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Such rate discrepancies need to be resolved, however, since
they seriously hinder the application of laboratory-mea-
sured dissolution rates to natural systems.

A variety of factors have been proposed to contribute to
the discrepancies between laboratory and field rates, includ-
ing the differences in reactive surface area of the fresh and
weathered minerals (White and Peterson, 1990; Anbeek,
1993; White, 1995), the effect of reaction affinity (White,
1995; White and Brantley, 2003; Maher et al., 2006), the
precipitation rate of secondary clay minerals (Steefel and
Van Cappellen, 1990; Alekseyev et al., 1997; Zhu et al.,
2004; Maher et al., 2006), and the age of the reacting mate-
rial (White and Brantley, 2003; Maher et al., 2004). Recent
studies have also shown that physical and chemical hetero-
geneities in soils and aquifers where subsurface flow occurs
may contribute to a scale dependence to mineral dissolution
rates, and thus potentially to discrepancies between labora-
tory and field rates (Malmstrom et al., 2000, 2004; Li et al.,
2006; Meile and Tuncay, 2006). For example, Li and
coworkers (Li et al., 2006, 2007) found that variations in
the spatial distributions of minerals with differing reactivity
can result in the development of concentration gradients of
chemical species involved in dissolution reactions, thus
leading to erroneous predictions of reaction rates when
the scale dependence is not accounted for. More generally,
any chemical, physical, or microbiological heterogeneity
that results in the formation of concentration gradients in
the subsurface can lead to a scale dependence of the rates,
and thus potentially to discrepancies between laboratory
and field rates.

While the discrepancies between laboratory and field
rates cannot be attributed entirely to the effect of physical
and chemical heterogeneities, as indicated by studies of
weathering rates in physically and chemically homogeneous
media (Maher et al., 2006), it is clear that a comparison of
lab and field rates requires careful consideration of the
inherent differences between the laboratory and natural sys-
tems as suggested above. The laboratory measurement of
dissolution rates usually employs well-mixed batch or flow
through reactors. In these experimental systems, the aque-
ous phase is stirred rapidly enough that the aqueous phase
becomes well-mixed, thus eliminating the effect of trans-
port. In such cases, mineral dissolution is surface-controlled
and depends only on the uniform chemistry of the aqueous
solution. In natural systems, however, reactions are inevita-
bly subject to the influence of transport via advection,
molecular diffusion, and/or dispersion. As such, the mineral
dissolution rates are an outcome of coupling between the
reaction and transport processes.

In addition to these differences, natural porous or frac-
tured media are also very different from laboratory settings
in terms of their structure and heterogeneous nature. For
example, natural porous media typically possess hierarchi-
cal structures and spatial scales that range from the pore
scale, to the continuum scale, and finally to the field scale.
The pore scale focuses on individual pores at the spatial
scale of tens to thousands of microns, while the continuum
scale, often at the scale of millimeters to centimeters, con-
tains a sufficient number of pores that allows the definition
of statistically averaged properties of porous media, includ-
ing porosity and permeability (Bear, 1972). The field scale,
often from meters to kilometers, is the scale at which we
examine specific processes in natural field settings. Hetero-
geneities in the physical and chemical properties of porous
media exist at all spatial scales. While at the continuum and
field scales porous media are often represented by proper-
ties and processes ‘‘averaged’’ over a large number of pores,
the pore scale is where processes such as flow, transport,
and reactions actually take place. As such, pores are the
fundamental building blocks of natural porous media and
are an important starting point to examine the scaling issue
with regard to reaction rates.

The effect of transport, especially diffusion, on mineral
reaction rates in natural systems has been discussed previ-
ously in the context of transport-controlled versus sur-
face-controlled reaction kinetics and the validity of the
local equilibrium assumption (Berner, 1978; Dibble and Til-
ler, 1981; Casey, 1987; Murphy et al., 1989). These studies
did not address the detailed flow patterns developed in sin-
gle pores and fractures and focused primarily on single
component systems so that analytical solutions could be de-
rived for the time evolution of the aqueous concentrations.
In this work, we examine the effects of advective and diffu-
sive transport on mineral dissolution that involve multiple
species in single pores and fractures, where flow can no
longer be described completely by an average Darcy veloc-
ity—gradients in flow velocity inevitably exist within indi-
vidual pores as a result of the fundamental physics. Such
flow gradients, as well as the limited rates of diffusive trans-
port, can present conditions where reactions are limited by
flow and transport, which are very different from conditions
in well-mixed batch or flow through reactors in laboratory
settings. We aim to understand the mechanisms that con-
tribute to the rate discrepancies between laboratory and
field settings at the single pore and fracture scale and to
identify the conditions under which such rate discrepancies
become significant.

In this study, laboratory-measured reaction kinetics are
applied at the scale of the mineral–water interface where
they occur, and then coupled with a rigorous treatment of
flow and transport. Although the model for a single pore
is highly idealized in terms of its geometry, first-order effects
in terms of the coupling of flow, transport, and reaction
kinetics are captured. The numerical model used here for
flow and transport is verified with an analytical solution.
In addition, the coupled representation of flow, transport,
and reaction by the model is validated with a microfluidic
reactive flow experiment carried out at a spatial scale of
hundreds to thousands of microns. We then compare rates
within the single pores and fractures obtained from these
fully coupled reactive transport simulations to rates ob-
tained from a model that assumes complete mixing within
the pore, while maintaining the same reactive surface area,
average flow rate, geometry, and multicomponent
chemistry.

For single fractures, the effect of transverse mixing is
evaluated by comparing the rates from the fully coupled
2D reactive transport simulations to those calculated from
a 1D plug flow reactor model that assumes complete trans-
verse mixing within the fracture. The comparisons were
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made under various flow, pore size, and fracture length
conditions to identify and quantify the conditions under
which gradients in concentration (and thus, in rates) may
develop.

2. REACTIONS AND RATE LAWS

In this work, we focus on the dissolution of three impor-
tant subsurface mineral phases with a range of reaction
rates: calcite, plagioclase, and iron hydroxide. Calcite disso-
lution is one of the most important and rapid mineral reac-
tions in the subsurface (Morse and Arvidson, 2002), while
plagioclase dissolution is one of the slowest, with its rate
about 5–6 orders of magnitude less than that of calcite
(Blum and Stillings, 1995; White and Brantley, 1995). Dis-
similatory iron reduction is an example of a dissolution
reaction with an intermediate rate, and is one of the most
important biogeochemical reactions in the environment
where it affects nutrient cycling and the fate of many sub-
surface contaminants (Lovley and Coates, 1997; Coates
and Anderson, 2000; Anderson et al., 2003).

2.1. Calcite dissolution

The dissolution of calcite has been proposed to occur via
three parallel reactions (Plummer et al., 1978; Chou et al.,
1989):

CaCO3ðsÞ þHþ () Ca2þ þHCO3
� ð1Þ

CaCO3ðsÞ þH2CO3
� () Ca2þ þ 2HCO3

� ð2Þ
CaCO3ðsÞ () Ca2þ þ CO3

2� ð3Þ

The reaction consumes H+, and releases Ca2+ and carbon-
ate. In the model, the rate of calcite dissolution is described
by a Transition State Theory (TST) rate law, with the reac-
tion rate parameters determined by Chou et al. (1989):

Rate ¼ Aðk1aHþ þ k2aH2CO3
� þ k3Þ 1� IAP

Keq

� �
; ð4Þ

where k1, k2, and k3 are the reaction rate constants, aHþ and
aH2CO3

� are the activities of hydrogen ion and carbonic acid,
IAP is the ion activity product defined as aCa2þaCO3

2� , Keq is
the equilibrium constant for the reaction, and A is the reac-
tive surface area. The values of k1, k2, and k3 at 25 �C are
0.89, 5.01 · 10�4, and 6.6 · 10�7mol m�2 s�1, respectively
(Chou et al., 1989). The reaction rate is pH-dependent un-
der acidic conditions and becomes almost constant above a
pH of about 7 (Fig. 2 in Chou et al., 1989).

