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Abstract:

Many geophysical problems and engineering applications involve fluid flow through
evolving faults and fractures. These situations are typical in CO> injection scenarios where
supercritical CO2 or CO—saturated fluids are able to dissolve the solid matrix. Dissolution or
precipitation within a fracture could lead to self-reinforcing or self-limiting behavior due to
feedbacks from changes in permeability (k). There is limited predictive understanding of this
phenomenon. Here, we investigated the case of fracture dissolution using a two-dimensional
depth-averaged reactive transport model. The model simulated an acidic fluid dissolving a three-
dimensional rough fracture. We observed different dissolution patterns across a wide range of
geometric properties and different Peclet and Damkohler numbers (960 cases total). Despite this
variation, a persistent linear increase in k with time (¢) roughly manifested once the dissolution
front advanced through the fracture. The time rate of change of k (k/f) is roughly constant for all
simulations. The modeled rate is consistent with a theoretical value based on the parallel plates
model and with experimentally derived values. The results confirm the common presence of
linear time-dependence of fracture k due to self-reinforcement.

1. Introduction

Fractures are ubiquitous across different scales in subsurface geologic materials (Candela
et al., 2012). Mass and energy transport through fractures play a critical role in many geophysical
problems, including geothermal exploitation, oil and gas recovery, hydraulic fracturing, and
subsurface CO> sequestration (Berkowitz, 2002). Transport through fractures is controlled by its
intrinsic permeability (k) that is inherently determined by the aperture field (Nicholl et al., 1999;
Witherspoon et al., 1980). Fracture aperture fields however are dynamic over broad time scales.

Fracture geometry can be altered by mechanical deformation (Kang et al., 2016; Pyrak-Nolte and
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Nolte, 2016; Wang and Cardenas, 2016) and mineral dissolution or precipitation (Huerta et al.,
2012; Szymczak and Ladd, 2004; Szymczak and Ladd, 2012). Thus, fractures exhibit a broad
range of permeability partly due to their evolution.

Here we focused on the problem where an acidic fluid dissolves a rough fracture and
leads to k and flux increases. This problem is relevant, for example, when vast amounts of CO>
are injected into a brine-filled reservoir and where potential CO, pathways are limited by
caprocks (Kampman et al., 2016). However, if fractured caprocks are potentially abundant with
calcite or other soluble carbonates, fractures may expand due to dissolution of its walls by the
acidic COr-saturated brine and reactivity of calcite (Deng et al., 2015). The acidity of brine can
be persistently high if CO> acts as a separate phase flowing through rough fractures (Fitts and
Peters, 2013); this might promote calcitic fracture dissolution, and consequently compromise
permanent CO; storage (Altman et al., 2014).

Understanding the behavior of calcite fractures exposed to COz and the resultant fracture
geometry evolution at the field scale remains challenging; this is due to the scarcity of
monitoring data (Fitts and Peters, 2013). Thus, numerous studies turned to physical and
numerical experiments to interrogate this problem. Previous experimental studies demonstrated
that fracture k remains fairly constant unless the reaction front breaks through to the end of
fracture (Deng et al., 2015). Regardless of varying CO; pressures, dissolution experiments all
suggested that fracture k increased linearly with time after the reaction front reached the outlet of
three-dimensional (3D) fractures. Note that this linear time-dependence of k was directly shown
in our recent computational study (Wang and Cardenas, 2017) rather than the original
experimental study, which only showed that k increased with expanding fracture volume instead

of directly with time (Deng et al., 2015). These experimental observations motivated our recently
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proposed theory showing that a linear time-dependence of k manifests after the dissolution front
reaches the outlet of idealized two-dimensional (2D) fractures (Wang and Cardenas, 2017).
However, whether, when, and at what rate k increases with time via a linear relationship for
natural, 3D, rough, and spatially-correlated fractures remain unaddressed. Moreover, various
reactive transport regimes encapsulated by Peclet and Damkohler numbers might affect the
dissolution process and thereby alter the response of & to fracture dissolution over time. In these
situations, the characteristics of k evolution are largely unknown. This study addresses these
broad unsolved problems related to the fracture k evolution.
2. Methods

The approach taken here is to numerically simulate the coupled flow through and
dissolution of 3D fractures that consist of pure calcite via a 2D depth-averaged (in-plane)
reactive transport model representing Ca?* concentration. The simulations kept track of k while
the fracture evolves. Synthetic fractures that covered a broad range of geometry (240 cases) with
varying roughness and aperture correlation length were analyzed. In total, we implemented 960
reactive transport simulations since we used increasing pressure gradients to achieve different
Peclet and Damkohler numbers for each fracture. Note that the Peclet and Damkohler numbers
evolve with the fracture aperture field. In this study, the Peclet and Damkohler numbers referred
to are the initial values prior to when dissolution begins. For simplicity, a 2D depth-averaged
reactive model rather than a 3D model was used here. This is justified by two reasons. First,
although a 2D model is unable to generate out-of-plane dissolution, the 2D model can reasonably
represent and replicate the reactive transport process within a 3D domain (Detwiler and Rajaram,
2007) (3D computationally-intensive simulations might produce more accurate results

(Starchenko et al., 2016)). Therefore, the simulation results of and insights arising from this
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study can still largely hold. Second, solving a 3D problem involves prohibitive computational
expense and instability issues while the 2D model is free of these issues. More detailed
explanations follow in section 2.2.
2.1. Generation of synthetic fractures with lognormally distributed aperture

