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ABSTRACT: Understanding fracture alteration resulting
from geochemical reactions is critical in predicting fluid
migration in the subsurface and is relevant to multiple
environmental challenges. Here, we present a novel 2.5D
continuum reactive transport model that captures and predicts
the spatial pattern of fracture aperture change and the
development of an altered layer in the near-fracture region.
The model considers permeability heterogeneity in the
fracture plane and updates fracture apertures and flow fields
based on local reactions. It tracks the reaction front of each
mineral phase and calculates the thickness of the altered layer.
Given this treatment, the model is able to account for the
diffusion limitation on reaction rates associated with the
altered layer. The model results are in good agreement with an experimental study in which a CO2-acidified brine was injected
into a fracture in the Duperow Dolomite, causing dissolution of calcite and dolomite that result in the formation of a preferential
flow channel and an altered layer. With an effective diffusion coefficient consistent with the experimentally observed porosity of
the altered layer, the model captures the progressive decrease in the dissolution rate of the fast-reacting mineral in the altered
layer.

1. INTRODUCTION

Fractures are important flow pathways in subsurface environ-
ments, particularly in formations with relatively low perme-
ability, such as the caprock for geological carbon-storage
reservoirs, waste repositories, and shale gas plays.1−4 Fractures
dominate fluid migration and solute transport in these systems
and are subject to alteration caused by water−rock
interaction.5−12 Understanding the dynamic evolution of
fractures is key to the accurate assessment of the performance
of such systems.
Previous experimental studies have shown two types of

complex geometrical changes in fractures after being exposed to
reactive fluid flow. One is the enlargement or reduction of the
fracture apertures resulting from dissolution or precipitation in
the fractures.6−13 The spatial patterns of such changes are
largely controlled by flow regimes, typically characterized by the
Damköhler number (Da).9,14 However, when minerals of
different reactivity are present, a single Da number cannot be
used to accurately describe the system, and aperture change is
instead dominated by the spatial patterns of the reactive
minerals. Specifically, if the reactive phase is dispersed in the
rock matrix, preferential dissolution of the fast-reacting mineral
results in another type of fracture alteration, i.e., the formation
of a porous altered layer in the near-fracture region.5,6,15

In response to the geometric alteration of the fracture,
permeability evolves over time. For example, fracture aperture

enlargement, especially channelization, can cause substantial
fracture-permeability enhancement.8 The extent of the increase,
however, may be mitigated by the presence of nonreactive
mineral bands and the development of an altered layer.16 In
addition, the alteration of fracture geometry can cause solute
transport and subsequent geochemical reactions in the fracture
to change. Channeling has been reported to reduce the global
reaction rate by limiting the accessibility of nonchannelized
fracture surfaces to fresh reactive fluid.8 The overall reaction
rate has also been observed to decrease exponentially as an
altered layer develops on the fracture surfaces5,15 because the
altered layer serves as a diffusion barrier that reduces mass
transfer between the fracture and rock matrix.5 Despite these
observations, there is still a lack of predictive understanding of
the development of the altered layer and its influence on the
subsequent evolution of the fracture.5

To improve our fundamental understanding of fracture
alteration and to develop predictive capabilities, it is critical to
capture the feedback between fluid flow and geochemical
reactions. In this regard, reactive transport modeling provides
an indispensable investigative tool.17 A series of reactive
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transport models, with variable complexity and computational
sophistication, have been proposed to investigate fracture
alteration. For example, a 1D model was used to simulate
reactions in the rock matrix along the direction perpendicular
to the fracture plane18 and showed that diffusion and reaction
in the rock matrix can strongly affect fluxes from the altered
layer to the fracture.19 Although 1D models are in general
computationally efficient and can provide important insights,
they do not capture the topography of the fracture plane and
cannot simulate processes that are inherently two-dimensional,
such as channelization.8,20 Instead, 2D reactive transport
models have been used to capture the spatial patterns of
fracture alteration in the fracture plane.9,21 For example, the
model developed by Yasuhara and Elsworth21 captures the
competing processes of pressure solution and free-face
dissolution in the fracture and was used to investigate fracture
aperture, contact area and permeability evolution resulting from
these processes under different effective stresses and flow rates.
Existing 2D fracture-plane reactive transport models focus on

