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[1] This study examined the effects of variations in mineral spatial distributions on
reaction rates in porous media. Pore-scale network models were constructed to represent
sandstones with anorthite and kaolinite present in various amounts and in different spatial
patterns. Simulation conditions corresponded to geological sequestration of carbon
dioxide. To examine scaling effects arising from pore-scale heterogeneities, reaction rates
from network models were compared to rates from continuum models that use uniform
concentrations. With small percentages of reactive minerals the scaling effects are large,
and the effect of spatial distribution is significant. Scaling effects are largest when reactive
minerals are closely clustered and oriented parallel to flow. Conversely, spatial
distributions that enhance mass transport to and from reactive minerals, such as small
mineral clusters or elongated clusters oriented transverse to flow, result in reaction rates
that are well represented by the continuum model.
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1. Introduction

[2] Knowledge of reactive transport of chemical species
in natural porous media is important for many problems
[Lichtner et al., 1996; Steefel et al., 2005], including the
geological sequestration of CO2 [Xu et al., 2003; Knauss et
al., 2005; Spycher and Pruess, 2005], remediation of
contaminated groundwater [Xu et al., 2000; Mayer et al.,
2002; Steefel et al., 2003], nuclear waste disposal [Tompson
et al., 2000; Van der Lee and De Windt, 2001; Metz et al.,
2003; De Windt et al., 2004; Soler and Mader, 2005], and
alterations of geologic media as a result of water-rock
interactions [Lasaga and Rye, 1993; Steefel and Lasaga,
1994; Le Gallo et al., 1998; Bolton et al., 1999]. Because of
the large spatial and temporal scales involved in reactive
transport processes and the difficulty of characterizing
subsurface environments, the acquisition of such knowledge
relies heavily on reactive transport simulations.
[3] Reactive transport models that involve mineral disso-

lution and precipitation reactions often use reaction kinetics
measured in laboratory systems directly to calculate reaction
rates in natural porous media. Because laboratory systems
are often designed to be well mixed with no mass transport
limitations, they can be very different from natural porous
media where heterogeneities of various forms exist. Natural
porous media are usually composed of multiple mineral
phases, with some minerals more reactive than others. For
example, many sandstones contain feldspars and clays, with
their relative amounts varying over a wide range. Further-
more, these minerals can be distributed in different spatial

patterns, depending on the composition of source rocks,
depositional environments, and depositional and diagenetic
processes [Blatt, 1992; Carozzi, 1993].
[4] The effect of physical heterogeneities on groundwater

flow and solute transport in porous media has been studied
for more than two decades [Freeze, 1975; Dagan, 1990;
Gelhar, 1993; Dagan, 2004]. Recent studies on the effect of
chemical heterogeneities of porous media on reactive solute
transport have mainly focused on adsorption [Tompson,
1993; Tompson and Jackson, 1996; Espinoza and Valocchi,
1997, 1998; Seeboonruang and Ginn, 2006]. Very
few studies have examined the effect of chemical hetero-
geneities on rates of geochemical reactions, such as mineral
dissolution and precipitation reaction rates [Meile and
Tuncay, 2006]. Our previous work has developed a novel
application of pore-scale network modeling to investigate
the effects of heterogeneities in pore structure and mineral
distribution on geochemical reaction rates in porous media
[Li et al., 2006]. For anorthite and kaolinite in sandstone,
we compared the scaling behavior of reaction kinetics under
conditions relevant to geological sequestrations of CO2.
Simulation results showed that high acidity generates a
large scaling effect, with order-of-magnitude variations in
both aqueous concentrations and reaction rates within a
spatial scale of less than one square centimeter. Using
simpler models, based on a continuum approach that does
not spatially resolve the pore space, the anorthite dissolution
rate was overestimated by more than a factor of two and the
kaolinite reaction direction cannot be correctly determined.
In that work we limited the network modeling to a single
configuration of mineral distribution, to focus on the cause
for errors introduced when using simple upscaled models
that do not account for pore-scale heterogeneity. This work
extends that study by examining the effects of mineral
spatial distributions on reaction rates and their scaling
behavior in porous media.
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[5] As with our previous work, this work focuses on
sandstones containing anorthite and kaolinite as reactive
minerals. Anorthite was chosen because of its potential
relevance to geological CO2 sequestration [Gunter et al.,
2000; Xu et al., 2004; Gaus et al., 2005; White et al., 2005]
and because, as a Ca-containing feldspar, it is a primary sink
for atmospheric CO2 [Walker et al., 1981; Berner et al.,
1983; White and Brantley, 1995]. The anorthite reaction is
as follows:

CaAl2Si2O8 sð Þ þ 8Hþ Ð Ca2þ þ 2Al3þ þ 2H4SiO4:

As anorthite commonly coexists with clay minerals,
kaolinite is also modeled as a reactive mineral, with the
following reaction:

Al2Si2O5 OHð Þ4 sð Þ þ 6Hþ Ð 2Al3þ þ 2H4SiO4 þ H2O:

Although quartz can be reactive [Oelkers et al., 1996],
under the same pH conditions its reaction rate is more than
6 orders of magnitude smaller than those of anorthite and
kaolinite [Kump et al., 2000]. As such, it is considered
nonreactive (chemically inert) in this work. From a
geochemical point of view, the reaction system is somewhat
idealized. Anorthite is a plagioclase end-member and its
reaction rate is relatively fast compared to other plagioclases
that contain alkali constituents [Blum and Stillings, 1995].
Furthermore, as summarized by Oelkers [2005], there are
numerous reactions that can occur when CO2 is introduced
into sedimentary rock formations. Our intent in focusing on
this simple model system is to illustrate the scaling effects
that can occur due to the nonlinear rate laws characteristic of
mineral dissolution and precipitation.
[6] This work examines the effects of reactive cluster size

and orientation on reaction rates. Although very little work
has been done to characterize the sizes, orientations and
spatial distributions of reactive mineral clusters, differences
in these features can potentially generate conditions that
alter reaction rate upscaling. Because the relative amount of
reactive minerals varies over a wide range in natural porous
media, we also examine the impact of the reactive mineral
abundance. Overall, 33 networks were simulated, with four
realizations in each case. All simulations were run
under conditions relevant to geological CO2 sequestration,
because the elevated CO2 concentrations generate acidic
conditions important for scaling [Li et al., 2006].
[7] This paper first briefly presents the pore-scale

network modeling approach, which includes a discussion
of the mineral distributions simulated. It then describes the
method of calculating upscaled reaction rates, followed by
simulation conditions. After that, simulation results are
presented, followed by a section discussing the implications
of the results.

2. Pore-Scale Network Modeling

[8] Network modeling provides a framework to describe
dynamic processes in a random medium. A pore-scale
network model discretizes the void space of a porous
medium into a matrix of pores within a connected network,
incorporating the properties of individual pores. With a
detailed representation of the pore space, the processes of

interest are simulated at the pore scale and can be summed
up or averaged over the network to examine the system
dynamics at the continuum scale. The advantages of pore-
scale network modeling lie in its capability of linking
processes and properties at the pore scale to a mechanistic
understanding of process dynamics at the continuum scale.
As such, it is an effective upscaling tool to bridge pore-scale
processes to continuum-scale phenomena. This general
approach has traditionally been used to investigate multi-
phase flow in porous media [Celia et al., 1995; Blunt,
2001]. In recent years, these models have also been applied
to examine chemical and biological processes, such as
dissolution of organic pollutants [Jia et al., 1999; Dillard
and Blunt, 2000; Zhou et al., 2000; Held and Celia, 2001;
Knutson et al., 2001], and biomass growth [Suchomel et al.,
1998; Dupin et al., 2001]. This section describes the
construction of the pore network, the spatial distributions
of reactive minerals across the network, and the simulation
of reactive transport processes at the pore scale. Details of
the network construction and pore-scale reactive transport
processes are documented by Li et al. [2006].

2.1. Network Construction

[9] Regular latticed 3-D network models were con-
structed to represent consolidated sandstones with different
spatial distributions of reactive minerals. To focus on the
effects of heterogeneities in chemical properties, all network
models were assumed to have the same overall physical
properties. The porosity of the network is approximately
0.14 and the permeability is 7.9 � 10�10 cm2. The physical
size of the network is 3.4 � 3.4 � 3.4 mm3, and the network
contains 8000 pores (20 � 20 � 20 in each direction). This
size is big enough to reach the size of a representative
elementary volume (REV) so that the continuum-scale
properties can be represented at the network scale [Li et
al., 2007]. The overall flow direction is the ‘‘z’’ direction.
An effective resistance to flow and an effective cross-
sectional area for diffusion is assigned to each pore-to-pore
connection. There is no physical representation that distin-
guish pore bodies and pore throats, as is commonly done in
this type of modeling. All void volume is modeled as being
contained in pore bodies. Pore bodies do not have pre-
scribed geometries; they are defined only in terms of surface
area and volume. The steady state flow field was calculated
before the simulation of reactive transport processes.
[10] Simulation of reactive transport processes at the pore

scale requires several parameters for each pore i and for the
connections between adjacent pores. These parameters were
randomly assigned from statistical distributions which were
based on literature data when available, with details dis-
cussed by Li et al. [2006]. Pore volume was assumed to
have a lognormal distribution, with the mean for the log-
transformed pore volume (mm3) being �3.42, and standard
deviation of 0.51 [Lindquist et al., 2000]. This corresponds
to an arithmetic mean of 6.6 � 10�4 mm3. The surface area
was assumed to have an exponential distribution, with mean
6.0 mm2, corresponding to a medium surface area to volume
ratio for consolidated sandstone, 1.3 � 104 cm�1 [Sen et al.,
1990; Borgia et al., 1996; Frosch et al., 2000]. The
distribution of pore-to-pore hydraulic conductances fol-
lowed a lognormal distribution, with the mean of the log-
transformed values (cm4 g Pa�1) being �6.1 and variance
1.0. The hydraulic conductance between pores was corre-
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lated to the sum of the logarithm of the adjacent pore
volumes, with correlation coefficient 0.9. The cross-
sectional area between two pores was calculated using
Poiseuille’s law and the value of conductance.