2.2. Plagioclase dissolution

Our model plagioclase, which contains 70% anorthite
(labradorite), dissolves under slightly acidic conditions
according to the following reaction

Ca0:7Na0:3Al1:7Si2:3O8 þ 1:2H2Oþ 6:8Hþ

() 0:7Ca2þ þ 0:3Naþ þ 1:7Al3þ þ 2:3H4SiO4 ð5Þ

The dissolution of plagioclase has been described by several
rate laws in the literature. To examine the possible effect of
the form of reaction rate laws on the scaling behavior of
reaction rates, we consider two separate rate laws in this
work. The first is an aluminum inhibition rate law (Oelkers
et al., 1994) that describes the dependence of the dissolution
rate on pH and aluminum concentration,

Rate ¼ Ak
K 0f

aAlðOHÞ31=3 þ K 0f

 !
1� IAP

Keq

� �1=3
 !

; ð6Þ

here rewritten following Maher et al. (2006). In Eq. (6), k is
the reaction rate constant, K 0f is the formation constant for
a silica-rich surface complex involved in the rate-limiting
step in the overall dissolution reaction, which has a value
of 1.50 · 10�5, and IAP is the ion activity product. The rate
constant k for plagioclase containing 70% anorthite is esti-
mated to be 1.12 · 10�9 mol m�2 s�1 at 25 �C, which is
extrapolated from a rate constant measured for a plagio-
clase containing 60% anorthite (Carroll and Knauss,
2005) using a correlation between reaction rate constants
and plagioclase composition (Blum and Stillings, 1995).
The logarithm of the equilibrium constant is 19.28 for a pla-
gioclase containing 70% anorthite (Stefansson, 2001).

The second rate law considered is one proposed by Hell-
mann and Tisserand (2006) that describes the dependence
of the rate on reaction affinity or Gibbs free energy, and
is similar to one proposed earlier for albite (Burch et al.,
1993) for albite. This dependence is combined with the
pH dependence described in Blum and Stillings (1995) un-
der far from equilibrium conditions. For a Ca-rich plagio-
clase, the rate dependence on pH is raised to the power of
0.72, giving the following overall reaction rate law:

Rate ¼ Afk1aHþ
0:72½1� expð�ngm1Þ�

þ k2aHþ
0:72½1� expð�gÞ�m2g; ð7Þ

where g is equal to |DGr|/RT, with DGr being the Gibbs free
energy of the reaction, R the gas constant, and T the tem-
perature in degrees Kelvin. The parameters k1 and k2 are
reaction rate constants at 25 �C estimated to be
4.08 · 10�9 and 7.19 · 10�11 mol m�2 s�1, respectively,
based on the plagioclase dissolution rate under far from
equilibrium conditions (Blum and Stillings, 1995), the ratios
of these two values in Hellmann and Tisserand (2006), and
a temperature correction using an activation energy of
15.0 kcal/mol. The values of n, m1, and m2 are
7.98 · 10�5, 3.81, and 1.17 (Hellmann and Tisserand, 2006).
2.3. Dissimilatory dissolution of iron hydroxide

Assuming acetate as the electron donor, dissimilatory
reductive dissolution of an iron hydroxide like goethite pro-
ceeds as follows:

FeOOHðsÞ þ 1

8
CH3COO� þ 15

8
Hþ

() Fe2þ þ 1

4
HCO3

� þ 3

2
H2O: ð8Þ

The dependence of the rate on acetate is usually described
by a Monod term. For goethite, however, recent studies
have shown that the rate of iron reduction also depends
on the surface area and the concentration of surface sites
available for reaction (Roden and Zachara, 1996; Liu



Table 1
Aqueous complexation reactions involved in modeling the three
kinetic reactions and equilibrium constants from EQ3/6 databasea

Kinetic reactions Aqueous complexation reactions logKeq

Calcite
dissolution

H2O = H+ + OH� �13.99
H2CO3ðaqÞ ¼ Hþ þHCO3

� �6.34
H2CO3ðaqÞ ¼ 2Hþ þ CO3

2� �10.32
Ca2+ + OH� = CaOH+ �12.85
Ca2þ þHCO3

2� ¼ CaCO3ðaqÞ þHþ �7.01
Ca2+ + Cl� = CaCl+ �0.70
Ca2+ + 2Cl� = CaCl2(aq) �0.65
Ca2þ þHCO3

� ¼ CaHCO3
þ 10.43

H+ + Cl� = HCl(aq) 0.70

Plagioclase
dissolution

H2O = H+ + OH� �13.99
H2CO3ðaqÞ ¼ Hþ þHCO3

� �6.34
H2CO3ðaqÞ ¼ 2Hþ þ CO3

2� �10.32
Ca2+ + OH� = CaOH+ �12.85
Ca2þ þHCO3

2� ¼ CaCO3ðaqÞ þHþ �7.01
Ca2+ + Cl� = CaCl+ �0.70
Ca2+ + 2Cl� = CaCl2(aq) �0.65
Ca2þ þHCO3

� ¼ CaHCO3
þ 10.43

H+ + Cl� = HCl(aq) 0.70
H4SiO4 ¼ 2Hþ þH2SiO4

2� �22.96
HSiO3

� ¼ SiO2ðaqÞ þOH� 9.94
Al(OH)3(aq) = Al3+ + 3OH� �25.57
Al(OH)3(aq) = AlOH2+ + 2OH� �16.53
AlðOHÞ3ðaqÞ ¼ AlðOHÞ2þ þOH� �8.16
AlðOHÞ3ðaqÞ ¼ AlOðOHÞ2� þHþ �6.45
NaCl(aq) = Na+ + Cl� 0.78
NaHCO3ðaqÞ ¼ Naþ þHCO3

� �0.16
NaHSiO3ðaqÞ ¼ Naþ þHSiO3

� 8.30

Iron hydroxide
dissolution

H2O = H+ + OH� �13.99
H2CO3ðaqÞ ¼ Hþ þHCO3

� �6.34
H2CO3ðaqÞ ¼ 2Hþ þ CO3

2� �10.32
Acetic_acid = H+ + Acetate �4.75
FeCl+ = Fe2+ + Cl� 0.16
FeCl2(aq) = Fe2+ + 2Cl� 2.46
FeOH+ = Fe2+ + OH� 9.50
H+ + Cl� = HCl(aq) 0.70
NaCl(aq) = Na+ + Cl� 0.78

a The standard state adopted in this study is that of unit activity
for pure minerals and H2O at any temperature and pressure. For
aqueous species other than H2O, the standard state is unit activity
of the species in a hypothetical 1 molal solution referenced to
infinite dilution at any temperature and pressure.
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et al., 2001; Jaisi et al., 2007), which can be inhibited due to
the adsorption of Fe(II) on the goethite surface (Roden
et al., 2000; Roden and Urrutia, 2002; Roden, 2004).
Accordingly, we use the following rate law that combines
a dependence on acetate concentration and on available
iron hydroxide surface sites:

Rate ¼ V max;FeðIIIÞ
cacetate

Ks;acetate þ cacetate

½> FeOH�available; ð9Þ

where Vmax,Fe(III) is the maximum surface-area-normalized
rate of iron reduction, with a value of 1.655 · 10�6 mol
(mole sites)�1 s�1 (Scheibe et al., 2006), cacetate is the aque-
ous concentration of acetate (mol/L), Ks,acetate is the half-
saturation constant of acetate, with a value of 10�4 mol/L
(Scheibe et al., 2006), and [>FeOH]available is the available
surface site density of iron hydroxide in units of (mole
sites) m�2. The value of [>FeOH]available is equal to
½> FeOHs� þ ½> FeOHw� � ½> FeOFeþs� � ½> FeOFeþw�,
which is the summation of total strong and weak iron sur-
face site densities ([>FeOHs] and [>FeOHw], respectively),
subtracted by the densities of sites occupied by the ad-
sorbed Fe(II) ð½> FeOFeþs�and½> FeOFeþw�Þ. The density
of strong and weak iron surface sites are taken as
9.27 · 10�8 and 3.70 · 10�6 (mol sites) m�2 (Appelo et al.,
2002), respectively. The adsorption of Fe(II) on iron
hydroxide surface is modeled using a surface complexation
model based on the electrical double layer theory (Dzom-
bak and Morel, 1990), with parameters from Appelo
et al. (2002):

> FeOHs þ Fe2þ ¼ > FeOFeþs ; log K ¼ �0:95; ð10Þ
> FeOHw þ Fe2þ ¼ > FeOFeþw ; log K ¼ �2:98: ð11Þ

According to this rate law, as the Fe(II) concentration in
solution increases with the progress of the reaction, the con-
centrations of the sorbed species > FeOFeþs and
> FeOFeþw increase as well, thus effectively inhibiting the
rate of dissolution.