the processes at the fracture surface; they do not account for
mass transfer between the fracture and the rock matrix and,
thus, the impacts of the porous altered layer in the near-fracture
regions. Although models that simulate the 2D cross-section
along the flow direction and perpendicular to the fracture plane
capture the effects of the altered layer on geochemical reactions,
they neglect the spatial variation in the fracture plane that
determines fracture permeability.18,22 Moreover, fracture top-
ology largely affects the local flow and stress that determine the
likelihood of particle mobilization and the possibility of
clogging in the fracture.5,6 3D models may be used to capture
both the spatial variation in the fracture plane and the mass
transfer between the rock matrix and the fracture. However, 3D
representations of fractures, with relatively small apertures
compared to fracture-plane dimensions, typically require fine
meshing, resulting in a large number of grid cells and
prohibitive computational costs. As a result, the application of
3D reactive transport models to discrete fractures is rare.
In this study, our objective is to bridge the gap between the

2D and 3D reactive transport models. For this purpose, we
introduce a 2.5D model that is computationally efficient and
captures the processes across the fracture aperture that are
important to fracture alteration. Specifically, the model captures
the development and the impacts of the altered layer in the
near-fracture region while allowing the simulation of the spatial
patterns of fracture geometric alteration. We organize the

manuscript in the following manner. First, the model
framework and its novel features are detailed in the Methods
section. Second, simulation results are presented to demon-
strate the performance of the model. For this purpose, data
from a fracture-flow experiment involving the injection of high
pCO2 brine into the Duperow Dolomite, which resulted in the
formation of a preferential channel and the development of an
altered layer, were used in the model simulations and for
comparison. We conclude the paper with a discussion of the
implications and potential applications of this model.

2. MATERIALS AND METHODS
2.1. 2.5D Continuum Model. The 2.5D continuum model

is implemented by modifying the reactive transport code
CrunchFlow23 and is depicted conceptually in Figure 1. The
fractured domain is discretized in two dimensions parallel to
the fracture plane. Each grid cell is represented as a continuum,
i.e., it consists of a combination of fracture and rock matrix. The
physical properties of each grid cell are calculated based on the
local fracture aperture (bi,j) and vary within the fracture plane. It
should be noted that instead of the Kozeny−Carman
relationship commonly used in continuum models, the
permeability (ki,j) is calculated and updated based on the
cubic law developed for fractures.18,24−26

=k b d/12 zi,j i,j
3

(1)

In this equation, dz is the thickness of the simulated domain in
the third dimension perpendicular to the fracture plane. Note
that because all physical properties are normalized against dz, its
choice does not affect the simulation results as long as no
mineral is depleted within the given simulation time.
Although the dimension across the fracture aperture is not

resolved explicitly, and no transverse flow is considered, the
2.5D model includes two new features that allow the
consideration of some processes in this dimension. First,
instead of having a single aperture value for each grid cell and
updating it on the basis of porosity change, the aperture of each
mineral phase (bi,j,mn

) is calculated from the volume percent of

that mineral measured for the intact rock matrix ( f i,j,mn
) and the

volume fraction of the mineral in the grid (Vi,j,mn
) (eq 2). In this

case, the mineral fronts start at the same locations but
propagate at different rates according to the reaction rate of the
respective mineral phase. In the approach used here,
permeability is updated according to the position of the