2.2. Spatial Distributions of Reactive Minerals

[11] In the network model, pores were classified as either
nonreactive, with the solid being quartz, or as reactive, with
anorthite and kaolinite each occupying half of the total
surface area. The classification of pores as reactive or
nonreactive allows study of the extremes in patterns of
mineral distributions. In nonreactive pores, the surface areas
of anorthite and kaolinite are zero. Given a specific total
number of reactive pores, the total surface areas of anorthite
and kaolinite for the network were fixed. To investigate the
effects of different spatial distributions of reactive pores, the
total number of reactive pores was first fixed at 12.5% of
the total number of pores. For a given simulation, reactive
pores were grouped in clusters of specified size, shape, and
orientation. The notation XXYYZZ is used throughout to
specify the size, shape, and orientation of reactive clusters
by denoting the numbers of pores in the x, y, and z
directions, respectively, with the total number of pores
being XX � YY � ZZ. The location of each cluster was
determined by randomly assigning pores in the network,
with the restriction that the entire cluster is inside the
network domain and clusters do not overlap. Because of
the variability in pore surface area, for the 9 networks
simulated with 12.5% reactive pores, the resulting total
surface area of anorthite or kaolinite ranged from 29.7 to
30.8 cm2, with mean 30.2 cm2; this variation is small
enough to consider the total surface area of reactive
minerals as constant.
[12] To examine the effects of reactive cluster orientation,

two network models were constructed for rectangular clus-
ters of size 2 � 2 � 16 (a total of 64 pores for each cluster),
but of different orientation. There are a total of 16 clusters in
the network, and the overall percentage of reactive pores is
actually 12.8%. In the ‘‘transverse’’ case, the reactive pore
clusters are oriented with the long dimension perpendicular
to the main flow direction (i.e., XXYYZZ = 160202). In the
‘‘parallel’’ case, the long dimension is parallel to the main
flow dimension (020216).
[13] To examine the effects of reactive cluster size for the

case where reactive minerals occupy 12.5%, nine network
models were constructed with reactive clusters of cubic
shape, but of sizes ranging from 010101, 020202, . . ., to
101010. The smallest cluster size is one pore (010101), and
there are 1000 clusters randomly distributed across the
network; the largest cluster size (101010) is that of a single
cluster containing all reactive pores in the network
(1000 pores). For the latter case, the cluster was not
randomly positioned; it was positioned in the center of the
network.
[14] The effects of the relative amount of reactive

minerals were examined with the percentage of reactive
minerals ranging from relatively small to abundant, with
nominal values of 6.25%, 12.5%, 25%, and 50%. For each
percentage, the cluster size was chosen and the clusters were
distributed using the methods just described for the 12.5%
case. For the larger percentages, such as 50%, many of the
cluster sizes do not fit within the network. As such, there

were fewer available cluster sizes to be examined in these
cases.

2.3. Reactive Transport Processes at the Pore Scale

[15] In individual pores, the masses of chemical species
in the aqueous phase change due to advection, diffusion,
and reaction. The relevant reactions include instantaneous
reactions and the dissolution and precipitation reactions of
anorthite and kaolinite, which were modeled kinetically.
The instantaneous reactions that were modeled include the
water dissociation reaction, and the speciation reactions of
carbon-bearing species, silica-bearing species, and alumi-
num-bearing species; these sum up to nine reactions in total.
There are fourteen aqueous species involved: Ca2+; H+;
OH�; the carbon-bearing species H2CO*3, HCO3

�, CO3
2�;

the silica-bearing species H4SiO4, H3SiO4
�, H2SiO4

2�; and
the aluminum-containing species Al3+, Al(OH)2+, Al(OH)2

+,
Al(OH)3, Al(OH)4

�. The aqueous concentrations of these
species in an individual pore were assumed to be uniform,
because the kinetic reactions are so slow that the relatively
fast mass transport eliminates the concentration gradient
within the aqueous phase [Li et al., 2006].
[16] The mass balance equations, which were developed

following Lichtner’s systematic formulation [Lichtner,
1985, 1996], were written for five key components: Ca2+,
CT, SiT, AlT, and HT. CT collectively represented all carbon-
bearing species, SiT represented the summation of all silica-
bearing species, AlT represented the summation of all
aluminum-bearing species, and the total aqueous proton
HT was computed as [HT] = �[Al(OH)2+] � 2[Al(OH)2

+] �
3[Al(OH)3] � 4[Al(OH)4

�] + [H4SiO4] � [H2SiO4
2�] +

[H2CO*3] � [CO3
2�] + [H+] � [OH�]. These five mass

balance equations, together with the nine mass action laws
corresponding to the nine instantaneous reactions, are
sufficient to describe the mass change in the aqueous phase
in an individual pore.
[17] The mass balance equation, which accounts for

advection, diffusion between adjacent pores, and reaction
in pore i, is as follows:

Vi

d �½ 	i
dt

¼
Xnc
j¼1

Qij>0

Qij �½ 	jþ
Xnc
j¼1

Qij<0

Qij �½ 	i

þ
Xnc
j¼1

Dij;�* aij

�½ 	j� �½ 	i
� �

l
þ Si;�; ð1Þ

where [�] represents the concentration of one of the five key
components; Vi is the volume of pore i; j is the index for a
pore that is connected to pore i; nc is the total number of
pores connected to pore i; Qij symbolizes the flow rate
between pore i and j; D*ij,� is the effective diffusion
coefficient; aij is the cross-sectional area between pore i
and j; and Si,� denotes the mass change rate due to kinetic
reactions. Because the network was assumed to be regular
latticed, the distance between the centroids of connected
pores, l, is a constant. Details of calculating ‘‘effective’’
diffusion coefficients were described by Li et al. [2006]. By
taking into account variability in flow velocity at the pore
scale, the network model explicitly incorporates the effect of
hydrodynamic dispersion at the continuum scale.
[18] The last term in equation (1), Si,�, represents the mass

change rate due to anorthite and kaolinite dissolution and
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precipitation reactions. As discussed by Li et al. [2006], we
made the assumption that these kinetic reactions occur only
in reactive pores, that is, precipitation is not allowed in
pores in which there is no reactive mineral surface. This
assumption is based on the fact that precipitation occurs in
two sequential steps: nucleation and crystal growth. Since
the nucleation step has to overcome a surface free energy
barrier, it is often the rate-limiting step [Steefel and Van
Cappellen, 1990; Lasaga, 1998; Giammar et al., 2005].
In nonreactive pores, due to the lack of reactive mineral
surface, nucleation is more difficult to initiate, and preci-
pitation occurs at a much slower rate than in reactive pores.
Besides the theoretical basis, simulations were carried out to
compare the case where kaolinite precipitation is allowed to
occur in nonreactive pores and the case where it is not.
Simulation results show that unless the amount of the
kaolinite surface area in nonreactive pores is comparable
to that in reactive pores, the inclusion of precipitation in
nonreactive pores does not make a significant difference.
This indicates that ignoring precipitation of kaolinite in
nonreactive pores is valid for the time frame we consider.
[19] The reaction term takes different forms for different

components, depending on the reactions involved:

Si;Ca2þ ¼ rA;iAA;i ð2Þ

Si;CT
¼ 0 ð3Þ

Si;SiT ¼ 2rA;iAA;i þ 2rK;iAK;i ð4Þ

Si;AlT ¼ 2rA;iAA;i þ 2rK;iAK;i ð5Þ

Si;HT
¼ �6rA;iAA;i � 4rK;iAK;i ð6Þ

where AA,i and AK,i are the surface areas of anorthite and
kaolinite in pore i, respectively. The two reaction rates, rA,i
and rK,i, are local rates of anorthite and kaolinite reactions in
pore i (mol cm�2 s�1) respectively, calculated using the
local concentrations.
[20] For anorthite and kaolinite, their reaction rates are

the summation of the rates of three parallel reactions
catalyzed by H+, H2O and OH�. The rationale behind the
choices of kinetic parameters is detailed by Li et al. [2006],
with values based on literature data [Oelkers and Schott,
1995; Amrhein and Suarez, 1988; Helgeson et al., 1984;
Brady and Walther, 1989; Ganor et al., 1995; Carroll and
Walther, 1990; Nagy et al., 1991]. While mineral reaction
rates can be affected by many factors, such as temperature,
concentrations of catalytic or inhibition ions, etc. [Lasaga,
1998], this work focuses on the effect of pH conditions and
the concentrations of ions directly involved in the mineral
reactions. Neglect of catalytic or inhibitory effects beyond
those of H+ is increasingly justified in CO2 mediated
reactions due to growing evidence that the effect of CO2

on silicate dissolution rates can be accurately predicted
by only accounting for the change in pH [Carroll and
Knauss, 2005; Golubev et al., 2005; Pokrovsky et al.,

2005]. In pore i, the specific form of the anorthite reaction
rate law follows the one discussed by Li et al. [2006]:

rA;i ¼ kH Hþf g1:5i þkH2O þ kOH OH�f g0:33i

� �
1� WA;i

� �
; ð7Þ

and the expression of WA,i is:

WA;i ¼
Ca2þ

� �
i
Al3þ

� �2

i
H4SiO4f g2i

Hþf g8i Keq;A

: ð8Þ

The reaction rate constants at 25 degree C are: kH = 10�7.32,
kH2O

= 10�15.6, and kOH = 10�17.5 mol cm�2 s�1.
[21] In equations (7) and (8), {�}i indicates the activities

of aqueous species in pore i (mol/L); and Keq denotes the
equilibrium constant. The equilibrium constants of the two
kinetic reactions and the nine instantaneous reactions are
given by Li et al. [2006]. Activity is the product of the
activity coefficient and the aqueous concentration [�]. The
saturation ratio Wi is an indicator of how far away
the reaction is from equilibrium.
[22] Similarly, for kaolinite,

rK;i ¼ kH Hþf g0:4i þkOH OH�f g0:3i

� �
1� W0:9

K;i

� �
; ð9Þ

with the following expression for WK,i:

WK;i ¼
Al3þ

� �2

i
H4SiO4f g2i

Hþf g6i Keq;K

: ð10Þ

Values of kH and kOH at 25 degree C are 10�14.8 and 10�19.7,
respectively. Of the two reactive minerals, anorthite has a
relatively fast dissolution rate, and its reaction releases Ca2+,
Al3+, and H4SiO4, which, in a system where anorthite and
kaolinite coexist, often drives kaolinite precipitation to
occur.