2.4. Incorporation of aqueous speciation

Since the mineral dissolution rates calculated using the
rate laws given above depend on the detailed multicompo-
nent chemistry, aqueous complexation reactions were also
included as well. A full list of the relevant complexes and
their equilibrium constants are given in Table 1. For the cal-
cite system, the relevant aqueous species considered include
H+, Na+, Cl�, Ca2+, CO2(aq), HCO3

�, CO3
2�, CaOH+,

HCl(aq), OH�, CaCO3(aq), CaCl+, CaCl2(aq). The equilib-
rium constants for the aqueous speciation reactions are from
the EQ3/6 database. All calculations are carried out with the
code CrunchFlow (Steefel, 2008 and www.csteefel.com).

3. MODELS FOR SINGLE PORES AND FRACTURES

3.1. Model for a single pore

To analyze the scale dependence of mineral dissolution
rates at the pore scale, we developed two models: (1) a Poiseu-

ille Flow model that applies laboratory-measured dissolution
kinetics at the pore or fracture wall and couples this to a rig-
orous treatment of both advective and diffusive transport,
and (2) a Well-Mixed Reactor model that assumes complete
mixing within the pore, while maintaining the same reactive
surface area, average flow rate, geometry, and multicompo-
nent chemistry as the Poiseuille Flow model. The Poiseuille
Flow model is considered as the more realistic representation
of the actual processes taking place in the pore, while the
Well-Mixed Reactor model is used as a means of quantifying
the extent to which concentration gradients within a single
pore affect the averaged reaction rates.

3.1.1. Poiseuille Flow model

In this model, pores are assumed to be cylindrical. Assum-
ing Poiseuille’s equation for flow in a cylinder holds, the stea-
dy-state parabolic velocity distribution within the pore as a

http://www.csteefel.com
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function of radial distance r from the center of the pore can be
calculated as follows (Daugherty and Franzini, 1965):

uðrÞ ¼ 2U 1� r
R

� �2
� �

; ð12Þ

where r is the position in radial coordinates, u(r) is the local
fluid velocity within the cylinder, U is the average flow
velocity, and R is the radius of the cylinder. As such, the lo-
cal flow is fastest at the radial center of the pore and zero at
the pore wall. In the model, dissolution occurs only at the
pore wall, which is made up of one of the three minerals:
calcite, plagioclase, or iron hydroxide. The laboratory-
determined rate laws, such as the rate law of Chou et al.
(1989) for calcite dissolution, only apply within the grid
cells (measuring 1.0 lm in width) containing the cylinder
wall, that is, at the mineral–water interface where the reac-
tions actually take place. The local reactive surface area is
calculated from the geometry of the pore, with Agrid =
2pRDy, where Dy is the grid spacing in the axial direction.
Thus, the total surface is Atot = 2pRL, where L is the length
of the pore. This assumption could either overestimate the
surface area, as in the case where the pore wall is not made
up exclusively of one mineral or some of the surface is
armored, or it could underestimate it by not including
roughness of the mineral surface. The dissolution at the
pore wall, coupled with a rigorous representation of the
flow and diffusive transport, captures the dynamic reactive
transport processes within a pore, even if the geometry is
highly idealized. Reaction products from dissolution are
swept and diffused downstream in the y (axial) direction,
but also radially toward the center of the pore via molecular
diffusion (Fig. 1a).

The model was implemented in the numerical code
CrunchFlow, a software for modeling multicomponent
reactive flow and transport that has been applied to under-
stand many complex (bio)geochemical systems (Giambalvo
et al., 2002; Steefel et al., 2003; Knauss et al., 2005; Maher
et al., 2006; Steefel, 2008). Details of the numerical model
implementation are discussed more generally in Steefel
and MacQuarrie (1996). For this work the global implicit
approach (GIMRT) was used, which is adequate for stea-
dy-state systems like the one considered here (Steefel and
MacQuarrie, 1996). All simulations were carried out with
Fig. 1. (a) Conceptual model for the Poiseuille Flow model, which consid
pore. The velocity profile is taken from the analytical solution for Poiseuil
model for the Well-Mixed Reactor model. Comparison of the rates from
diffusion in both the transverse and longitudinal directions.
sufficiently fine grids that further refinement did not change
the results, although further verification of the model’s abil-
ity to capture the combination of the parabolic velocity
field and molecular diffusion is provided below.

Multicomponent molecular diffusion is treated in
CrunchFlow as a combination of Fickian diffusion of indi-
vidual species and an electrochemical migration term aris-
ing from the diffusion of charged species at differing rates
(Newman, 1991; Oelkers, 1996; Lasaga, 1998; Giambalvo
et al., 2002; Maher et al., 2006; Steefel, 2007). The diffusion
coefficients are taken from the table given in Lasaga (1998).
Hydrodynamic dispersion is not considered as a separate
process, since this effect is captured rigorously through
the combination of the parabolic velocity field and molecu-
lar diffusion (Taylor, 1953). The flow field was calculated
from Eq. (12) and then read into CrunchFlow, which was
run with cylindrical coordinates.

Due to the coupling between flow, transport, and reac-
tions, the aqueous concentrations at the outlet can vary
as a function of radial distance. The averaged outlet con-
centration can be calculated by weighting the local concen-
trations by the local volumetric flux Q(r) as follows:

cout ¼
R R

0
cðrÞQðrÞ
Qtot

: ð13Þ

Here cout is the flux-weighted average concentration at the
pore outlet, and c(r) is the concentration at radial distance
r. The term Q(r) is the volumetric flux at radial distance r,
which is defined as u(r) · 2prdr, the product of local flow
velocity u(r) and the radial cross-sectional area 2prdr. The
total flow rate Qtot is defined by

Qtot ¼
Z R

o
QðrÞ ¼

Z R

o
uðrÞ � 2prdr: ð14Þ

The averaged outlet concentration depends on local disso-
lution rates at the pore wall, the advective transport along
the axis of the pore, and the diffusive transport in both
the axial and transverse directions. The overall reaction rate
within the pore, R2D, is calculated from the flux-weighted
average of concentrations in the outlet solution, that is,
the effluent chemistry. Based on the mass balance of the
pore, the averaged area-normalized dissolution rate within
the pore at steady-state R2D can be calculated as follows:
ers reactive flow and transport in a single axi-symmetric cylindrical
le flow in a cylinder (Daugherty and Franzini, 1965). (b) Conceptual

the two models quantifies the effects of mixing through molecular
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R2D ¼
ðcout � cinÞQtot

mAtot

; ð15Þ

where cin is the inlet concentration, and m is the stoichiometric
coefficient of the species for the mineral of interest that is used
to calculate the average rate. Like the concentration field, the
value of R2D is also a function of coupling between flow,
transport, and dissolution at the pore wall. The value of
R2D is equivalent to the dissolution rate integrated over the
entire pore wall and normalized by total available surface
area.

While a cylindrical pore is an idealized model of a natu-
ral pore, it captures the important first order effects, includ-
ing the fact that flow is slower close to the mineral surface,
an important feature of transport within a pore that affects
the extent of mixing. In single pores, the conditions under
which concentration gradients develop depend on the rela-
tive rates of flow, transport, and reactions. In the case
where the reaction rate is fast enough relative to transport
to change the aqueous chemistry of the pore, the tendency
to develop concentration gradients within the pore depends
on the effectiveness of molecular diffusion relative to flow—
where flow is sufficiently rapid compared to molecular dif-
fusion over the length scales of the single pore, concentra-
tions within the pore will not be uniform and dissolution
rates depend on the scale over which the concentration,
and thus the reaction rate, are averaged.