Figure 1. Schematic illustration of the 2.5D continuum model. (a) A 3D schematic of the fractured domain, (b) a 2D mesh discretized along the
fracture plane, (c) conceptual representation of the cross-section along the flow direction and across the fracture aperture (highlighted by the blue
dashed box in (a) and by the blue dashed line in (b)), and (d) a conceptual graph of the continuum representation within each grid cell (highlighted
by the red boxes in (b) and (c)) in the presence of binary minerals with different reactivity.
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mineral-phase front that moves the slowest (eq 3). In other
words, the porous layer of this mineral phase, left behind by
dissolution of the fast-reacting mineral(s), is assumed to be
hydraulically impermeable like the initial unaltered rock matrix.
This is a valid approximation as long as the fracture
permeability is significantly larger than the altered rock-matrix
permeability. Previous experimental and modeling work has
shown that the altered layer has negligible contribution to
fracture permeability.5,22
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=b b bmin{ , ..., }m mi,j i,j, i,j, n1 (3)

The second new feature of the 2.5D model is that the
thickness of the altered layer is tracked so that the diffusion
limitation resulting from the presence of the altered layer can
be accounted for. The thickness of the altered layer (L) is
calculated as the difference between the apertures of the fast-
reacting mineral phase (m2 in Figure 1d) and the remaining
mineral phase (m1 in Figure 1d).
As the altered layer develops, the reaction of the fast-reacting

mineral phase is increasingly limited by the diffusive transport
of the reaction products through the porous altered layer away
from the mineral surface and toward the fracture. The diffusion
controlled reaction rate (Rdiff) is calculated to account for this
diffusion limitation imposed by the altered layer (eq 4). The
diffusion controlled rate constant (kdiff) is calculated using the
formulation (eq 5) that is widely applied for systems that are
dominated by microscale transport processes of reactants or
products through a diffusion boundary layer or porous altered
layer.26−32 In the case of a porous altered layer, the effective
diffusion coefficient of the porous media (Deff) used depends
on the porosity (ϕ) and tortuosity of the material. It differs
from the free-phase molecular diffusion coefficient (D0) that is
used for the calculation of lateral diffusion in the fracture plane.
The deviation can be quantified by the formation factor F (eq
6), which is based on Archie’s law (eq 7) and is a function of
porosity.33 In the power-law relationship, a is an empirical
parameter, and m is the cementation exponent.

= − −R k A C C( )diff diff eq bulk (4)

=k
D
Ldiff
eff

(5)

=D
D
Feff

0
(6)

ϕ= −F a m
(7)

Because the flux of reactants to the mineral surface must equal
the surface reaction rate, for a mineral subject to a mixed kinetic
control, the effective reaction rate coefficient can be derived
analytically (eq 8).29 It follows that the effective reaction rate
(Reff) is a function of Rdiff (which assumes that the rate is fully
controlled by diffusion in the porous boundary layer adjacent to
the fracture) and the surface-reaction controlled rate (Rsurf,
which assumes that there is no boundary layer and that the rate
is determined by solute concentrations in the fracture fluid) (eq
9). Accordingly, Rdiff is evaluated using the difference between
the equilibrium concentration and the bulk concentration in the
fracture of the species that dictates the mineral reaction instead

of using the actual concentration gradient across the altered
layer. The surface area that the diffusive flux crosses (A) is equal
to the projected fracture surface area within the grid.
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Although eq 8 assumes first-order kinetics, here, we expand its
application in eq 9 by including a surface reaction rate based on
the transition-state theory (eq 10), where ksurf refers to the
kinetic coefficient, Arxn denotes the reactive surface area, and
the term in the parentheses with the ionic activity product
(IAP) and the solubility constant (Keq) of the mineral describes
the chemical affinity or departure from equilibrium of the
fracture fluid. This formulation allows us to consider mineral
reactions with a more complex dependence on aqueous species,
e.g., dependence of calcite dissolution on H+.34

The formulation of eq 9 ensures that the lower rate always
dominates, which makes sense in the case where the reaction
mechanisms are in parallel, and it provides a continuous
transition between the surface-reaction controlled rate and the
diffusion controlled rate.