3. Continuum-Scale Reaction Rates

[23] In this section the methods to calculate continuum-
scale reaction rates are briefly described. More details are
given by Li et al. [2006].

3.1. Rates From the Network Model: RN

[24] For a porous medium, based on mass balance prin-
ciples, the ‘‘true’’ reaction rate at the continuum scale is the
mass change rate due to reaction at every reactive surface.
As such, for anorthite, the continuum-scale reaction rate
computed from the network model simulation is as follows:

RN ;A ¼
Pn

i¼1 AA;irA;iPn
i¼1 AA;i

; ð11Þ

where n is the total number of pores. An analogous equation
follows for the calculation of the continuum-scale rate for
kaolinite (RN,K). These continuum-scale rates depend on
local reaction rates (rA,i and rK,i, respectively), and the
presence of reactive minerals. Because reactions occur only
in reactive pores, the continuum-scale reaction rates depend
only on the concentrations in reactive pores, and are
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insensitive to variations of concentrations in nonreactive
pores.

3.2. Rates From the Continuum Model: RC

[25] The continuum model is the fundamental building
block of the continuum approach used in reactive trans-
port modeling [Lichtner, 1996]. This model differs from
the network model in that it ignores pore-scale hetero-
geneities, uses spatially averaged values to represent
system properties, and utilizes uniform concentrations in
laboratory-measured reaction rate laws to calculate the
continuum-scale reaction rates. To compare the continuum-
scale rates from the network and those from the continuum
model, the continuum model was constrained to have the
same hydrodynamic properties, total amounts of reactive
minerals, and initial and boundary conditions as the network
model.
[26] The reactions and species involved are the same as in

the network model, and the mass balance equations follow
the same systematic formulation for the five key compo-
nents: Ca2+, CT, SiT, AlT, and HT. For each key component,
the form of the mass balance equation is as follows:

VT

d �½ 	
dt

¼ QT �½ 	in�QT �½ 	CþSC;�; ð12Þ

where VT is the total pore volume across the network, [�]in
corresponds to the concentration at the inflow boundary,
and [�]C represents the uniform concentration in the
continuum model. On the right side of the equation, the
first two terms account for the mass changes due to
advection, and the third term, SC,�, represents the mass
change due to reaction. At the continuum scale, there is no
diffusion term. The parameters used in the above equation
represent spatially averaged properties of the porous media
at the continuum scale.
[27] For each component, the rate term SC, takes the same

form as those for the rate term in each pore (Equation 2 to 6),
except that rA,i and rK,i are replaced by RC,A and RC,K,
respectively, and AA,i and AK,i are replaced by the total
surface areas AA,T and AK,T, respectively. For example, for
Ca2+, the reaction rate term takes the following form:

SC;Ca2þ ¼ RC;AAA;T ; ð13Þ

where RC,A is the reaction rate of anorthite. The reaction
rates from the continuum model, RC,A and RC,K, are
calculated using the uniform concentrations in the reaction
rate laws. For anorthite,

RC;A ¼ kH Hþf g1:5C þkH2O þ kOH OH�f g0:33C

� �
1� WC;A

� �
; ð14Þ

where WC,A is the saturation ratio of anorthite reaction
calculated using the uniform concentrations in reaction rate
laws.
[28] The rate expression is similar for kaolinite, following

the reaction rate law shown in Equations 9 and 10.

3.3. Comparison Between Continuum-Scale Reaction
Rates

[29] Values of RN are taken to represent the ‘‘true’’
reaction rates, because they incorporate the pore-scale

heterogeneities, and are consistent with the mass balance
of the network. We define the ratio:

h � RC

RN

; ð15Þ

as a measure of the effects of pore-scale heterogeneities and
the scaling effect. If h is significantly different from unity, the
effects of pore-scale heterogeneities are significant, and the
use of uniform concentrations in laboratory-measured rate
laws introduces large errors. Otherwise, the effects of pore-
scale heterogeneities can be ignored, laboratory-measured
rate laws can be used directly at the continuum scale, and the
continuum model accurately simulates the reactive transport
processes.