3.1.2. Well-Mixed Reactor model

A Well-Mixed Reactor model for a single pore (Fig. 1b) is
developed for comparative purposes so as to quantify the ex-
tent to which concentration gradients captured by the
Poiseuille Flow model affect the averaged reaction rates with-
in a single pore. The pore represented in the Well-Mixed
Reactor model possesses the same physical and chemical
properties as that of the Poiseuille Flow pore, including total
volume, reactive surface area, and total flow rate, except for
the assumption that a rapid mixing rate ensures that there is
no diffusion limitation on the rate—thus, the rate, RM, is
equivalent to what would be the case if the single pore be-
haved as a well-stirred laboratory reactor (Fig. 1b). Under
such conditions, the rate can be calculated from the labora-
tory-measured rate law using the equations in Section 2
and the uniform concentrations within the well-mixed pore.

The ratio of the rate from the well-mixed model, RM,
over R2D is used to quantify the discrepancy in overall rate
between a well-mixed reactor and a natural pore. A ratio
close to one indicates that the discrepancy in rates is negli-
gible, that is, the pore is behaving effectively as a well-mixed
reactor. In contrast, a ratio significantly different from one
implies that rates in natural pores and well-mixed reactors
are not the same.

3.2. Models for a single fracture

Since the length of a single fracture can be considerably
longer than the width of its aperture (in contrast to the
geometry of a single pore), the effects of transverse and lon-
gitudinal mixing need to be assessed separately. As such, we
consider an additional model, a 1D Plug Flow Reactor
model, which is designed to quantify the effect of transverse
mixing within the fracture. The other two, the Poiseuille
Flow and Well-Mixed Reactor models differ only geometri-
cally from those considered for the cylindrical pore de-
scribed above.

3.2.1. Poiseuille Flow model

Conceptually, single fractures are represented by two
parallel plates. The distance between the two plates is the
fracture aperture. The flow field within a fracture is repre-
sented by the Poiseuille flow between two parallel plates:

uðxÞ ¼ 1:5U 1� x
d

� �2
� �

; ð16Þ

where x is the transverse distance to the center of a fracture
with the origin being the center of the aperture, u(x) is the
local fluid velocity within the fracture, U is the average flow
velocity, and d is the half fracture aperture. As in the case of
the single pore model, dissolution occurs only at the frac-
ture wall itself.

By discretizing the fracture in both the transverse and
longitudinal directions, we make no a priori assumption
about the extent of mixing in either direction. The extent
of mixing is determined by molecular diffusion, which is cal-
culated numerically within the model. As with the cylindri-
cal pore, dispersion is not explicitly considered in the
model, other than by the combination of the detailed para-
bolic flow field and the longitudinal and transverse molecu-
lar diffusion. Overall reaction rates (R2D) are calculated
from the flux-weighted average of outlet concentrations in
a similar fashion to the single pore model (Eq. (15)).

3.2.2. 1D Plug-Flow Reactor model

The fracture can also be represented by a 1D Plug-Flow
Reactor model in which the longitudinal direction is dis-
cretized, while complete mixing in the transverse direction
is assumed. The result is a 1D model that does not consider
the parabolic velocity profile within the fracture. Overall
rates from the 1D model (R1D) are calculated from the con-
centrations of outlet solution (in this model, now repre-
sented by a single grid cell, in contrast to the 2D case).
Comparison between R2D and R1D quantifies the effects
of transverse mixing.

3.2.3. Well-Mixed Reactor model

The fracture here is represented by the Well-Mixed Reac-
tor model assuming complete mixing in both transverse and
longitudinal directions. The overall rates (RM) are also calcu-
lated from the difference between concentrations of influent
and effluent. Comparison between R2D and RM provides a
measure of the combined effects of transverse and longitudi-
nal mixing, while comparison between R1D and RM provides
a measure of the effects of longitudinal mixing.

4. VALIDATION AND VERIFICATION OF THE

POISEUILLE FLOW MODEL

4.1. Verification of transport for a cylindrical pore

The numerical model implemented in CrunchFlow is
verified against an analytical solution for Taylor dispersion



Fig. 2. Comparison of non-reactive tracer breakthrough curves
calculated with a 1D geometry using an analytical Taylor-Aris
dispersion coefficient (Taylor, 1953) and a full 2D numerical
calculation of transport in a cylinder using the code CrunchFlow.
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(Taylor, 1953). Using Eq. (12) for the flow field within a
cylindrical pore, Taylor derived an analytical expression
for hydrodynamic dispersion (Taylor, 1953)

Dh ¼ Dþ UR2

D
; ð17Þ

where Dh is the dispersion coefficient, and D is the molecu-
lar diffusion coefficient. Note that the molecular diffusion
coefficient appears both in the first term on the right hand
side of Eq. (17), where it contributes to dispersion in the
longitudinal or axial direction, and in the denominator of
the second term, where it counteracts the dispersion attrib-
utable to the variation in velocity within the pore.

Fig. 2 shows a comparison between the breakthrough
curve for a non-reactive tracer calculated with a one dimen-
Fig. 3. (a) Schematic representation of the microfluidic reactive flow expe
of Ca2+ calculated from the numerical Poiseuille Flow model and the meas
flow experiment under two pH and flow conditions. The numerical model
1965) and a calcite dissolution rate law from Chou et al. (1989) that is ap
results match the experimental data well, thus validating the numerical m
sional geometry using the Taylor-Aris dispersion coefficient
given in Eq. (17) and a 2D axi-symmetric cylindrical
Poiseuille flow calculation where dispersion is represented
explicitly through the variation in flow velocities and molec-
ular diffusion. The excellent agreement indicates that the
numerical code CrunchFlow captures the transport within
the pore accurately.

4.2. Validation with a microfluidic reactive flow experiment

To validate the Poiseuille Flow model, a microfluidic
reactive flow experiment was carried out using a 500 lm
diameter and 4000 lm long cylindrical pore drilled in a sin-
gle crystal of calcite (Fig. 3a). Single crystals of calcite (Ice-
land spar) were cut into 20 mm (L) by 10 mm (W) slabs and
polished down to the thickness of 4 mm. A 500 lm diame-
ter cylindrical pore was drilled through the center of the
polished sample sandwiched between two protecting cera-
mic plates (100 lm thickness). Nanoport� assemblies (Up-
church Scientific) were attached to the protecting ceramic
plates for transferring fluids in and out of the calcite single
pore. Input solutions were prepared using deionized water
(18.3 Mega-Ohm) equilibrated with atmospheric CO2 and
were adjusted to the desired pH with diluted ultrapure
HNO3 acid (J.T. Baker�). The ionic strength of input solu-
tions was adjusted to 10 mM with reagent grade NaCl
(Omnipure� from EMD). The output solution pH was
measured with Orion� micro-pH electrode. All effluent
samples were acidified with 2% ultrapure HNO3 and ana-
lyzed in triplicate by inductive coupled plasma-optical emis-
sion spectrometer (ICP-OES, Perkin-Elmer 5300 DV
model) with a micro-PFA nebulizer.

Solutions at pH 4 and 5 were injected into the pore with
a syringe pump at two different flow rates, 4.72 and
9.39 lL/min. These flow rates result in average velocities
within the pore of 0.04 and 0.08 cm/s, respectively. Note
riment. (b) Comparison of the flux-weighted average concentration
ured Ca2+ concentration from the outlet of the microfluidic reactive
uses a flow field based on Poiseuille’s Law (Daugherty and Franzini,
plied at the mineral–water interface (the pore wall). The simulation
odel.



Fig. 4. Steady-state contour plot of pH for a cross-section of a
pore of 100 lm in length and in diameter, with a pH 5 solution
injected at a rate of 0.1 cm/s. The dissolution rate is scale-
dependent, as is clear from comparing different sample volumes:
Box 1 represents a micro-sample volume close to the pore wall
showing a higher pH (and calcium concentration) than does Box 2
in the center of the pore, while Box 3, which averages the
concentrations over the entire diameter of the pore, represents the
pH that would be sampled as effluent.
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that the reactive surface area is calculated in the grid cells
along the cylinder wall from Agrid = 2pRDy, where Dy is
the grid spacing in the axial direction. The rate law given
in Eq. (7) (Chou et al., 1989) is assumed to apply at the min-
eral–water interface, that is, within the grid cells containing
the cylinder wall.

