1) dz,

(A5b)

where L, is commonly referred to as the generator (or infin-
itesimal operator) of the Markov chain [Arnold, 1992]. Ex-
panding f in a Taylor series yields

azJ' ff(x, s)
- f f f [f(z, ) — i, )]

‘pz, s + &x, s)p.(x, s) dx dz ds + o(e?)

= fff [(z=x)f"(x,5) = 3(z = x)f"(x, 5)]

‘pz, s + &%x, s)p.(x, s) dx dz ds + o(e?).

ap.(x, s
J )dx

ot ds

(A6)

Noting that (z — x) is a realization of AX(t), we have,
retaining terms to order &2,

J (z=x)p(z, t + &%x, 1) dz

= ;J {B[x + B(x)Z] + 2B(x)
— B[x — B(x) Z[}Z®(Z) dZ
= % J {B[x + B(x)Z] - B[x — B(x) Z}}Z®(Z) dZ
(A7a)

1
Zf (z—=x)p(z,t + &%x, t) dz

= % f {B[x + B(x)Z] + 2B(x) — B[x — B(x) Z|\*Z*®(Z) dZ

= e’D(x) + o(&?), (A7b)

[ . op.
2
aJ'ffasdxds
0

- f f f [z =0f" = 2 =0 "p.(z.s + e, s)p, dx dz ds

0

- % f J f [B(x + BZ) — B(x — BZ)|Zf'p,®(Z) dx dZ ds

0

+ & f f Df'p, dr ds + o(e?), (A8)

where we have dropped explicit reference to (x, ¢). On the
interval [x, — B,Z, x, + B,Z], B on either side of x, will
take on the value of B from the remaining side. For all such
cases, in the limit,

1 x0+B2Z
2¢?
xo—B1Z

— B[x — B(x) ZI\Zf'p.®(Z) dx dZ

1 x0+B2Z
282 f f
x0—B1Z

= 3(By+ B)(By— B) ['p.l= 5B~ B)f'p.l.,

lim

=0

{B[x + B(x)Z]

= lim
e—0

(B, = By) Zf'p,®(Z) dx dZ

= (DZ - Dl)f,pa‘xo' (A9)
Outside of this interval we have
1
ﬁmef [B(x + BZ) — B(x —BZ)]
a0 x&[x0-B1Z,x0+B2Z]
“Zf'p,®(Z)dx dZ =0 (A10)

because D is constant in this case. From (A9) and (A10) we
have, in the limit,

lim % ff [B(x + BZ) — B(x — BZ)|Zf'p.®(Z) dZ dx

e—0

= (DZ - Dl)f,pa‘xo'

Substituting this result into (AS8) yields, in the limit,

(Al1)
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t ap. t B t
Jff P dxds—fJ'Df”pgdxds +J' (Dy=D1) f'pely,ds
0 0 0

t t
= fj Df"p, dx ds + f (D, = D) f'poeds, (A12)
0 0

where the last equality is justified since singular values of D >
0 have no effect on the diffusion process. Equation (A12) has
the same form as (A3); therefore the density generated by
(A4), and version (1la) of this approximation, satisfy (A3)
associated with this equation. Similar results can be developed
for the algorithm in (17a). In Appendix B we show how this
result implies a stochastic calculus with generalized functions.

Appendix B: Stochastic Calculus
With Generalized Functions

The forgoing result suggests that one can apply a stochastic
calculus with generalized functions to obtain the desired result.
For example, in one dimension, expanding (9a) yields

dX=BX + B dW, t) dwW

dB(X, t)
=B(X,t) dW + B(X, t) TdW dw
oD(X, t)
=BX,t)dW + ———dt
Jx
aD(X, t)
=BX,t)dW + ——— dt
ax X#x0
+ [Dy(X, t) — D(X, 1)]8(X — x,) dt, (B1)

which from standard theory corresponds to the diffusion equa-
tion

ip __Ip oD
ax

a7 ax?

ap
+ (D, —D,)é(x —xo)] e (B2)

XFX0

Equation (B2) is equivalent to (A3) for the problem consid-
ered therein.

Appendix C: Taylor Series Expansion
of Equation (15a)

When coefficients are smooth, (15a) is a SDE. Here we
expand this equation to show that it is, indeed, equivalent to
the SDE given in (2a). Expanding the second term in the
right-hand side of (15a) in Taylor series for sufficiently smooth
D,; and O yields:

O (X, 1) X, By

Jik

Xl + ®71/2(X’ t) E Blmn(X7 [) der t:| dI/V]

mn

=0 (X, 1) 2 [2 Bu(X, 1) + ©0V(X, 1)

k

k(X 1)
) E 3x,

klmn

Bi(X, 1) W, + - } aw;

=0 I/ZEB,/de-i-@lE

Jik Jikln

3By, By, di + o(dr)
l
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= Z MNZy AW+ @712
: E ¢ (O NPZyNZy, di + o(dr)
j,k,ln
= > \NZy dW; + @12
Jik
2 O NZ N Z s dE + o), (C1)

J.k.mn j

where we have omitted explicit reference to evaluation of
terms at (X, ¢) and used the following relationships

Zij = Ziji (C2a)
z Zijk = 81’/’ (CZb)
k

E Zingmjk = Zijkank’ (CZC)

m

where 6, = 1 forn = k and 0 otherwise. Expanding the third
term on the right-hand side of (15a) in Taylor series yields

®71/2(X7 [) z Zimn(X’ I)ijk[Xl +

J.kmn

NAX, 1) dw, 1] dW;

= @71/2(X7 t) 2 Zimn(X7 t)

Jkm,n

aijk(X’ t)

1/2
o, AA(X, ) dW +

=0 "> Zm<3m,k aw; +

Jikymon

)\”2 dt> + o(dt)

= 2 /\,1,/2Z,»/k dI/V/ + @71/2

Jik

d
> E(@*l/z)\}c/zzmjk))\rll/zzimn dr + o(dr),

J

(©3)

Jokmn

where again we have used (C2a)-(C2c) and omitted explicit
reference to evaluation of terms at (X, ¢). Expressing (15a) in
terms of (C1) and (C3), we have

dX, = v dr + > A/*Zy AW,

Jik

1@ 1/2 E /\/i/zzm/k e (®1/27\1/2Z,mn) dr

Jiksm,n

@ 1/22

/kmn

(O2N°Z )N Z iy At +o(dt),

/

(C4)

which one can show is equivalent to (2a) using the following
relationships:

D NZoi = 2 ANZANV?Z 5 = 2Dy (C5a)
k k,m,n

DM Zy= X NZiZ = [(2D)2],  (C5b)
k k,m,n
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J
%@7”2 E Tx(®l/2/\rl¢/zzimn))\lyzzmjk

Jjkm,n /

d a
t 2 AN Zi 5 (ONZ,y) | = 071 5 (BD)
Jikam,n
(C5¢)
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