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Abstract

Mineral dissolution rates in the field have been reported to be orders of magnitude slower than
those measured in the laboratory, an unresolved discrepancy that severely limits our ability to
develop scientifically defensible predictive or even interpretive models for many geochemical
processes in the earth and environmental sciences. One suggestion links this discrepancy to the
role of physical and chemical heterogeneities typically found in subsurface soils and aquifers in
producing scale-dependent rates where concentration gradients develop. In this paper, we
examine the possibility that scale-dependent mineral dissolution rates can develop even at the
single pore and fracture scale, the smallest and most fundamental building block of porous
media. To do so, we develop two models to analyze mineral dissolution kinetics at the single
pore scale: 1) a Poiseuille Flow model that applies laboratory-measured dissolution kinetics at
the pore or fracture wall and couples this to a rigorous 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, and geometry as the
Poiseuille Flow model. For a fracture, a 1D Plug Flow Reactor model is considered in addition
to quantify the effects of longitudinal versus transverse mixing. The comparison of averaged
dissolution rates under various conditions of flow, pore size, and fracture length from the three
models is used as a means to quantify the extent to which concentration gradients at the single
pore and fracture scale can develop and render rates scale-dependent. Three important minerals
that dissolve at widely different rates, calcite, plagioclase, and iron hydroxide, are considered.
The modeling indicates that rate discrepancies arise primarily where concentration gradients
develop due to comparable rates of reaction and advective transport, and incomplete mixing via
molecular diffusion. The magnitude of the reaction rate is important, since it is found that
scaling effects (and thus rate discrepancies) are negligible at the single pore and fracture scale
for plagioclase and iron hydroxide because of the slow rate at which they dissolve. In the case
of calcite, where dissolution rates are rapid, scaling effects can develop at high flow rates from
0.1 cm/s to 1000 cm/s and for fracture lengths less than 1 cm. At more normal flow rates,
however, 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 dissolution 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.



1. Introduction

The dissolution of minerals plays a major role in various physical, chemical, and biological
processes in nature. Mineral dissolution affects the formation of soils, influences the
degradation of radioactive waste and its containers (SPYCHER et al., 2003) and the subsequent
migration of heavy metals and radionuclides to the biosphere (CHOROVER et al., 2003; LOVLEY,
1993; LOVLEY and COATES, 1997), and at larger space and time scales, it regulates the
atmospheric concentrations of CO, (BERNER, 1995; BERNER and BERNER, 1997). Laboratory-
measured dissolution rates of many minerals have been consistently found to be several orders
of magnitude faster than those observed in the field (MAHER et al., 2004; WHITE and
BRANTLEY, 2003), although it is not clear in all cases that this represents a true discrepancy in
the rate constants as opposed to a failure to take into account the intrinsic differences in
chemical and/or physical conditions between laboratory and field settings (STEEFEL et al.,
2005). Such rate discrepancies need to be resolved, however, since they seriously hinder the
application of laboratory-measured dissolution rates to natural systems.

A variety of factors have been proposed to contribute to the rate discrepancy, including the
differences in reactive surface area of the fresh and weathered minerals (ANBEEK, 1993;
WHITE, 1995; WHITE and PETERSON, 1990), the effect of reaction affinity (MAHER et al., 2006;
WHITE, 1995; WHITE and BRANTLEY, 2003), the precipitation rate of secondary clay minerals
(ALEKSEYEV et al., 1997; MAHER et al., 2006; STEEFEL and VAN CAPPELLEN, 1990; ZHU et al.,
2004), and the age of the reacting material (MAHER et al., 2004; WHITE and BRANTLEY, 2003).
Recent studies have also shown that physical and chemical heterogeneities in soils and aquifers
where subsurface flow occurs may contribute to a scale dependence to mineral dissolution
rates, and thus potentially to discrepancies between laboratory and field rates (LI et al., 2006;
MALMSTROM et al., 2000; MALMSTROM et al., 2004; MEILE and TUNCAY, 2006). For example,
Li and coworkers (LI et al., 2006; L1 et al., 2007) found that variations in the spatial
distributions of minerals with differing reactivities 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 to 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 systems as suggested above. The laboratory measurement of
dissolution rates usually employs well-mixed batch or flow through reactors. In these
experimental systems, the aqueous phase is stirred rapidly enough that the aqueous phase
becomes well-mixed, thus eliminating the effect of transport. 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 inevitably 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 contrast to the solely
“reactive” processes characterizing well-mixed laboratory systems.