Fig. 3b compares the flux-weighted average concentra-
tion of Ca2+ calculated from the Poiseuille Flow model
for the cylindrical pore to the measured Ca2+ concentration
from the microfluidic experiment at steady-state under the
two pH and flow conditions. The effluent solutions were
collected after 15 min, or approximately 44 pore volumes.
The agreement between the model and experimental results
is excellent, indicating not only that the rate law (Chou
et al., 1989) is applicable in this case, but also that the choice
of a total reactive surface area of Atot = 2pRL is appropri-
ate. Experiments conducted with very low ionic strength
water (deionized water adjusted only with nitric acid and
without NaCl) gave rates that were considerably lower than
these presented here (results not shown). The explanation
for the lower rates in the case of the low ionic strength
water is not known for certain, but it is likely the result
of the slower rate of diffusion from the pore wall to the cen-
ter of the pore because of the smaller gradient in chemical
potential as compared to the 10 mM NaCl solution.

5. RESULTS

5.1. Development of concentration gradients at the pore scale

To illustrate the effects of coupling between flow, trans-
port, and reaction on the scale dependence of reaction rates
(and thus to discrepancies between lab and field rates that
may be due to processes operating at the pore scale), we
show a steady-state concentration field that develops within
a calcite pore of 100 lm in length at a flow velocity of
0.1 cm/s. The pore is infiltrated by a dilute pH 5 solution
with 0.01 mM dissolved NaCl, equilibrated with atmo-
spheric CO2 gas. Under these slightly acidic conditions,
the dissolution of the calcite raises the pH and calcium con-
centration in the solution. The increase in pH resulting
from calcite dissolution has the effect of creating a wedge-
shaped, higher pH zone in the direction of flow that broad-
ens as a result of molecular diffusion (Fig. 4). Although not
shown in Fig. 4, similar concentration gradients for other
species, such as Ca2+ and H2CO3, also develop within the
cylindrical pore. In this physical setting, if molecular diffu-
sion were absent, the pH effects would be restricted to the
immediate vicinity of the calcite surface along the pore wall.

Now as gradients in pH develop, it should be clear that
the scale at which the solution in the pore is sampled deter-
mines the calcite dissolution rate that is calculated—for
example, a microelectrode pH measurement from a small
volume close to the calcite pore wall (Box 1 in Fig. 4) would
indicate a dissolution rate greater than a pH measurement
taken in a similarly sized volume in the center of the pore
(Box 2 in Fig. 4). In the same way, a sample volume extend-
ing over the entire end of the pore (Box 3 in Fig. 4), as in the
case where effluent from the entire pore is sampled, repre-
sents an average of a range of concentrations because of
the gradients that develop. As a result, the bulk dissolution
rate from the cylindrical pore, R2D, calculated from the
flux-weighted effluent concentration, does not necessarily
represent the reaction progress in the immediate vicinity
of the mineral surface, and therefore is scale-dependent.

5.2. Single pore results

To map out the conditions under which scale-dependent
rates at the pore scale may develop, we modeled calcite, pla-
gioclase, iron hydroxide dissolution under various hydrody-
namic and pore size conditions. For all simulations, the
pores were chosen to have equal values of diameter and
length. Three pore sizes, 10, 100, and 1000 lm, were chosen
that correspond to a range in size from relatively small
pores in sandstones or clay-rich material (Acharya et al.,
2005) to large pores in coarse-textured sediments or sandy
soil (Khaleel and Relyea, 2001; Hwang and Powers, 2003;
Khaleel and Heller, 2003). For each pore size, the pore flow
velocity was varied from 105 to 10�5 cm/s to identify the
conditions under which scaling effects become significant.
The high flow velocities may be achieved in permeable aqui-
fers in the vicinity of a pumping well, but otherwise are not
common. All simulations were carried out at Reynolds
numbers within the range of 10�7 to 103 below where turbu-
lence typically begins.

In general, calcite dissolution rates in the Poiseuille Flow
model and the Well-Mixed reactor model increase with
increasing pore flow velocity, as shown in Fig. 5. With rel-
atively slow flow velocities (slower than 0.1 cm/s), the long
residence times allow diffusion to homogenize the concen-
tration field, thus producing results that match those of
the Well-Mixed Reactor model (see left panel of Fig. 5).



Fig. 5. Comparison of steady-state calcite dissolution rates calcu-
lated from the Poiseuille Flow model (R2D) and those from the
Well-Mixed Reactor model (RM) as a function of the pore flow
velocity for a pore of 100 lm in length and diameter. The upper
panels show contour plots of pH for a cross-section of the pore
under slow (left panel), intermediate (middle panel), and fast (right
panel) flow velocities. Only under intermediate flow conditions
where concentration gradients develop do the reaction rates depend
on the spatial scale and the rate discrepancy between the two
models reaches a maximum.

Fig. 6. The scaling effect in a single pore, quantified by the ratio of
RM/R2D, under various flow conditions, and for three pore sizes,
1000, 100, and 10 lm. The scaling effects develop and are largest
for flow velocities between 0.1 and 1000 cm/s, which are above the
flow velocities encountered under natural conditions (typically
slower than 0.001 cm/s).
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With fast flow velocities (greater than 1000 cm/s), there is
insufficient reaction to modify the pH even in areas close
to the pore wall. This results in a uniform concentration
field across the pore, again similar in this respect to the re-
sults from the Well-Mixed Reactor model (see right panel
of Fig. 5). Only where reaction and advection rates are
comparable, as is the case with moderate flow velocities,
can large concentration gradients develop (as shown in
the middle panel of Fig. 5). Under these conditions, the rate
discrepancy between the two models is at its maximum.

Not surprisingly, the scaling effect, indicated by the devi-
ation of the ratio of RM over R2D from unity, varies with
flow velocity. At low and high flow velocities, the homoge-
neous concentration field makes the scaling effect negligible,
with ratios of RM over R2D close to unity; under medium
flow conditions, the scaling effect reaches a maximum.
The scaling effect also increases with increasing pore size
due to the lack of complete mixing within large pores, as
shown in Fig. 6. With large pores (1000 lm), the ratio of
RM over R2D can reach as high as 7, while with small pores
(10 lm), the maximum ratio is only 1.3.

For both plagioclase and iron hydroxide pores, the pH
profiles are uniform under all pore size and flow conditions,
with pH values similar to that of the inlet solution. This is
due to the fact that the dissolution rates of both plagioclase
and iron hydroxide are so slow that their rates are much
smaller than advection and diffusion under all conditions
over the length scale of a single pore, thus leading to homo-
geneous concentration fields. The rate discrepancy at this
scale is therefore negligible under all conditions in the case
of these minerals.

At the pore scale, a discrepancy in flux-weighted average
dissolution rate (obtained by applying Eqs. (13)–(15)) be-
tween the Poiseuille Flow model and the Well-Mixed Flow
model occurs in the case of calcite under flow conditions be-
tween 0.1 and 1000 cm/s. Under natural flow conditions,
however, the Darcy flow velocities are typically less than
0.001 cm/s. Although the flow velocities within individual
pores can vary significantly due to the large variability in
pore size, it is still uncommon for a pore flow velocity to
be faster than 0.1 cm/s. As such, under natural conditions
mixing via molecular diffusion is effective in homogenizing
the concentration field, thus eliminating any discrepancies
between the Poiseuille Flow and the Well-Mixed Reactor
model. This suggests that a scale dependence to mineral dis-
solution rates is unlikely at the single pore or fracture scale
under normal geological/hydrologic conditions, implying
that the discrepancy between laboratory and field rates
must be attributed to other factors.

5.3. Single fracture results

Although the size of fracture aperture can range from
microns to hundreds of microns (Steefel and Lasaga,
1994), here we chose to examine a fracture of an intermedi-
ate aperture size of 100 lm, while its length is allowed to
vary from tens of microns to one centimeter. This allows
us to examine the extent to which fracture length affects
any potential rate discrepancy. The flow conditions were
chosen based on typical head gradients in field settings, per-
meability values for fractured rocks (Freeze and Cherry,
1979), and a fracture spacing of 0.1 m, which determine
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the flow velocities varying from 10�1 to 10�5 cm/s. Here we
detail the results for a flow velocity of 0.1 cm/s. The compo-
sition of the inlet solution is the same as that for the single
pore simulations.