4. Simulation Conditions and Numerical
Computation

[30] The simulations were run under conditions relevant
to CO2 sequestration, at a temperature of 323 K, a pressure
of 107 Pa, and high salinity (with total dissolved salinity
being 0.45 mol/L). All parameters involved in the simula-
tion of reactive transport processes, such as reaction rate
constants, equilibrium constants, and diffusion coefficients,
were adjusted to such conditions, as documented by Li et al.
[2006]. Because of the high salinity of brine, the activity
coefficients were considered constant both in time and
space, and were calculated using the Davies equation
[Morel and Hering, 1993].
[31] Initially the brine was assumed to have a uniform

concentration throughout the network and to be in equilib-
rium with quartz and kaolinite, at pH 7.5, which fixed
the initial values of SiT, AlT, and HT. The initial Ca2+

concentration (7.9 � 10�6 mol/L) was calculated from
the electronic neutrality condition, given concentrations of
SiT, AlT, and HT. Initially the concentrations of the carbon-
bearing species are zero, corresponding to formations with
negligible concentrations of naturally occurring carbon
dioxide. The brine at the inflowing boundary is assumed
to have the same [Ca2+] as in the initial aqueous phase
within the network, and its CT concentration was calculated
based on equilibrium with carbon dioxide at a pressure of
107 Pa, which is within the expected range of injection
pressures for CO2. The solubility of CO2 was calculated
using the semiempirical relationship from Duan and Sun
[2003]. Because of the large amount of CO2 dissolved in the
boundary brine, the boundary pH is 2.9. The porous
medium is assumed to be close to a CO2 injection well,
and we chose a flow velocity of 4.6 � 10�3 cm/s, which is
consistent with such a condition of proximity to an injection
well [Knapp, 1989; Harter, 2003].
[32] To keep the porosity change relatively small so that

the permeability change is within 5%, simulations were run
within a limited time frame. As such, the porosity and
permeability of the porous medium were considered con-
stant during the simulation process. For the same reason the
values of pore volumes and the mineral surface area were
also considered constant during the simulation. Therefore
the present modeling work is based on constant tempera-
ture, ionic strength, and surface area of reactive minerals.
This allowed the system to eventually reach steady state,
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with constant concentrations of the aqueous species and the
reaction rates in terms of time.
[33] The time it takes to reach a steady state generally

depends on the flow velocities used. In this work, it takes
about four to five hundred seconds.
[34] The numerical approach used is identical to that used

in our previous work [Li et al., 2006].

5. Results

[35] The simulation results are first presented for the case
in which nominally 12.5% of the pores are reactive. The
effects of reactive cluster orientation and size on pore-scale
concentrations and reaction rates, and on the continuum-
scale reaction rates are examined. Results on the impact of
the relative amount of reactive minerals on continuum-scale
behavior follow.

5.1. Effects of Reactive Cluster Orientation

[36] In this section we compare the simulation results for
two different spatial orientations of reactive minerals: trans-
verse (160202) and parallel (020216), with nominally
12.5% of the pores containing reactive minerals and reactive
cluster size of 64 pores. Figure 1 shows the placement of
reactive pores in the middle slice of the network (y = 10) for
these two cases.
[37] The steady state concentration fields of log [Ca2+]

and pH for the transverse and parallel cases are shown in
Figure 2 for the middle slice of the network (y = 10).
The highly acidic aqueous phase flows into the network
from the left boundary. As this water enters reactive pores,
anorthite dissolves and releases Ca2+, which leads to an
increase in pH. As such, the concentrations of Ca2+ and the
pH in reactive pores are generally higher than those
in nonreactive pores. Nonreactive pores may also have
elevated Ca2+ concentrations and pH if they are close to
or downstream from reactive pores.
[38] Although for both cases [Ca2+] and pH are locally

high in reactive pores, the spatial patterns of concentration
distributions are quite different. For the transverse case, the
concentrations are more evenly distributed, and concentra-
tions in nonreactive pores are very much affected by
concentrations in reactive pores. For the parallel case,
concentrations in most of the nonreactive pores are not

significantly influenced by concentrations in reactive pores
and remain similar to those of the boundary aqueous phase.
As a consequence, we see a clear distinction between
concentrations in reactive and nonreactive pores.
[39] As mentioned in section 3.1, it is the concentrations

in the reactive pores that ultimately determine the
net reaction rate for the network. The distributions of
concentrations in reactive pores are shown in Figure 3.
Compared to the transverse case, the parallel case has a
larger percentage of pores with high [Ca2+] and high pH.
Also shown in Figure 3 are values of the steady state
concentrations from the continuum model simulations.
The uniform concentrations from the continuum model are
closer to the modes of the concentration distributions in the
transverse case than in the parallel case, indicating that they
represent the pore-scale concentrations better for the trans-
verse case.
[40] The rate distributions of anorthite and kaolinite

reactions in reactive pores are shown in Figure 4. Also
shown in Figure 4 are the continuum-scale rates from the
network model (the dotted lines), and the continuum-scale
rates from the continuum model (the dot-dashed lines).
Anorthite dissolves in all reactive pores, with the rates
spanning almost an order of magnitude. Compared to the
transverse case, the shape of the rate distribution is slightly
more skewed in the parallel case, with a larger percentage of
pores having smaller anorthite dissolution rates. This is
because anorthite dissolution is slower under less acidic
conditions, and in the parallel case, there is a larger
percentage of pores having higher pH(less acidic condi-
tions), as indicated in Figure 3. As a consequence, the
continuum-scale anorthite dissolution rate from the network
model is smaller in the parallel case than that in the
transverse case.
[41] Kaolinite precipitates in most of the reactive pores,

but it dissolves in some of the reactive pores. The rates span
several orders of magnitude, with a larger percentage of
reactive pores having larger kaolinite precipitation rates in
the parallel case, because kaolinite precipitates faster in less
acidic conditions. As a consequence, the continuum-scale
kaolinite precipitation rate from the network model is larger
in the parallel case than in the transverse case.