In addition to these differences, natural porous or fractured media are also very different from
laboratory settings in terms of their structure and heterogeneous nature. For example, natural
porous media typically possess hierarchical 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, contains a sufficient number of pores that
allows the definition of statistically averaged properties of porous media, including 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. Heterogeneities 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 properties and processes “averaged” over a
large number of pores, pore scale are 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.

In this work, we focus on mineral dissolution in single pores and fractures, where flow can no
longer be described completely by an average Darcy velocity—gradients in flow velocity
inevitably exist within individual pores as a result of the fundamental physics. Such flow
gradients, as well as the limited rates of diffusive transport, 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. In this work, laboratory-measured
reaction kinetics is applied at the scale of the mineral-water interface where they occur, and
then coupled with a rigorous representation of flow and transport in single pores and fractures.
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. We
compare rates from these fully coupled reactive transport systems to those rates obtained from
well-mixed reactors that ignore the effects of flow and transport, with such comparisons used to
quantify the effects of flow and transport on mineral dissolution rates in natural systems at the
pore scale. For single fractures, we compare the rates from fully coupled reactive transport
systems to those calculated from 1D plug flow reactor model that assumes complete transverse
mixing so as to evaluate its effect. The comparisons were made under various flow, pore size,
and fracture length conditions to understand the mechanisms that contribute to the rate
discrepancies between laboratory and field settings, and to identify the conditions under which
such rate discrepancies become significant.

2. Reactions and rate laws

In this work we focus on the dissolution of three important subsurface mineral phases with a
range of reaction rates: calcite, plagioclase, and iron hydroxide. Calcite dissolution is one of
the most important and rapid mineral reactions in the subsurface (MORSE and ARVIDSON,
2002), while plagioclase dissolution is one of the slowest, its rate constant about 5-6 orders of
magnitude less than that of calcite (BLUM and STILLINGS, 1995; WHITE and BRANTLEY, 1995).
Dissimilatory 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 subsurface contaminants (ANDERSON et al., 2003; COATES
and ANDERSON, 2000; LOVLEY and COATES, 1997).

2.1 Calcite dissolution

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

CaCO,(s) +H* = Ca* +HCO; (1)
CaCO,(s) + H,CO,” = Ca’ + 2HCO; )
CaCO,(s) = Ca>'+ CO> 3)

The reaction consumes H', and releases Ca”" and carbonate. In the model, the rate of calcite
dissolution is described by a Transition State Theory (TST) rate law, with the reaction rate
parameters determined by (CHOU et al., 1989):

IAP
Rate= A(ka,. + kzaHZCO; +ky) (1 - K_] ) 4)
eq
where k,, k,, and k; are the reaction rate constants, @, . and a, . are the activities of
2-3

hydrogen ion and carbonic acid, /4P and K., are the ion activity product and the equilibrium
constant for the reaction respectively, and 4 is the reactive surface area. The values of k,, k,,

and k, are 0.89, 5.01x10™*, and 6.6x107" mol m? s, respectively (CHOU et al., 1989). With

this rate law, the reaction rate is pH dependent under acidic conditions and becomes almost
constant above a pH of about 7 (Figure 2 in (CHOU et al., 1989)).

2.2 Plagioclase dissolution

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

Ca,,Na, Al Si, O+ 1.2H,0 + 6.8H" = 0.7Ca>"+ 0.3Na" + 1.7AI*" + 2.3H,Si0, (5)

The dissolution of plagioclase has been described by several rate laws in the literature. In this
work, we consider two separate rate laws. The first is an aluminum inhibition rate law
(OELKERS et al., 1994) that describes the rate dependence on pH and aluminum concentration,

' 1/3
K,
Rate = Ak L |l1- “r) (6)
+K, K

A q10m), eq

here rewritten slightly following MAHER et al (2006). In Equation (6), K/ 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 1.50x 107> . The rate constant for plagioclase



containing 70% anorthite is estimated to be 1.12x10™ mol m™ s™', which is extrapolated from
a rate constant measured for a plagioclase containing 60% anorthite (CARROLL and KNAUSS,
2005) using a correlation between reaction rate constants and plagioclase composition (BLUM
and STILLINGS, 1995). The equilibrium constant is 19.28 for a plagioclase that contains 70%
anorthite (STEFANSSON, 2001).