Fig. 7 shows the concentration fields for relevant species
and pH for all three reactions for a fracture of 0.24 cm in
length. Due to the fact that dissolution occurs at the frac-
ture wall, concentrations of Ca2+ and Fe2+ are highest here
and become progressively lower toward the center of the
fracture. The contour plot of the Ca2+ and Fe2+ concentra-
tion fields look similar for all three reactions, since the
geometry is determined primarily by the relative rate of
flow and diffusion for a given fracture aperture, d, or the
Péclet number, given by Steefel and Lichtner (1998)

Pe ¼ vd
D
: ð18Þ

However, due to the significant differences in the magnitude
of reaction rates, the extent of reaction is very different for
the three reactions. With calcite dissolution, the Ca2+ con-
centration increases to about 10�5 mol/L, while for plagio-
clase and iron dissolution, the Ca2+ and Fe2+

concentrations only increase to about 10�9 mol/L. As a re-
sult, the pH values cover four pH units for calcite dissolu-
tion, while the pH change is negligible for both plagioclase
and iron dissolution (on the order of 0.0001 to 0.001 pH
unit), thus resulting in an essentially homogeneous pH field.

5.3.1. Calcite

The flux-weighted average calcite dissolution rates
(again obtained from Eqs. (13)–(15)) from each of the three
models decrease as the fracture length increases, as shown
Fig. 7. Steady-state concentration fields of relevant species for calcite dis
fracture with an aperture of 100 lm and a length of 0.24 cm. The flow velo
in terms of their shape, since this is determined by the relative rate of flow
for the three minerals because of the difference in rates, an observation tha
compared to the negligible pH change in the plagioclase and iron hydro
in Fig. 8a. This is largely due to the nonlinear coupling be-
tween dissolution rates and pH, as well as the associated
spatial variation in dissolution rates along the fracture wall.
The pH is lowest and therefore the dissolution rates are
most rapid close to the fracture inlet. As mineral dissolution
increases pH, it also decreases dissolution rates down-
stream, as can be seen from Fig. 9. Within a fracture of
0.24 cm in length, pH increases by more than four units
and the dissolution rates drop almost an order of magni-
tude. Under these conditions, calcite dissolution is far from
equilibrium. After pH reaches a value of about 7, the rate
becomes constant because the rate is independent of pH,
as indicated in Eq. (4). The result is that the surface-area
normalized rates from the models decrease with increasing
fracture length.

The ratios of the flux-weighted average calcite dissolu-
tion rates from the three models are also a function of the
fracture length, as shown in Fig. 8b. As mentioned above,
the ratio of R1D over R2D quantifies the effects of transverse
mixing, the ratio of RM over R2D measures the combined
effects of transverse and longitudinal mixing, while the ratio
of RM over R1D indicates the effect of longitudinal mixing.

From Fig. 8b, it is interesting to notice that the effects of
transverse mixing are much larger than the effects of longitu-
dinal mixing, as the deviation of R1D/R2D from unity is much
larger than that of RM/R1D. The assumption of complete
transverse mixing in the 1D model leads to an overestimation
of reaction rates by a factor of 3.3 in a 50 lm long fracture.
The assumption of complete longitudinal mixing leads to
an underestimation of reaction rates by a factor of 0.8 by
the Well-Mixed Reactor model. As a result of the opposite
direction of the effects of the transverse and longitudinal mix-
solution, plagioclase dissolution, and iron reductive dissolution in a
city is 0.1 cm/s. The Ca2+ and Fe2+ concentration fields look similar

and diffusion. However, the extent of reaction differs significantly
t is confirmed by the large change in pH values in the calcite fracture
xide fractures.



Fig. 8. (a) Flux-weighted average reaction rates at steady-state as a function of calcite fracture length, from the Poiseuille Flow model that
fully couples the reactive transport processes (R2D), the 1D Plug Flow Reactor model that assumes complete transverse mixing (R1D), and the
Well-Mixed Reactor model that assumes complete mixing in both longitudinal and transverse directions (RM). (b) Comparison between
steady-state flux-weighted average rates calculated from the three models. The ratio of R1D over R2D is a measure of the effects of transverse
mixing; the ratio of RM over R2D is a measure of the combined effects of transverse and longitudinal mixing; and the ratio of RM over R1D

indicates the effects of longitudinal mixing.

Fig. 9. Steady-state calcite dissolution rates (a) and pH (b) at the fracture wall as a function of distance from the inlet for a fracture of length
0.24 cm. Dissolution rates decrease rapidly close to the inlet due to the pH dependence and high reaction rates there. After the pH increases to
about 7, dissolution rates become constant as the rate becomes independent of pH.
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ing, the ratio of RM over R2D, which combines the two effects,
falls in between the ratios of R1D/R2D and RM/R1D.

In all cases, the deviation from unity decreases with
increasing length and the rates from the three models con-
verge as longer fractures are considered. There are two rea-
sons for this behavior. First, the fast dissolution rates at the
fracture inlet leads to maximum concentration gradients in
the transverse direction–while the Ca2+ concentration at the
fracture wall is of the order of 10�5 mol/L, at the center of
the fracture the Ca2+ concentration is almost zero, essen-
tially the same as the inlet solution. As a result, most of
the aqueous solution within a short fracture does not show
significant reaction progress except in the immediate vicin-
ity of the pore wall. With long fractures, however, molecu-
lar diffusion has more time to spread the Ca2+ from the
fracture wall to its center, and the solution within the frac-
ture becomes more nearly homogeneous. For example, at
the outlet of a 0.24 cm long fracture, the Ca2+ concentra-
tions at the fracture wall and the fracture center are of
the same order of magnitude. Second, the dissolution rates
at the fracture wall become constant once the fracture
length is larger than 0.1 cm as a result of the increase in
pH. Thus, scaling effects tend to diminish in the case of
longer fractures.

This result suggests that for fast reactions such as calcite
dissolution, the scaling effects can be large when the length
scale of the fracture is small, and the scaling effects diminish
with increasing fracture length. This is interesting in the
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sense that it is different from the case of dispersion in hier-
archical porous media, where scaling effects increase with
increasing length scale (Gelhar et al., 1992).

5.3.2. Plagioclase

For plagioclase, the overall dissolution rates also de-
crease with increasing fracture length, as shown in
Fig. 10a for rates calculated using aluminum inhibition rate
law proposed by Oelkers et al. (1994). However, due to the
slow plagioclase dissolution rate, there is little change in
concentration and the fracture remains nearly homoge-
neous. As such, all three models give similar reaction rates,
and the rate discrepancies are negligible compared to calcite
dissolution, as shown in Fig. 10b. It is interesting to note
that for plagioclase dissolution, the effects of transverse
mixing are much smaller than those due to longitudinal
mixing, as the ratios of R1D/R2D are all close to unity, while
the ratios of RM/R1D deviates from unity slightly. This is
primarily because plagioclase dissolution is so slow that sig-
nificant concentration gradients do not develop in the
transverse direction. It is also worth noting that the ratio
of RM/R1D deviates from unity increasingly with increasing
fracture length, meaning that the effects of longitudinal
mixing become progressively more significant with increas-
ing fracture length. This is particularly true for the alumi-
num inhibition rate law suggested by Oelkers et al.
(1994), since complete mixing in the longitudinal direction
results in higher aluminum concentrations close to the frac-
ture inlet, and thus to slower overall rates. Simulations
using the rate law proposed by Hellmann and Tisserand
(2006) give similar results.

5.4. Time scale analysis

For an open geochemical system where flow, diffusive
transport, and reactions are coupled, the time scales of
these processes determine the dynamics of the system. Time
scale analysis reveals that a scale dependence to reaction
Fig. 10. (a) Overall steady-state plagioclase dissolution rates calculated as
as a function of fracture length: the Poiseuille Flow model (R2D), the 1D P
(RM). (b) The comparison of steady-state rates from different models. R
However, the effects of longitudinal mixing (RM/R1D) are larger than th
rates arises only when large concentration profiles develop,
which occurs under two necessary conditions. First, diffu-
sion must be slower than advection so that mixing is incom-
plete and does not homogenize the concentration field.
Second, the rates of advection and reaction must be compa-
rable so that the extent of reaction for the given residence
time is large enough to produce significant concentration
gradients within a pore or fracture. Both of these conditions
must be satisfied to produce a discrepancy between the
Poiseuille Flow model and a well-mixed system.