2.2. Duperow Fracture-Flow Experiment. For the
development and testing of the model, data from a high-
pressure fracture reactive flow experiment were used. The
experimental study is detailed in Ajo-Franklin et al. (2016),15

and therefore, only a brief summary is included here to provide
information that is critical for the current modeling
investigation. In the experiment, a fractured core 2.54 cm
long and 0.95 cm in diameter was subjected to constant flow of
CO2-acidfied brine for 113 h under high pressure (pore
pressure 96.5 bar) at room temperature. The influent was
prepared by equilibrating DI water with CO2 at 35 bar at 25 °C,
and the measured amount of CO2 dissolved in the solution was
used to calculate the total carbon concentration (1.2 mol/kgw).
The core is from the Devonian age Duperow formation, and an
X-ray powder diffraction measurement on a similar sample gave
the following composition: dolomite (86.9 wt %), calcite (9.5
wt %), plagioclase (1.8 wt %), smectite clay (1.8 wt %), and
quartz (<1 wt %). In situ micro-CT images of the fractured
core were collected at different stages of the experiment at
Beamline 8.3.2 of the Advanced Light Source (LBNL) as well
as higher-resolution tomography images of post-reaction
subsamples. Key results from the experimental effort include
(1) localized fracture-aperture enlargement, (2) development
of a porous altered layer due to rapid calcite dissolution, and
(3) an increase in the dolomite dissolution rate as the
experiment evolved. Secondary results included fracture surface
roughening as well as small amounts of fine-particle
mobilization, processes not addressed in this study.
For the purpose of the simulation, several simplifications

were made. First, the aperture map derived from the micro-CT
images of the fracture before reaction with a resolution of 6.75
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μm is down-sampled to generate a 2D mesh with a grid size of
54 μm. dz used in the simulation is 1 cm, consistent with the
diameter of the core. Second, only two minerals, dolomite and
calcite, are included, and the other minerals present are treated
as dolomite. This simplification is justified by the small weight
fractions of these minerals and the extremely low concen-
trations of cations other than Ca and Mg in the effluent
measurements. Third, the mineral composition is assumed to
be spatially homogeneous. Visual inspection of the micro-CT
images confirmed that the rock sample used in the flow
experiment is homogeneous except for some sporadic calcite-
rich veins, and examinations of the reacted fracture showed no
evident impacts of these veins on fracture evolution.
Analysis of the high-resolution tomography images revealed

that the intact rock matrix has an average porosity of 10% (see
Supporting Information). Based on the measured weight
fractions and the average porosity, we calculated the volume
fractions of dolomite and calcite used in the simulations as 81%
and 9%, respectively. The reactive surface area of each mineral
is scaled based on the respective volume fraction.
The calculation of ksurf incorporates the pH dependence (and

the dependence on the activity of total dissolved CO2, aH2CO3*)
of the respective dissolution reaction. The parameters used for
calcite and dolomite follow Deng et al. (2015)8 and Pokrovsky
et al. (2005),35 respectively (see Table S1).

= + +*+k k a k a ksurf,calcite 1 H 2 H CO 32 3 (11)

= +k k asurf,dolomite 4 H
0.5

(12)

Initially, the fracture is filled with DI water. At the inlet, the
influent, following the experiment, is injected into the fracture
at a constant rate (5 μL/min) and is equally distributed among
the center one-fifth of the grids, where the injection tube is
located. At the outlet, a constant pressure is maintained. The
two boundaries parallel to the flow direction allow no flux or
mass transfer. D0 is assumed to be the same for all species, and
a value of 1.0 × 10−9 m2/s at 25 °C was used in the
simulations.28 Deff is less well-constrained for the altered layer
and will be discussed in more detail in the following section.
In each grid, the total mineral surface area is calculated by

multiplying the geometrical fracture surface area (2dxdy) with a
surface roughness factor (SRF). SRF is an empirical parameter
used to account for the difference between the geometrical
surface area and the true surface area, which because of surface
roughness is often larger. In this study, a SRF of four is used so
that the simulated effluent concentrations are consistent with
the effluent measurements taken at the early stage of the
experiment before the altered layer has formed.
More details about the geochemical properties and numerical

schemes used in the simulations are provided in the Supporting
Information.