The second rate law considered is one proposed by HELLMANN and TISSERAND (2006) that
describes the dependence of the rate on reaction affinity or Gibbs free energy, and is very similar
to one proposed earlier by BURCH et al (1993) for albite. This dependence is combined with the
pH dependence described in BLUM and STILLINGS (1995) under far from equilibrium conditions.
For a Ca-rich plagioclase, the rate dependence on pH is raised to the power of 0.72, giving the
following overall reaction rate law:

Rate = {klaH+0.72[1 _ eXp(_ngm] )] + kzaH+0.72[1 _ exp(_g)]n12 } A , (7)

where g is equal to |AGr /RT , with AG, being the Gibbs free energy of the reaction, R the gas

constant, and T the temperature in degrees Kelvin. The parameters k; and &, are reaction rate
constants estimated to be 5.01x10™ and 8.69x10™'° mol m™ s™', respectively, based on the
plagioclase dissolution rate under far from equilibrium conditions (BLUM and STILLINGS, 1995)
and the ratios of these two values in HELLMANN and TISSERAND (2006), who measured the
rates at 150 °C. The values of n, m;, and m, are 7.98x107, 3.81, and 1.17, respectively taken
from HELLMANN and TISSERAND (2006).

2.3 Dissimilatory iron reduction

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

FeOOH(s)+éCH3COO'+§H+ = Fe”+iHCO;+%H20 . (8)

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 (JAISI et al., 2007; LIU et al.,
2001; RODEN and ZACHARA, 1996), which can be reduced due to the adsorption of Fe(II) on the
goethite surface (RODEN, 2004; RODEN and URRUTIA, 2002; RODEN et al., 2000). Accordingly,
we use the following rate law that combines a dependence on acetate concentration and on
available iron hydroxide surface sites:

C
Rate = Vmax,Fe(HI) K ace:a_tec [> FeOH]available > (9)

s,acetate

acetate

where V. is the maximum surface-area-normalized rate of iron reduction, with a value of

max,Fe(IIT)

1.655x10 mol (mole sites)” s (SCHEIBE et al., 2006), ¢
acetate (mol/L), K

s,acetate

is the aqueous concentration of

acetate

1s the half-saturation constant of acetate, with a value of 0.0001 mol/L



(SCHEIBE et al., 2006), and [>FeOH]

in units of (mole sites) m™. The value of [>FeOH]

is the available surface site density of iron hydroxide

available

is equal to

available

[>FeOH_]+[>FeOH , ]-[>FeOFe" ]-[>FeOFe" ], which is the summation of total strong and
weak iron surface site densities ([>FeOH_] and [>FeOH ], respectively), subtracted by the
densities of sites occupied by the adsorbed Fe(I) ([>FeOFe" ] and [>FeOFe" ]). The density

of strong and weak iron surface sites are taken as 9.27x10® and 3.70x10°° (mol sites) m™
(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
(DzoMBAK and MOREL, 1990), with parameters from APPELO et al (2002):

>FeOH, +Fe”' = >FeOFe; logK =-0.95, (10)
>FeOH , +Fe*' = >FeOFe, logK =-2.98. (11)

According to this rate law, as the Fe(II) concentration in solution increases with the progress of
the reaction, the concentrations of the sorbed species >FeOFe’, and >FeOFe"  increase as

well, thus effectively inhibiting the rate of dissolution.
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 develop two
models: 1) a Poiseuille Flow model that applies laboratory-measured dissolution kinetics at the
pore or fracture wall and couples this to a rigorous 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, and geometry 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 of the extent to which concentration gradients within a
single pore affect the averaged reaction rates.

Poiseuille Flow model:

In this model, pores are assumed to be cylindrical. Assuming Poiseuille’s equation for flow in a
cylinder holds, the steady-state parabolic velocity distribution within the pore as a function of
radial distance r can be calculated from (DAUGHERTY and FRANZINI, 1965)

u(r)=2U{l—[%) } (12)

where u(7) 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 local flow is fastest at the radial center of the pore
and slowest close to 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 and co-workers (CHOU et al., 1989) for calcite dissolution, only apply
within the grid cells containing the cylinder wall, that is, at the mineral-water interface where
the reactions actually take place. The local reactive surface area is calculated from the geometry
of the pore, with Agiq = 2nRAy, where Ay is the grid spacing in the axial direction. Thus, the
total surface is Ayt = 2nRL, where L is the length of the pore. 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 (Figure 1A). Multicomponent
molecular diffusion is treated as a combination of Fickian diffusion of individual species and an
electrochemical migration term arising from the diffusion of charged species at differing rates
(LASAGA, 1998; NEWMAN, 1991; OELKERS, 1996; STEEFEL, 2007b). Hydrodynamic dispersion
is not considered as a separate process, since this effect is captured rigorously through the
combination of the parabolic velocity field and molecular diffusion (TAYLOR, 1953). All
calculations are carried out with the code CrunchFlow (STEEFEL, 2007a).