Quantitatively, the first condition means that the time
scale of advection, sad, is shorter than that of diffusion sdiff

(sad < sdiff). For a pore or fracture, however, values of sdiff

are different in the transverse and longitudinal directions.
As a measure of the tendency to develop transverse concen-
trations gradients and assuming a pore or fracture with a
characteristic length L and aperture d, average flow velocity
v, and diffusion coefficient D, the first condition requires
that

L
v
<

d2

D
; ð19Þ

which gives a transverse Péclet number defined by

Petrans ¼
d2v
LD

> 1: ð20Þ

As a measure of the tendency to form longitudinal concen-
tration gradients, the following inequality is more
appropriate

L
v
<

L2

D
; ð21Þ

which implies a longitudinal Péclet number defined by

Pelong ¼
Lv
D
> 1: ð22Þ

For an equant pore where L = d, Eq. (20) is equivalent to
Eq. (22).
a flux-weighted average at the fracture outlet from the three models
lug Flow Reactor model (R1D), and the Well-Mixed Reactor model
ates from all three models look similar, with ratios close to unity.

at of transverse mixing (R1D/R2D).
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As an example, Fig. 11 shows values of Péclet number
under various pore or fracture length and flow conditions,
calculated with a diffusion coefficient of 8.57 · 10�5 cm2/s
for hydrogen ion concentration. It is interesting to notice
that in the longitudinal direction, the more rapid the flow
and the longer the fracture or pore, the larger the Péclet
number (Fig. 11a). Thus, longer fractures increase the pos-
sibility of developing concentration gradients (and thus
scale-dependent reaction rates) in the longitudinal direc-
tion. From Eq. (20) it is apparent that in the transverse
direction, the Péclet number increases with decreasing pore
or fracture length (Fig. 11b), indicating that transverse mix-
ing becomes complete with a long enough flow path. This is
why the rate discrepancy is largest for fractures with short
lengths (Fig. 8). For flow velocities encountered under nat-
ural conditions (typically slower than 0.001 cm/s) and pores
or fractures are less than 1 millimeter in length, the Péclet
number is less than 1, meaning mixing in both longitudinal
and transverse directions is complete. This is consistent
with the results presented above.

The second condition means that the time scale of
reaction is comparable to that of advection (sreact � sad).
Here we define a dimensionless number g = sreact/sad.
Large g values mean that the reaction rates are slow
and significant changes in aqueous concentrations do
not occur over the advective length scale. Under these
conditions, the reaction rates within the pore or fracture
are uniform and no scaling effects develop. Small g values
mean that the reaction is fast relative to the rate of
advective transport and that the reaction either reaches
equilibrium or goes to completion over the length scale
considered. Under these conditions the reaction kinetics
become irrelevant. Only when the reaction rate and the
advection rate are comparable can aqueous concentration
gradients develop and scaling effects become significant,
as shown in Fig. 5.

Although dimensionless numbers comparing the diffu-
sion rate and reaction rate have been defined for a single
component system (Lasaga, 1986; Casey, 1987; Murphy
et al., 1989), rigorous comparison between advection and
Fig. 11. Péclet number as a function of pore size and average flow velocity
a equidimensional pore (Eq. (22)). (b) Péclet number in the transverse
conditions where Pe > 1 are shown in gray.
reaction for a multicomponent reaction system remains
challenging due to the nonlinear dependence of the reaction
rates on aqueous concentrations that typically vary in
space. Nonetheless, a rough estimate can still be obtained.
Consider that along the flow path we need a large enough
change in aqueous concentrations so that spatial variations
in reaction rates can develop. Let this change in concentra-
tion be a fraction of Ceq � C0, where Ceq is the concentra-
tion at equilibrium in units of mol/L, and C0 is the inflow
concentration in mol/L. Here we define the dimensionless
number g as follows:

g ¼ 1000cðCeq � C0Þv
LRa

; ð23Þ

where the factor of 1000 is used to convert the units of Ceq

and C0 from mol/L to mol/m3, c is a fraction that varies
from 0 to 1, with the term c(Ceq � C0) indicating the change
in average aqueous concentration that is large enough to
create gradients, v is the average flow velocity (m/s), L is
the characteristic length of the system (m), and Ra is the
average or bulk dissolution rate determined by the reaction
rate law and the average aqueous concentrations (mol/m2/
s). For example, for calcite dissolution under far from equi-
librium conditions in a slightly acidic solution where the
rate depends only on pH, Ra is given by the first term on
the right hand side of the Rate in Eq. (4). With this, Eq.
(23) becomes

g ¼ 1000cðCeq � C0Þv
Ak1aHþL

; ð24Þ

Here A is surface area in the units of m2/m3 pore fluid. Un-
der close to equilibrium conditions, the affinity term will
also need to be included. The value of g parameter depends
on the designated c value, the solubility of the mineral, the
average concentrations of aqueous species that affect the
reaction rate, the reaction rate constant, the reactive surface
area, as well as the flow velocity and characteristic length.

The choice of c, the fractional approach to equilibrium
(or reaction completion), is somewhat arbitrary and re-
quires insight into the characteristics of the geochemical
. (a) Péclet number defined in the longitudinal direction or assuming
direction for a fracture (Eq. (20)) for an aperture of 100 lm. The
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system. Relatively small fractional changes in concentration
may be significant, as is shown by the following example.
For the case of calcite dissolution in a 100 lm equant pore
with a flow velocity of 0.1 cm/s shown in Fig. 4, pH in-
creases to 6.4 at the pore wall while pH remains 5.0 at
the center of the pore. Close to the pore wall, therefore,
the Ca2+ concentration reaches as high as 20 lM, while
the Ca2+ concentration within most of the pore remains
very low. This leads to an average Ca2+ of 4.6 lM. Assum-
ing a solubility of 316 lM based on stoichiometric dissolu-
tion of calcite, this average concentration corresponds to a
c value of 0.014. For a pore of length 1000 lm at a higher
flow velocity of 1.0 cm/s where the rate discrepancy is larg-
est, as shown in Figs. 5 and 6, a c value of 0.001 is appro-
priate. Under far from equilibrium conditions, such a low c
value is due to the strong dependence of calcite dissolution
rate on pH, small changes in which can have a significant
effect on the rate. In the situation where the rate is indepen-
dent of pH, the concentration dependence of the rate law
comes from the approach to equilibrium, or the ‘‘affinity
term’’ (e.g., quartz dissolution under acidic to neutral pH
conditions). In this case, only changes in concentration rel-
atively close to equilibrium are relevant, which would re-
quire a much larger c value.

As an example, here we calculate values of g parameter
under various flow and fracture length conditions for both
calcite and plagioclase dissolution. Based on the discussion
above, a c value of 0.001 is used for both reactions as an
indicator of where significant concentration gradients begin
to develop. For a parallel-sided fracture with an aperture of
100 lm, the reactive surface A is 2 · 104 m2/m3 pore fluid.
For the case of calcite dissolution, we assume that the fluid
flowing in to the fracture has a pH of 5 and a pCO2 of
3.14 · 10�4 bars, so an average activity of hydrogen ion
5 · 10�6 (half of the inflow value) is assumed. Using these
parameters, a series of g values can be calculated for differ-
ent average flow velocities and fracture length, as shown in
Fig. 12a. Only at values of g close to 1 can significant con-
centration gradients develop and produce a scale depen-
Fig. 12. Values of dimensionless number, g, as a function of average flow
gray area is where g values are between 10�3 and 103.
dence to the dissolution rates. Due to the rapid
dissolution rate of calcite, g values are orders of magnitude
smaller than unity under most conditions. At higher values
of g, there is insufficient reaction to produce a concentra-
tion gradient. This leads to a narrow range of flow velocity
and fracture length occupying the low right corner of the
figure, where concentration gradients are likely to develop.