3. RESULTS AND DISCUSSION

We first compare the simulation results from the 2.5D
continuum model with the experimental observations. To
demonstrate the impacts of the altered layer on solute transport
and subsequent geochemical reactions, we included compara-
tive simulations with and without the diffusion limitation
imposed by the altered layer on the fast-reacting mineral, calcite
in this case. Simulations without the diffusion limitation update
the reaction term using Rsurf, whereas simulations with the

diffusion limitation use Reff instead. We also explore the broader
application of the model at the end of this section.

3.1. Effective Diffusion Coefficient. In the diffusion
limitation configuration, the thickness of the altered layer is
endogenous, and the only exogenous variable is Deff. For a given
porosity, Deff can be calculated using eqs 6 and 7. The
parameters a and m are typically determined by fitting the
formation-resistivity factor and the porosity data of a sample
with a power-law curve and are highly variable depending on
the petrophysical properties of the rock. For carbonate rocks, a
and m were reported to be between 0.23 and 1.78 and between
1.64 and 2.86, respectively.36 Given the reported a and m
ranges, Deff is estimated to be approximately 0.4 × 10−10 m2/s
for a porosity of 19%. Using a porosity of 19% for the altered
layer is consistent with the simplified modeling system, in
which the initial porosity of the rock matrix is 10% and the
volume fraction of calcite is 9%. However, if Deff is set to be 0.4
× 10−10 m2/s, the simulated effluent Ca concentration is
considerably lower than the experimental data, showing a
steeper decreasing trend (Figure 2).

There are two possible explanations for the aforementioned
discrepancy. First, as revealed by the high-resolution tomog-
raphy images of the postreaction subsamples, the porosity of
the altered layer is higher than 19%. The porosity can reach
36% close to the fracture surface, and the average porosity is
approximately 29%. The higher porosity may be a result of the
fact that calcite is the cementing material, and its dissolution
can change the structure of the rock matrix and cause particle
detachment. The high porosity of the altered layer may also
indicate some dissolution of dolomite in the altered layer. For a
porosity of 29% as observed in the images, the estimated Deff
ranges from 0.7 × 10−10 to 1.3 × 10−10 m2/s. Using a value of
1.0 × 10−10 m2/s, the model predicts effluent Ca concentrations
that are only slightly lower than the experimental observation.
The remaining difference may be attributed to the fact that
calcite is not uniformly dispersed in the rock matrix as assumed
and instead is locally clustered as illustrated in the micro-CT
images. Consequently, the dissolution of calcite can leave
behind large pores or vugs in the altered layer. Because the pore
structure is less-tortuous in such large pores, Deff is expected to
be high. The a and m values reported in the literature may fail

Figure 2. Effluent Ca (black) and Mg (red) concentrations measured
in the experiment (●) and predicted by the simulations. The dashed
lines (--) plot shows results of the simulation without the diffusion
limitation of the altered layer. The predicted effluent chemistries from
the simulations with the diffusion limitation are plotted in solid lines
(−) for Deff = 2 × 10−10 m2/s, dotted lines (···) for Deff = 1 × 10−10

m2/s, and dash−dot lines (-·) for Deff = 0.4 × 10−10 m2/s.
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to capture these features, given that the determination of a and
m are highly specific to the samples that are used.
Based on the experimental solute-concentration measure-

ments, we estimated the value of Deff as 2 × 10−10 m2/s, which
is reasonable given the measured porosity. In the rest of the
section, the reported simulation with the diffusion limitation of
the altered layer uses this Deff value.
It should be noted that although the effluent chemistry and,