Due to the coupling between flow, transport, and reactions, the aqueous concentrations at the
outlet can vary as a function of radial distance. The averaged outlet concentration can be
calculated as follows:

R
[ o)
Cppy =, (13)
Qtot
where Q,,, is the total flow rate defined by
R
0. =] 00, (14)

and c,,, is the flux-weighted average concentration at the pore outlet, c(7) is the concentration at
radial distance r, and Q(7) is the flow rate at radial distance r. The averaged outlet concentration
depends on local dissolution 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, R2p, 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 R,p can be calculated as follows:

C t_cin tot
R, = Cou =) - Qi (15)

tot

where c;, is the inlet concentration. Like the concentration field, the value of Rp is also a
function of coupling between flow, transport, and dissolution at the pore wall.



While a cylindrical pore is an idealized model of a natural pore, it captures the important first
order effects, including 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 relative 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 diffusion over the length scales of the single
pore, concentrations 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.
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Figure 1: A.: Conceptual model for the Poiseuille Flow model, which considers reactive flow and transport in a
single axi-symmetric cylindrical pore. The velocity profile is taken from the analytical solution for Poiseuille flow
in a cylinder (DAUGHERTY and FRANZINI, 1965). B.: Conceptual model for the Well-Mixed Reactor model.
Comparison of the rates from the two models quantifies the effects of mixing through molecular diffusion in both
the transverse and longitudinal directions.

Well-Mixed Reactor model:

A Well-Mixed Reactor model for a single pore (Figure 1B) is developed for comparative
purposes, since it allows us to quantify the extent to which concentration gradients captured by
the Poiseuille Flow model affect the averaged reaction rates within 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, Ry, is equivalent to what would be the case if’
the single pore behaved as a well-stirred laboratory reactor (Figure 1B). Under such conditions,
the rate can be calculated from the laboratory-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, Ry, over Rp is used to quantify the rate
discrepancy between a natural pore and a well-mixed reactor. A ratio close to one indicates that
the discrepancy in rates is negligible, 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 longitudinal 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 geometrically from
those considered for the cylindrical pore described above.

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 represented by the
Poiseuille flow between two parallel plates:

u(x) = 1.5U{1—(§] } (16)

where u(x) is the local fluid velocity within the fracture, U is the average flow velocity, x is the
transverse distance to the center of a fracture, and ¢ is the half fracture aperture. As in the case of
the single pore model, dissolution occurs only at the fracture wall, so that the laboratory-
measured rate laws are applied only at the fracture 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 calculated numerically within the model. As with
the cylindrical pore, dispersion is not explicitly considered in the model, other than by the
combination of the detailed parabolic flow field and the longitudinal and transverse molecular
diffusion. Overall reaction rates (Rap) are calculated from the flux-weighted average of outlet
concentrations in a similar fashion to the single pore model (Equation 15).

1D Plug-Flow Reactor model:

Since the fracture length can be much larger than the fracture aperture, the fracture can also be
represented by a 1D Plug-Flow Reactor model in which the longitudinal direction is discretized,
while complete mixing in the transverse direction is assumed. The result is a one-dimensional
model that does not consider the parabolic velocity profile within the fracture. Overall rates
from the 1D model (R;p) are calculated from the concentrations of outlet solution (in this model,
now represented by a single grid cell, in contrast to the 2D case). Comparison between R,p and
Rip quantifies the effects of transverse mixing.

Well-Mixed Reactor model:

As in the case of a single cylindrical pore, the Well-Mixed Reactor model for the fractures
assumes complete mixing in both transverse and longitudinal directions. The overall rates (Ryy)
are also calculated from the concentrations of fracture effluent. Comparison between Rp and Ry,
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provides a measure of the combined effects of transverse and longitudinal mixing, while
comparison between R;p and Ry is a measure of the effects of longitudinal mixing.

4. Validation and verification of the Poiseuille Flow model
4.1 Verification of transport for the cylindrical pore

The numerical model implemented in CrunchFlow is verified against an analytical solution for
Taylor dispersion (TAYLOR, 1953). Using Equation (12) for the flow field within a cylindrical
pore, Taylor derived an analytical expression for hydrodynamic dispersion in the case of
Poiseuille flow (TAYLOR, 1953)

2
Dh=D+U§ , (17)

where Dy, is the dispersion coefficient, and D is the molecular diffusion coefficient. Note that
the molecular diffusion coefficient appears both in the first term on the right hand side of
Equation (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 attributable to the
variation in velocity within the pore.