Calculating values for g for plagioclase is more difficult
because of the additional constraints needed to calculate a
solubility. The solubility of plagioclase depends on pH and
concentrations of various species, including Na+, Ca2+,
SiO2(aq), and Al3+. Here we assume that Ca2+ activity is
constrained by equilibrium with calcite assuming stoichiom-
etric dissolution, SiO2(aq) by equilibrium with quartz, and
Al3+ by equilibrium with Al(OH)3(am). At a pH of 7.5, this
gives a Ceq,Na of 3 · 10�3 M. Replacing the term Rm in Eq.
(23) with the aluminum inhibition rate law given in Eq. (6),
we obtain g values at a variety of flow velocities and fracture
lengths as shown in Fig. 12b. Due to its much slower disso-
lution rate and different solubility, the g values are orders
of magnitude larger than calcite under similar flow and frac-
ture length conditions. However, it should be noted that an g
value close to unity is only one of the conditions for a scale
dependence to develop. It is also necessary that the regions
in parameter space where g values are close to unity in
Fig. 12 must overlap with areas where Pe P 1 in Fig. 11
for concentration gradients to develop. For calcite dissolu-
tion in a 100 lm equant pore, overlap of Pe > 1 (Fig. 11a)
and g in the vicinity of unity (for example, 10�3 to 103) occur
when flow velocities are between approximately 0.1 and
1000 cm/s, as shown in Fig. 13a. This is consistent with the
results presented in Figs. 5 and 6. For pores or fracture devel-
oped in plagioclase, it is only in pores or fractures close to
1 cm in length that the two conditions overlap. For both min-
eral dissolution reactions there is no overlap area for pores or
fractures of length between 10 and 1000 lm under natural
conditions where flow is mostly slower than 10�3 cm/s. For
both minerals, the area of overlap (Pe > 1 and g values close
to unity) increases with increasing fracture or pore length.
velocity and fracture length for calcite (a) and plagioclase (b). The



Fig. 13. Conditions for scaling effects (overlap areas of Pe > 1 and g values close to unity shown as shaded in dark gray) for calcite (a) and
plagioclase (b).
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6. DISCUSSION

The results presented here demonstrate that a scale
dependence to mineral dissolution rates, leading poten-
tially to a discrepancy between laboratory and field rates,
arises when large concentration gradients develop. Where
such conditions arise, the situation is inherently different
from the well mixed laboratory conditions where most
mineral reaction rates are measured. This implies that it
is only in transport regimes where homogeneous concen-
tration fields form that laboratory-measured reaction rates
be used directly. This is consistent with findings from
other studies at other spatial scales (Mo and Friedly,
2000; Meile and Tuncay, 2006; Mohamed et al., 2006)
where it was demonstrated that relatively fast reaction
kinetics combined with low advection and diffusion rates
can generate a scaling effect, and thus a discrepancy be-
tween lab and field rates.

The above results are based on idealized single pore and
single fracture models. Natural pores often have quite dif-
ferent characteristics than the idealized pore investigated
in this work, including irregular shapes, rough surfaces, a
larger number of openings (Lindquist et al., 2000), and het-
erogeneous solid phase compositions. However, our conclu-
sion that at the pore scale the system remains well-mixed
(thus avoiding the development of a scale dependence) is
probably still valid with these characteristics. The cylindri-
cal pore proposed in this work, with only two openings and
smooth mineral surfaces, represents an extreme condition
with a minimum extent of mixing. The characteristics of
natural pores, such as irregular shape, a larger number of
openings, and rough mineral surfaces, would all likely in-
crease the extent of mixing and therefore reduce the dis-
crepancy between the natural (field) and laboratory rates
due to incomplete mixing. In the case where reactive miner-
als are distributed heterogeneously within a pore, a scale
dependence is still considered unlikely because of the slow
flow rates and the effectiveness with which molecular diffu-
sion homogenizes the local aqueous phase at this scale.

Although under natural conditions the dependence of
mineral dissolution rates on scale is considered to be negli-
gible at the scale of single pores and fractures, at larger spa-
tial scales these effects are expected to become more
significant, as can be observed in Fig. 13 where larger re-
gions of overlap develop with increasing fracture length.
The characteristic time for diffusion or dispersion to
homogenize a concentration field, defined as L2/D, is pro-
portional to the square of the length scale and therefore in-
creases rapidly with increasing spatial scale. As such, at
larger spatial scales the conditions for rate discrepancy to
appear are more easily encountered. Field measurements
of dissolution rates are often carried out at much larger spa-
tial scales than the pore scale (Zhu, 2005), which may pro-
vide an explanation for the consistent emergence of the
scaling issue and lab-field rate discrepancies.

7. CONCLUSIONS

In summary, we examined the effects of flow and trans-
port processes on mineral dissolution kinetics in single
pores and fractures. Laboratory-measured reaction kinetics
were coupled with Poiseuille flow and advective and diffu-
sive transport to unravel some of mechanisms that might
contribute to a scale dependence of the dissolution rates,
and thus to a discrepancy between laboratory and field
rates. The simulations were intended to identify the condi-
tions under which such a rate discrepancy becomes signifi-
cant at the single pore scale by comparing the results with a
well-mixed pore where pore-scale transport processes are
ignored.

Simulations of reactive transport within single pores
show that a scale dependence to mineral dissolution rates
arise primarily as a result of the formation of concentration
gradients at this scale, which develop due to comparable
rates of reaction and advective transport and incomplete
mixing via molecular diffusion. Thus, the magnitude of
the reaction rates plays a large role in determining the scal-
ing behavior of reaction rates. For calcite dissolution, the
discrepancy in rates between a natural (represented by a
Poiseuille Flow model) and well-mixed pore becomes signif-
icant at flow velocities between 0.1 and 1000 cm/s, while the
discrepancy is negligible at slower or faster flow rates. In
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the case of plagioclase dissolution and iron mineral reduc-
tive dissolution, the rates are too slow to register a signifi-
cant effect at the higher flow rates where molecular
diffusion does not dominate. Under natural conditions
where flow velocities are typically lower than 0.001 cm/s,
molecular diffusion homogenizes the concentration fields,
and even the scale dependence of calcite dissolution rates
disappears. Thus, we conclude that for single pores, the dis-
crepancy between the rate determined with the flux-
weighted average at the pore outlet and the rate calculated
assuming complete mixing is negligible. The single pore or
fracture, therefore, behaves effectively as a well-mixed reac-
tor. We conclude therefore that the widely cited discrepancy
between laboratory and field rates cannot be attributed to
processes taking place at the single pore scale.

With single fractures, we also examined the effects of
length scale on the rate discrepancy and the effects of trans-
verse and longitudinal mixing. Again, the magnitude of the
reaction rates plays a large role in how important the dis-
crepancy between a natural pore and its well-mixed ana-
logue is. For fast calcite dissolution, the effects of
transverse mixing are more important than those due to
longitudinal mixing, because the fast dissolution rates lead
to large differences in concentration between the fracture
wall and center. Discrepancies in rate between a fracture
represented with Poiseuille Flow and realistic diffusion
and a fracture within which complete mixing is assumed de-
crease with increasing fracture length in the case of calcite
due to the combined effects of slower reaction rates down-
stream as the pH rises and as a result of the increased extent
of mixing via molecular diffusion. For fractures of a length
of more than 0.2 cm differences in the rates determined with
the two approaches (Poiseuille Flow and complete mixing)
are negligible. For plagioclase and iron hydroxide, although
longitudinal mixing is more important, scaling effects are
negligible within a spatial scale of one centimeter because
of the slow rate of the dissolution reactions. However, at
length scales >1 cm, the Poiseuille Flow and 1D Plug Flow
models begin to diverge from rates calculated assuming
complete mixing, suggesting that the discrepancy may be-
come increasingly important at larger scales.

The modeling results presented above are consistent with
the time scale analysis, which quantifies approximately the
conditions under which concentration gradients, and thus
scaling effects, may develop. The analysis shows that scaling
effects arise under two necessary conditions, both of which
need to be satisfied. One is that the time scale of advection
must be smaller than that of diffusion, which requires that
the Péclet number to be larger than unity. The second is that
the time scales for advection and reaction must be compara-
ble, with a ratio of the two time scales within about several
orders of magnitude of unity, so that the extent of reaction is
large enough to develop significant concentration gradients.
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