thus, the magnitudes of the aperture increase and the thickness
of the altered layer are affected by the value of Deff used in the
modeling, the spatial patterns of the aperture increase and the
altered layer are not sensitive to it (see the Supporting
Information).
3.2. Effluent Chemistry. In the early stage of the

experiment, the measured Ca concentration was approximately
0.037 mol/kgw and is close to equilibrium with respect to
calcite. The Ca concentration decreased to ∼0.025 mol/kgw at
the end of the experiment. In the simulations, after the reactive
fluid pushes the initial DI water out of the fracture, the reaction
rate of calcite is at its highest, resulting in a Ca concentration of
∼0.037 mol/kgw. If a diffusion limitation from the altered layer
is not included in the modeling, the simulated Ca concentration
remains almost constant. In contrast, with the diffusion
limitation included, the simulated Ca concentration captures
the temporal trend observed in the experiment, decreasing from
0.037 to 0.025 mol/kgw by the end of the simulation period.
This decrease reflects the reduction of the calcite dissolution
rate caused by the altered layer. As the altered layer grows, Rdiff
decreases progressively (eq 4). In grid cells where Rdiff is less
than Rsurf (where L becomes sufficiently large) it starts to
dominate calcite dissolution (eq 9). As the altered layer spreads
out spatially and grows wider locally, the overall calcite
dissolution in the fracture decreases.
During the course of the experiment, the measured Mg

concentration doubled, increasing from 0.005 mol/kgw to 0.01
mol/kgw, indicating that dolomite dissolution rate increased
over time. The extent of dolomite dissolution and the temporal
evolution are captured by the simulation in which a diffusion
limitation is included. In the simulation, the increase in the
dolomite dissolution rate is a response to the decrease in calcite
dissolution rate over time, which results in a lower pH increase
and, thus, more rapid dolomite dissolution due to its pH
dependence (eq 12).
3.3. Fracture-Aperture Change. As a result of the

removal of dolomite, the fracture aperture increases. The
fracture aperture map derived from the micro-CT images
illustrates the localized increase (Figure 3a). In the channel, the
observed aperture increase is highest at the inlet, reaching as
much as 1.3 mm.15 Similar spatial patterns are observed in the
fracture aperture maps (shown as the increase in aperture
versus the baseline initial aperture) generated by the
simulations. The channelization is captured in both simulations
regardless of the diffusion-limitation configuration (Figure
3b,c). This is because the aperture change is controlled by
initial fracture geometry and dolomite dissolution, and the
feedback between flow and dolomite reaction is less affected by
the presence of an altered layer.
However, notable differences exist between the two

simulations with and without the diffusion limitation. The
aperture increase predicted in the simulation with the diffusion
limitation is in general larger, with an average of 115 μm, in
comparison with a 62 μm increase in the simulation without the
diffusion limitation. Although the result of the simulation

without the diffusion limitation is closer to the micro-CT data,
which showed an increase of 65 μm in the average aperture, it
evidently underestimates the extent of dolomite dissolution as
indicated by the effluent measurements. As mentioned in
section 3.1, there may be dissolution of dolomite in the rock
matrix, which does not translate into aperture change that is
captured in the micro-CT data but is included in the dolomite
aperture calculation (eq 2). The other difference between the
two simulations is that the channel penetrates deeper into the
fracture and is more diffuse in the simulation with the diffusion
limitation, agreeing more closely with the experimental
observations. These differences are caused by the higher
dissolution rate of dolomite (resulting from the lower solution
pH values locally) and the greater overall dolomite dissolution
in the simulation with the diffusion limitation.
The difference in the spatial patterns of aperture increase

produced by the simulations with and without the diffusion
limitation is significant despite the potential uncertainties.
Variations in numerical schemes, grid resolution, and D0 values
for Ca2+, Mg2+, carbonate, and bicarbonate37−39 do not result in
substantial differences in the spatial patterns of fracture-
aperture change (see the Supporting Information).