Figure 2 shows a comparison between the breakthrough curve for a non-reactive tracer
calculated with a one dimensional geometry using the Taylor-Aris dispersion coefficient given
in Equation (17) and a two-dimensional axi-symmetric cylindrical Poiseuille flow calculation
where dispersion is represented only through the variation in flow velocities and molecular
diffusion. The excellent agreement indicates that the numerical code CrunchFlow captures the
transport within the pore rigorously.
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Figure 2: Comparison of non-reactive tracer breakthrough curves calculated with a one-dimensional
geometry using an analytical Taylor-Aris dispersion coefficient (TAYLOR, 1953) and a full two-
dimensional numerical calculation of transport in a cylinder using the code CrunchFlow.

4.2 Validation with a microfluidic reactive flow experiment

To validate the cylindrical pore model, a microfluidic reactive flow experiment was carried out
using a 500 pum diameter and 4000 um long cylindrical pore drilled in a single crystal of calcite
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(Figure 3A). Single crystals of calcite (Iceland spar) were cut into 20 mm (L) by 10 mm (W)
slabs and polished down to the thickness of 4 mm. A single 500 um diameter cylindrical pore
was drilled through the center of the polished sample sandwiched between two protecting
ceramic plates (100 um thickness). Nanoport® assemblies (Upchurch 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 Megohm-cm) and were adjusted to the
desired pH with diluted ultrapure HNOs acid (J. T. Baker®). The ionic strength of input
solutions 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 HNOs and analyzed in triplicate by inductive coupled plasma-optical emission
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 uL/min and 9.39 puL/min. These flow rates result in average velocities of 0.04
cm/sec and 0.08 cm/sec, respectively. Figure 3B compares the flux-weighted average
concentration of Ca*" calculated from the Poiseuille Flow model for the cylindrical pore to the
measured Ca”" concentration from the microfluidic experiment at steady-state under two pH
and flow conditions. Note that the reactive surface area is calculated in the grid cells along the
cylinder wall from A,ig = 2nRAy, where Ay is the grid spacing in the axial direction. The rate
law of Chou and Wollast (CHOU et al., 1989) is assumed at the mineral-water interface, that is,
within the grid cells containing the cylinder wall.
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Figure 3. A. Schematic representation of the microfluidic reactive flow experiment. B. Comparison of the flux-
weighted average concentration of Ca*" calculated from the numerical Poiseuille Flow model and the measured
Ca”" concentration from the outlet of the microfluidic reactive flow experiment under two pH and flow conditions.
The numerical model uses a flow field based on Poiseuille’s Law (DAUGHERTY and FRANZINI, 1965) and a calcite
dissolution rate law from Chou et al (CHOU et al., 1989) that is applied at the mineral-water interface (the pore
wall). The simulation results match the experimental data well, thus validating the numerical model.
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5. Results
5.1 Development of concentration gradients at the pore scale

To illustrate the effects of coupling between flow, transport, 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 concentration field that develops
within a calcite pore of 100 um in length at a flow velocity of 0.1 cm/s. The pore is infiltrated
by a dilute pH 5 solution undersaturated with respect to the calcite, thus dissolving it. Under
slightly acidic conditions, the dissolution of the calcite raises the pH and calcium concentration
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 broadens as a result of molecular
diffusion (Figure 4). Although not shown in the figure, similar concentration gradients for other
species, such as Ca*" and H,COs, also develop within the cylindrical pore. In this physical
setting, if molecular diffusion 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 determines 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
Figure 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 Figure 4). In the same way, a sample volume
extending over the entire end of the pore (Box 3 in Figure 4), as in the case where effluent from
the entire pore is sampled, represents an average of more concentrated and less concentrated
solution. As a result, the bulk dissolution rate from the cylindrical pore, R,p, calculated from
the flux-weighted effluent concentration, does not necessarily represent the reaction progress at
the immediate vicinity of the mineral surface, and therefore is scale dependent.

Pore Length (um)

0 20 40 60 80 100
S ———ewlm

-10

Pore Radius (um)
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Figure 4. Contour plot of pH for a cross section of a pore of 100 um 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
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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.