Figure 1. Placement of reactive clusters for a slice in the middle of the network (y = 10) for the
transverse (160202) and parallel (020216) cases where nominally 12.5% of the pores contain reactive
minerals.
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Figure 3. Distributions of steady state concentrations in reactive pores for transverse (160202) and
parallel (020216) clusters. The values of the steady state concentrations from the continuum model
simulations are shown in dot-dashed lines.

Figure 2. Steady state concentration fields for transverse (160202) and parallel (020216) cases for the
middle slice of the network (y = 10).
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[42] Because the continuum model does not spatially
resolve concentrations below the scale of the entire network,
it predicts the same concentrations and continuum-scale
reaction rates for the two spatial orientations of reactive
clusters. For both orientations, the continuum model slightly
overestimates the anorthite dissolution rates, and signifi-
cantly underestimates the kaolinite precipitation rates. The
degrees of overestimation and underestimation are larger in
the parallel case than in the transverse case, as indicated by
the h values in Table 1.

5.2. Effects of Reactive Cluster Size

[43] To illustrate the effects of reactive cluster size, we
start with an analysis of the concentration fields, concen-
tration distributions, and reaction rates for the cases with the
smallest cluster (010101, size of one pore), with medium
clusters (040404, size of 64 pores), and with the largest
cluster (101010, 1000 pores). With nominally 12.5% of
pores containing reactive minerals, the numbers of clusters
in the network for these three cases are 1000, 16, and 1,

respectively. The spatial patterns of reactive clusters in the
middle slice of the network (y = 10) for these three cases are
shown in Figure 5. This section concludes with the simu-
lation results for all nine network models for reactive
clusters of cubic sizes with 12.5% reactive pores.
5.2.1. Concentration Distributions
[44] The characteristics of the steady state concentration

fields vary significantly with the size of reactive clusters,
as shown in Figure 6 for the middle slice of the network
(y = 10). In the case of the smallest cluster (010101),
pores with locally high [Ca2+] and pH are distributed over
the entire network, and there is no clear distinction between
reactive and nonreactive pores. The concentrations in
nonreactive pores are largely affected by concentrations in
reactive pores. In contrast, for the case of the largest cluster
(101010), the concentration field clearly shows two distinct
regions: the high [Ca2+] and high pH region corresponding
to concentrations in reactive pores, and the low [Ca2+] and
low pH region corresponding to concentrations in nonreac-
tive pores. In most of the nonreactive pores, concentrations
remain largely the same as boundary concentrations. There
are more pores that have high concentrations of Ca2+ and
high pH than in the case of smallest cluster. For medium-
sized reactive clusters (040404), the result falls in between
these two extremes. There are regions with high [Ca2+] and
high pH, but the distinction between the reactive and
nonreactive regions is not very sharp.
[45] The distributions of log [Ca2+] and pH in all pores

for different sizes of reactive clusters are shown in Figure 7.
Consistent with the characteristics of the concentration
fields for a single layer, the distributions of pore-scale
concentrations differ significantly. In the case of the largest
cluster (101010), the distributions are quite bimodal, which

Table 1. Steady State Values of h and RN for Different Spatial

Distributions of Reactive Mineral Clusters for the Percentage of

Reactive Minerals Being Nominally 12.5%a

Spatial Distributions hA RN,A hK RN,K

Transverse (160202) 1.1 5.9 � 10�13 0.066 �6.2 � 10�14

Parallel (020216) 1.3 5.1 � 10�13 0.050 �8.2 � 10�14

Small (010101) 1.1 6.1 � 10�13 0.074 �5.5 � 10�14

Medium (040404) 1.2 5.4 � 10�13 0.058 �7.1 � 10�14

Large (101010) 1.4 4.6 � 10�13 0.035 �1.2 � 10�13

aUnits of all reaction rates are in mol cm�2 s�1. For all cases, RC,A =
6.5 � 10�13, and RC,K = �4.1 �10�15 mol cm�2 s�1.

Figure 4. Distributions of steady state reaction rates in reactive pores for transverse (160202) and
parallel (020216) reactive clusters. The dotted lines are the continuum-scale rates from the network
model, and the dot-dashed lines are rates from the continuum model.
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Figure 5. Spatial patterns of reactive minerals (red) for the middle slice of the network (y = 10), with
different sizes of reactive clusters: smallest (010101), medium (040404), and largest (101010). In all
cases, 12.5% of the pores in the network contain reactive minerals.