3.4. Altered-Layer Development. Although accurate
quantification of the thickness of the altered layer from the
micro-CT images is extremely challenging,5 semiquantitative
information was derived based on visual examination of the
images. A thickness of approximately 0.3 mm is measured in the
high-resolution tomography images of a subsample taken
within the channeled fracture, and thicknesses up to ∼0.5 mm
were observed in the in situ micro-CT images (Figure 4).
Figure 4 maps the thickness of the altered layer (L)

generated by the model simulations. Here, it is assumed that
the altered layers on the two fracture surfaces are symmetric,
and the reported values are for a single side of the fracture
surface. In the simulation without the diffusion limitation, L is
overestimated because the simulated calcite dissolution rates
are too high. Close to the inlet, L is predicted to reach 4.9 mm,
which is 1 order of magnitude higher than the observation. In
addition, the simulated spatial pattern of the altered layer is
similar to the aperture change. However, as shown in the
micro-CT images (Figure 4c,e), the altered layer is more diffuse
across the fracture plane. This spatial pattern is captured in the
simulation with the diffusion limitation, which predicts the
thickness of the altered layer to be less than 1 mm with an
average value of 0.59 mm, close to the observed values.

Figure 3. Color maps of fracture-aperture increase in units of mm (a)
derived from the micro-CT images and generated by the 2.5D
continuum model (b) without the diffusion limitation and (c) with the
diffusion limitation after 113 h of reactive flow.
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In the experimental study,15 the authors observed that close
to the inlet of the core the altered layer tends to be thinner in
the channel, and the thickest altered layer is located on the
sides of the channel (Figure 4c). This was attributed to the fact
that in the channel there is a larger supply of low-pH reactive
fluid that removes both dolomite and calcite. This effect is
captured by the model (Figure 4d), with the thickness of the
altered layer determined by the difference between the calcite
aperture and dolomite aperture, and the dolomite aperture is
largest in the channel.
The simulation with the diffusion limitation overestimates L,

particularly in the channel. Because the estimated effluent
chemistry agrees well with the experimental measurements, the
discrepancy is unlikely to be caused by the overestimation of
calcite dissolution. This discrepancy may be attributed to the
large uncertainties associated with the experimental measure-
ments based on visual inspection of the micro-CT images and
to the fact that similar to the dolomite aperture calculation,
calcite aperture calculation include calcite dissolution that is not
well-captured by the micro-CT images at the given resolution.
3.5. Other Transport Limitations across the Fracture

Aperture. The diffusion-boundary layer in the fluid phase
limits the overall reaction rate,28,40 as in the case of the diffusion
limitation observed in the porous altered layer. In our 2.5D
continuum model, aqueous species concentrations are assumed
to be well-mixed, and therefore, the impact of the diffusion
boundary layer is not included. Inclusion of this effect requires
discretization of the fracture aperture, as in Molins et al.
(2014).41 However, where diffusion limitation in the porous
altered layer is important, the impact of the diffusion boundary
layer is likely to be negligible.
The diffusion-controlled rate constants of the altered layer

and the boundary layer are formulated similarly (e.g., eq 5). Deff

used to describe the transport limitation of the altered layer is
orders of magnitude lower than D0 that describes diffusive
transport in the boundary layer,42 and the altered layer is most
likely thicker than the diffusion-boundary layer.5,15,41−43

Therefore, the diffusion limitation caused by the altered layer
will be much more important than that associated with the
diffusion-boundary layer (see the Supporting Information).
3.6. Altered Layer Development at Different Flow