5.2 Single pore results

To map out the conditions under which scale-dependent rates at the pore scale may develop,
we modeled calcite, plagioclase, iron hydroxide dissolution under various hydrodynamic and
pore size conditions. For all simulations, the pores were chosen to have equal values of
diameter and length. Three pore sizes, 10 pm, 100 um, and 1000 pm, 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 (HWANG II
and POWERS, 2003; KHALEEL and HELLER, 2003; KHALEEL and RELYEA, 2001). For each pore
size, the pore flow velocity was varied from 10° to 10” cm/s corresponding to Darcy velocities
from 10* to 10 cm/s for a porous medium of porosity equal to 0.1. The high flow velocities
may be achieved in permeable aquifers in the vicinity of a pumping well, but otherwise are not
common. All simulations were carried out at Reynolds numbers below where turbulence
typically begins. The pH of the inlet solution was fixed at 5, representing the slightly acidic
conditions that may be encountered in geological sequestration of CO, in deep aquifers
(KNAUSS et al., 2005).

In general, calcite dissolution rates in both models increase with increasing pore flow velocity,
as shown in Figure 5. With slow flow velocities (slower than 0.1 cm/s), the long residence
times allow diffusion to homogenize the concentration field, thus producing results that match
those of the Well-Mixed Reactor model (see left panel of Figure 5). With fast flow velocities
(greater than 1000 cm/s), there is insufficient reaction to alter 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 results from the Well-Mixed Reactor model (see right panel of Figure 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 Figure 5). Under
these conditions, the rate discrepancy between the two models is at its maximum.
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Figure 5. Comparison of calcite dissolution rates calculated from the Poiseuille Flow model (R;p) and those from
the Well-Mixed Reactor model (R),) as a function of the pore flow velocity for a pore of 100 pm length and
diameter. The rate discrepancy is negligible under fast and slow flow conditions, where the reactions are surface-
controlled and transport controlled, respectively. The discrepancy is at its maximum under mixed surface reaction
and transport controlled conditions where the rates of dissolution and transport are comparable. The upper panels
show contour plots of pH for a cross section of a cylindrical pore of 100 um in length and diameter under slow
(left panel), intermediate (middle panel), and fast (right panel) flow velocities. Under both slow and fast flow
conditions the pH fields are homogeneous, as is the case in a well-mixed laboratory reactor. 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.

Not surprisingly, the scaling effect, indicated by the deviation of the ratio of Ry, over Rzp from
unity, varies with flow velocity. At low and high flow velocities, the homogeneous
concentration field makes the scaling effect negligible, with ratios of Ry, over Rzp 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 Figure 6. With large pores (1000 um), the ratio of Ry, over R,p can reach as high as
7, while with small pores (10 pm), the maximum ratio is only 1.3.
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Figure 6. The scaling effect in a single pore, quantified by the ratio of Ry, / R2p, under various flow conditions,
and for three pore sizes, 1000 um, 100 um, and 10 um. The scaling effect is largest under intermediate flow and
large pore conditions.

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 homogeneous 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 rate between the Poiseuille Flow model and the Well-Mixed
Flow model occurs in the case of calcite under flow conditions between 0.1 to 1000 cm/s.
Under natural flow conditions where flow velocities are typically less than 0.001 cm/s,
however, 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 dissolution 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.

5.2 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 intermediate aperture size of
100 pm, 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, permeability
values for fractured rocks (FREEZE and CHERRY, 1979), and a fracture spacing of 0.1 m. These
values give a flow velocity range of 10™ to 10™ cm/s. Here we detail the results for a flow
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velocity of 0.1 cm/s. The composition of the inlet solution is the same as that for the single pore
simulations.

Figure 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 fracture wall,
concentrations of Ca®" and Fe*" are highest here and become progressively lower toward the
center of the fracture. The contour plot of the Ca’" and Fe*" concentration 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, o, or the Péclet number, given by (STEEFEL and
LICHTNER, 1998)
Vo

Pe D (18)
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 Ca*" concentration
increases to about 10” mol/L, while for plagioclase and iron dissolution, the Ca*" and Fe*"
concentrations only increase to about 10™ mol/L. As a result, the pH values cover four pH units
for calcite dissolution, 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.
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Figure 7: Concentration fields of relevant species for calcite dissolution, plagioclase dissolution, and iron reductive
dissolution in a fracture with an aperture of 100 pm and a length of 0.24 cm. The flow velocity is 0.1 cm/s. The
Ca®" and Fe** concentration fields look similar in terms of their shape, since this is determined by the relative rate
of flow and diffusion. However, the extent of reaction differs significantly for the three minerals because of the
difference in rates, an observation that is confirmed by the large change in pH values in the calcite fracture
compared to the negligible pH change in the plagioclase and iron hydroxide fractures.