Figure 6. Steady state concentration fields of log[Ca2+] and pH for the middle slice of the network
(y = 10) for reactive clusters of size 010101, 040404, and 101010.
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is consistent with the concentration fields showing two
distinctive regions. One mode of the distribution is at log
[Ca2+] = �5.1 and pH = 2.9, showing that more than 40% of
the pores have concentrations of the boundary condition.
The other mode is at the high end of the concentration
range, corresponding to log [Ca2+] = �3.2 and pH = 3.5.
For the case of the smallest cluster (010101), the percentage
of pores having the boundary concentrations is less than
10%, and the concentrations in most of the pores fall in
the middle of the concentration range (mode of log
[Ca2+] = �3.7 and pH = 3.2). The results for the medium-
sized reactive clusters (040404) are between these two
extremes. With increasing cluster size, the percentage of
pores having small and large concentrations increases,
leaving smaller numbers of pores with medium concentra-
tions, indicating a sharper distinction between concentrations
in reactive and nonreactive pores.
[46] The effects of reactive cluster size on concentration

distributions in only the reactive pores are shown in
Figure 8. For comparison, the uniform concentrations from
the continuum model are also shown in dot-dashed lines.
These values, log[Ca2+] = �3.55 and pH = 3.29, are the
same for all three cases. With the smallest cluster (010101),
the concentration distributions are quite symmetric, with the
mode of the distribution coinciding with the uniform
concentration from the continuum model. With increasing

cluster size, the distributions become skewed, with increas-
ing percentage of pores having high concentrations of Ca2+

and high pH. For the intermediate case (040404), 50% of
the reactive pores have pH values larger than 3.29, and for
the largest case (101010), 85% of the reactive pores have
pH values larger than 3.29.
5.2.2. Pore-Scale and Continuum-Scale Reaction
Rates
[47] Because of the dependence of reaction rates

on aqueous concentrations, the pore-scale concentration
heterogeneities lead to spatial variations in pore-scale reac-
tion rates. Figure 9 shows the distributions of anorthite and
kaolinite reaction rates at steady state. Dissolution and
precipitation occurs only in reactive pores, so the distribu-
tions actually show values only for these pores, but the
frequencies have been normalized to the total number of
pores in the network. Also shown in Figure 9 are the
continuum-scale rates from the network model RN (dotted
lines) and from the continuum model RC (dot-dashed lines).
[48] Anorthite dissolution remains far from equilibrium in

all reactive pores, and the rate is largely determined by
concentrations of hydrogen ions. As such, spatial variations
in anorthite dissolution rates are largely determined by
spatial variations in pH in reactive pores (Figure 8), and
the distributions of log rA,i have a shape similar to that of the
negative pH distributions in reactive pores. For the case of

Figure 7. Distributions of steady state concentrations in all pores for different sizes of reactive clusters:
smallest (010101), medium (040404), and largest (101010).
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the smallest cluster (010101), the distribution is relatively
symmetric. With increasing reactive cluster size, the distri-
butions are more skewed, with a larger percentage of pores
having small anorthite dissolution rates.
[49] The resulting continuum-scale rates from the net-

work model decrease with increasing cluster size. The
continuum model does not capture these effects and there-
fore predicts the same rates for these different cases. For the
case of the smallest cluster (010101), the rate from the
continuum model is almost equal to the rate predicted from
the network model. With increasing cluster size, the con-
tinuum model increasingly overestimates continuum-scale
anorthite dissolution rates, as indicated by an increasing
difference between RC and RN.
[50] For kaolinite, precipitation occurs in most pores while

dissolution occurs in others. With increasing size of reactive
clusters, dissolution occurs in a smaller percentage of pores,
and precipitation occurs at substantially larger rates in a larger
percentage of pores. As a result, the continuum-scale
kaolinite precipitation rates computed from the network
model increase with reactive cluster size. The continuum
model significantly underestimates the kaolinite precipitation
rates in all cases, and the degree of underestimation increases
with increasing cluster size. The differences between the
continuum-scale rates from the continuum model and the
network model are indicated by the h values in Table 1.

5.2.3. Comparison of Continuum-Scale Rates
[51] To illustrate the effects of cluster size on the reaction

rates for the entire series of nine cluster sizes, Figure 10
shows the steady state continuum-scale rates of anorthite
dissolution and kaolinite precipitation as a function of
cluster size. Cluster size is quantified by length in pores
(which is the same in each of the three dimensions because
of the cubic shape). For comparison, the rates from the
continuum model are also shown in dot-dashed lines. With
increasing size of reactive clusters, anorthite dissolution
rates decrease, while kaolinite precipitation rates increase.
For anorthite dissolution, the rate with the smallest cluster
(010101) is approximately 1.3 times the rate with the largest
cluster size (101010); for kaolinite precipitation, the rate for
the smallest cluster size (010101) is about one half times the
rate with the largest cluster size (101010). The continuum
model overestimates anorthite dissolution rate, and under-
estimates kaolinite precipitation rate, with the error increas-
ing with the cluster size. For the largest cluster size, the
estimate by the continuum model of the kaolinite precipi-
tation rate is approximately two orders of magnitude
smaller.

5.3. Effects of Reactive Mineral Abundance

[52] To examine the impact of the relative amount of
reactive minerals on reaction rate, simulations were con-

Figure 8. Distributions of steady state distributions of log[Ca2+] and pH in reactive pores for reactive
clusters of size 010101, 040404, and 101010. The dot-dashed lines are the uniform concentrations from
the continuum model.
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