Rates. The ability of the 2.5D continuum model to capture the
development of the altered layer in fractures makes it a useful
tool for investigations of different factors that affect this
process. In this subsection, we present an example that

demonstrates how the altered layer and its impact on overall
reaction are influenced by the variations in flow rate.
In the simulations presented here, the same geometry,

geochemical conditions, and transport properties (e.g., Deff) of
the Duperow fracture simulation were used, and the flow rate
was varied between 1 and 10 μL/min (Figure 5). At the low

flow rate, the effluent Ca concentration continues to be high,
whereas at the higher flow rate, the Ca concentration in the
effluent decreases dramatically. After we flooded the fracture
with the same pore volume of reactive fluid, the effluent Ca
concentration in the 10 μL/min simulation is reduced to half of
that in the 1 μL/min simulation. These differences are not
caused by the diluting effect of higher volumetric flux, as the
same simulations without the diffusion limitation predict
comparable effluent Ca concentrations. They are, instead, the
result of the variations in the spatial patterns of the altered layer
developed at different flow rates. At the low flow rate, the
altered layer was limited at the inlet, and the absence of the
altered layer downstream allows relatively fast calcite
dissolution and maintains high Ca concentration at the outlet.
In comparison, at the high flow rate, the altered layer coats
most of the fracture surfaces and limits calcite dissolution
throughout the fracture. Consequently, the effluent Ca
concentration drops significantly as the altered layer develops.
The results have important implications for the evolution of

solute transport and geochemical reaction in fractures bordered
by altered layers. For example, it indicates that at higher flow

Figure 4. Thickness (mm) of the altered layer generated by the simulation (a) without and (b) with the diffusion limitation of the altered layer, (c,e)
micro-CT images at the locations highlighted by the red dashed and solid lines in (a,b) illustrating the altered layer, and (d,f) the profiles of the
altered-layer thickness at the same location from the simulations after 113 h of reactive flow.

Figure 5. Effluent Ca (black) and Mg (red) concentrations from the
simulations with (thick lines) and without (thin lines) the altered-layer
diffusion limitation at a flow rate of 1 μL/min (--), 5 μL/min (−), and
10 μL/min (···).
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rate, overall release of contaminants from the rock matrix into
the fracture flow may be limited by diffusion through the
altered layer.

4. ENVIRONMENTAL IMPLICATIONS
The novel 2.5D continuum model developed in this study
tracks the reaction fronts of different minerals, updates fracture
permeability accordingly, and calculates the thickness of the
altered layer over time. Given these features, the model
captures the spatial evolution of fracture aperture and
demonstrates that the initial fracture-aperture variation and
the feedback between flow and reactions in the 2D fracture
plane determines the spatial pattern of the fracture evolution. In
addition, it simulates the development of an altered layer as a
result of preferential dissolution of the fast-reacting mineral,
accounting for the influence of the altered layer on subsequent
overall reaction rates of the fast-reacting mineral. The model
results agree well with a previously documented experimental
study, showing that as the altered layer grows, further
dissolution of calcite is progressively limited. Although the
input parameter Deff appears to be a fitting parameter, it is a
reasonable estimate based on Archie’s law given the observed
porosity in the altered layer.
The model provides a computationally efficient tool for

further investigations of the altered layer in reactive fracture. As
demonstrated in this study, at higher flow rate, the altered layer
develops in a larger portion of the fracture, thus imposing a
stronger limitation on overall calcite dissolution. Moreover, as
the model treats the altered layer and its diffusion limitation
explicitly, different reactions can be readily incorporated. One
potential application of the model is to investigate to what
extent precipitates on mineral surfaces may serve as a diffusion
barrier and suppress further dissolution of the underlying
minerals in coupled precipitation−dissolution systems, as
observed in previous experimental study.44 The model can
also be used to investigate the release of contaminants from
rock matrix into the fracture in the presence of an altered layer,
which will provide important insights regarding the temporal
profile of contamination concentrations in fractured systems
that undergo such alteration. Even though the continuum
model solves transient flow using Darcy’s law, and therefore
requires the flow regime be laminar, it should be applicable in
most geological systems, where Darcy’s law is valid.
The current model does not include geomechanical

processes, which can be important in affecting fracture
evolution.21 However, the output of the model, including the
thickness and spatial distribution of the altered layer, may be
used in geomechanical models to examine fracture evolution
under prevailing geomechanical stresses.
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