Calcite
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The flux-weighted average of the calcite dissolution rates from each of the three models
decrease as the fracture length increases, as shown in Figure 8 A. This is largely due to the
nonlinear coupling between 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 fastest close to the fracture inlet. As mineral dissolution increases pH, it also decreases
dissolution rates downstream, as can be seen from Figure 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
magnitude. After pH drops to a value of about 7, the rate becomes constant because the rate is
independent of pH, as indicated in Equation 4. The result is that the averaged rates from the
models decrease with increasing fracture length.
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Figure 8: A. Flux-weighted average reaction rates as a function of calcite fracture length, from the Poiseuille Flow
model that fully couples the reactive transport processes (Ryp), the 1D Plug Flow Reactor model that assumes
complete transverse mixing (R;p), and the Well-Mixed Reactor model that assumes complete mixing in both
longitudinal and transverse directions (Ry;). B. Comparison between flux-weighted average rates calculated from
the three models. The ratio of Rjp over R,p is a measure of the effects of transverse mixing; the ratio of Ry over
Ryp is a measure of the combined effects of transverse and longitudinal mixing; and the ratio of Ry; over Rip
indicates the effects of longitudinal mixing.

The ratios of the flux-weighted average calcite dissolution rates from the three models are also
a function of the fracture length, as shown in Figure 8B. As mentioned above, the ratio of Rjp
over Ryp quantifies the effects of transverse mixing, the ratio of Ry; over Ryp measures the
combined effects of transverse and longitudinal mixing, while the ratio of Ry over Rjp
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indicates the effect of longitudinal mixing.
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Figure 9: A. Calcite dissolution rates and pH 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.

From Figure 8B, it is interesting to notice that the effects of transverse mixing are much larger
than the effects of longitudinal mixing, as the deviation of Rip / Ryp from unity is much larger
than that of Ry / Rip. 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 um long fracture. The assumption
of complete longitudinal mixing leads to an underestimation of reaction rates by the Well-
Mixed Reactor model. As a result of the opposite direction of the effects of the transverse and
longitudinal mixing, the ratio of Ry over Rap, which combines the two effects, falls in between
the ratios of Rip / Rop and Ry / Rip.

In all cases, the deviation from unity decreases with increasing length and the rates from the
three models converge as longer fractures are considered. There are two reasons for this
behavior. First, the fast dissolution rates at the fracture inlet leads to maximum concentration
gradients in the transverse direction--while the Ca>" concentration at the fracture wall is of the
order of 10 mol/L, at the center of the fracture the Ca®" concentration is very low, essentially
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 vicinity of the pore wall.
With long fractures, however, molecular diffusion has more time to spread the Ca”’ from the
fracture wall to its center, and the solution within the fracture becomes more nearly
homogeneous. For example, at the outlet of a 0.24 long fracture, the Ca®" concentrations 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. As a result, scaling effects tend to diminish in the case of longer
fractures.
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This result suggests that for fast reactions such as calcite, 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 sense that it is different from the case of dispersion in
hierarchical porous media, where scaling effects increase with increasing length scale (GELHAR
et al., 1992).

Plagioclase

For plagioclase, the overall dissolution rates also decrease with increasing fracture length, as
shown in Figure 10A for rates calculated using aluminum inhibition rate law proposed by
OELKERS et al (1994). However, due to the slowness of the plagioclase dissolution rate, there
is little change in concentration and the fracture remains nearly homogeneous. As such, all
three models give similar reaction rates, and the rate discrepancies are negligible compared to
calcite dissolution, as shown in Figure 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 Rip/Ryp are all close to unity, while the ratios of Ry/R;p deviates from
unity slightly. This is primarily because plagioclase dissolution is so slow that significant
concentration gradients do not develop in the transverse direction. It is also worth noting that
the ratio of Ry/Rp deviates from unity increasingly with increasing fracture length, meaning
that the effects of longitudinal mixing become progressively more significant with increasing
fracture length. This is particularly true for the aluminum inhibition rate law suggested by
OELKERS et al. (1994), since complete mixing in the longitudinal direction results in higher
aluminum concentrations close to the fracture inlet, and thus to slower overall rates.
Simulations using the rate law proposed by HELLMANN and TISSERAND (2006) give
similar results.
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Figure 10: A. Overall plagioclase dissolution rates calculated as a flux-weighted average at the fracture outlet from
the three models as a function of fracture length: the Poiseuille Flow model (R,p), the 1D Plug Flow Reactor
model (R;p), and the Well-Mixed Reactor model (Ry). B. The comparison of rates from different models. Rates
from all three models look similar, with ratios close to unity. However, the effects of longitudinal mixing (Ry/R;p)
are larger than that of transverse mixing (R;p/Ryp).
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6. Discussion

Overall, the results show that a scale dependence to mineral dissolution rates, leading
potentially to a discrepancy between laboratory and field rates, arises when large concentration
gradients develop, a situation that is inherently different from the well mixed laboratory
conditions where most mineral reaction rates are measured. Time scale analysis reveals that
steep concentration profiles only occur under two necessary conditions. First, the rates of
advection and reaction must be similar so that aqueous concentrations of involved species can
change significantly within a pore. Second, diffusion must be slower than advection so that it
cannot eliminate the spatial gradients in concentration within the pore. This implies that it is
only in transport regimes where homogeneous concentration fields form that laboratory-
measured reaction rates be used directly This is consistent with findings from other studies at
other spatial scales (MEILE and TUNCAY, 2006; MO and FRIEDLY, 2000; 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 between lab
and field rates.

While the above results are based on idealized single pore and single fracture models, its
validity is probably even stronger in natural porous media. The cylindrical pore, with only two
openings and smooth mineral surfaces, represents an extreme condition with a minimum extent
of mixing. In contrast, natural porous media typically have a larger number of openings
(LINDQUIST et al., 2000) and rough mineral surfaces, both of which can increase the extent of
mixing and reduce the rate discrepancy due to incomplete mixing. Under natural conditions, it
is also likely that reactive minerals are heterogeneously distributed along the pore wall.
However, to the extent that molecular diffusion is effective in homogenizing the pore, the
heterogeneity of the reactive mineral distribution is not going to play a role in creating a scale
dependence at this scale.

Although under natural conditions the rate discrepancies are considered to be negligible at the
scale of single pores and fractures, at larger spatial scales these effects are expected to become
more significant. The characteristic time for diffusion or dispersion to homogenize a
concentration field is proportional to the square of the length scale and therefore increases
rapidly with increasing spatial scale. As such, the conditions for rate discrepancy to appear are
more easily encountered. Field measurements of dissolution rates are often carried out at much
larger spatial scales than the pore scale (ZHU, 2005), which may provide 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 transport processes on mineral dissolution
kinetics in single pores and fractures. Laboratory-measured reaction kinetics were coupled with
Poiseuille flow and advective and diffusive transport to unravel some of mechanisms that might
contribute to a scale dependence of the reaction rates, and thus to a discrepancy between
laboratory and field rates. The simulations were intended to identify the conditions under
which such a rate discrepancy becomes significant at the pore scale by comparing the results
with a well-mixed pore where pore-scale transport processes are ignored.
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Single pore simulation results show that rate discrepancies arise primarily as a result of the
formation of concentration gradients, which develop due to comparable rates of reaction and
advective transport, and incomplete mixing via molecular diffusion. As a result, the magnitude
of the reaction rates plays a large role in determining the scaling behavior of reaction rates. For
calcite dissolution, the rate discrepancy becomes significant at flow velocities between 0.1 cm/s
and 1000 cm/s, while the discrepancy is negligible at slower or faster flow rates. In the case of
plagioclase dissolution and Fe reductive dissolution, the rates are too slow to register a
significant 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 rate discrepancy for calcite
dissolution disappears. As such, we conclude that for single pores, the discrepancy between the
rate determined with the flux-weighted average at the pore outlet and the rate calculated
assuming complete mixing is negligible. The individual pore or fracture, therefore, behaves
effectively as a well-mixed reactor. We conclude therefore that the widely cited discrepancy
between laboratory and field rates cannot be attributed to pore scale processes.

With longer fractures, we also examined the effects of length scale on the rate discrepancy and
the effects of transverse and longitudinal mixing. Again, the magnitude of the reaction rates
plays a large role in the extent of rate discrepancy. For the 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 between concentration at the fracture wall and those
at the fracture center. Rate discrepancies decrease with increasing fracture length in the case of
calcite due to the combined effects of slower reaction rates downstream resulting from the
increase in pH and as a result of the increased extent of mixing via molecular diffusion. For
slow reactions of plagioclase and iron dissolution, although longitudinal mixing is more
important, the effects are negligible within a spatial scale of one centimeter.
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