Natural fractures typically have complex spatially-correlated aperture fields following
normal and lognormal distributions (Brush and Thomson, 2003; Renshaw, 1995). Here, the
spatially-correlated aperture (b) fields with varying dimensionless correlation length (0.01 <A/L
<1 with increment = 0.1, where A is the correlation length and L (L = 0.1m) is total fracture
length) were generated through the geostatistical simulator SGeMS via the Sequential Gaussian
Model (Remy et al., 2009). The aperture fields originally followed a normal distribution but were
converted into a lognormal distribution according to the method proposed by Brush and
Thomson (2003), because the lognormal distribution represents a broader range of roughness
(0.1 £ op/<b> £ 1.6 with increment ~ 0.2) than the normal distribution could have, where o, and
<b> are the standard deviation and the arithmetic mean of the b field (Figure 1). The b was set to
be 1x107'2m wherever contact points were identified. The synthetic fractures were used for
assessing the effect of heterogeneity on acidic fluid-induced dissolution patterns via the reactive
transport model.
2.2. Two-dimensional (2D) depth-averaged reactive transport model

Previous studies of fracture dissolution due to an acidic fluid have shown that the velocity
and concentration fields can reach steady-state much sooner than any appreciable change of
aperture field occurs (Detwiler and Rajaram, 2007; Elkhoury et al., 2013). In light of this, we
solved the steady-state flow and transport equations for velocity and solute concentration,

respectively, and used the resultant concentration for determining the dissolution rate and
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updating the aperture field. The simulations were implemented sequentially at each time step.
That is, we first solved the flow field, followed by the concentration field, and lastly using the
Ca”* concentration to update the aperture field. This 2D depth-averaged reactive transport model
has been tested to be valid for capturing the dissolution pattern for real 3D fractures (Detwiler
and Rajaram, 2007; Elkhoury et al., 2013). The detailed simulation framework is discussed
below.
2.2.1. 2D depth-averaged modified Local Cubic Law for fluid flow

Single-phase fluid flow through a fracture is governed by the Navier-Stokes and
continuity equations (NSE). Nonetheless, directly solving the NSE for a 3D rough and tortuous
fracture flow field is computationally costly and sometimes lead to situations where numerical
solvers do not converge, especially for non-Darcian flow situations (Zimmerman et al., 2004;
Zimmerman et al., 1991). Vertically-integrating the NSE circumvents having to directly solve the
NSE. This approach is valid under certain circumstances such as low pressure gradient cases
with small velocity magnitude. In this case when the inertial force in the NSE is negligible, the
NSE simplifies into the well-known Local Cubic Law (LCL) upon vertically integrating the local
parabolic velocity profile (Nicholl et al., 1999). Thus the LCL is a so-called depth-averaged
model (DAM) for fluid flow.

Fracture roughness and tortuosity were separately considered (Brush and Thomson, 2003;
Ge, 1997) in the development of previous LCL models. Our recent study improved the prediction
of local flow fields through the modified LCL (MLCL) that collectively considered roughness,
tortuosity, and weak inertial force (Wang et al., 2015), and thereby the MLCL improves the
solution compared to that using other LCL models. The MLCL is:

T, 0
Y —x—pcos((Z)x)?+

T, dp
M ox

M 3y Cos((Z)y)f] =0 (D



135 where p [Pa] is total pressure, the transmissivity vector T (Tx, Ty) [m?] between cells can be

136 estimated using a harmonic mean of adjacent apertures, @ (@, @,,) [-] is the flow orientation
137  angle accounting for local tortuosity, M [—] is the correction factor considering roughness and
138 weak inertial force, T and J represent the unit vectors in the x and y directions, respectively. T and
139 @ are estimated based on the aperture field, M can be found at Wang et al. (2015).

140 In this study, we used the MLCL to solve stead-state fluid flow. We imposed a no-flux
141  boundary for lateral boundaries, and applied a pressure gradient driving fluid flow in the x

142 direction (Figure 2). The resultant p were used for estimating the depth-averaged flux q [gx, gy]
143 [m/s]:

b2
144 q=-— EVP (2)

145  where b [m] is the local aperture, u [Pa-s] is fluid dynamic viscosity. g was further used for the
146 transport problem which calculated advective and dispersive fluxes. Note that we implemented
147  the simulations by incrementally increasing the pressure gradient (1 Pa/m ~ 1x10° Pa/m) to

148  achieve progressively larger flow rates and thus different Peclet and Damkohler numbers for
149 each initial fracture geometry.

150  2.2.2.2D depth-averaged advection-dispersion equation for transport

151 Assuming that the Taylor-Aris’ dispersion theory is locally valid (Aris, 1956; Taylor,
152 1953), the solute transport in 3D rough fractures at steady state can be treated by the 2D depth-
153 averaged model:

154 V-(qC) =V-(bDVC) +R 3)

155 where b is local aperture field, C [kg/m?] represents local depth-averaged concentration, i.e.,
156 [Ca?*], D [m?s] is the dispersion tensor dependent on ¢ according to the Taylor dispersion theory

157  (Wang et al., 2012):
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q
210D,

D=D, + (4)

The depth-averaged dissolution flux R [kg/(m?s)] is described as (Detwiler and Rajaram, 2007;
Szymczak and Ladd, 2012):
2K

b (Ceq—C) (5)
I+ p

R =

where K is the local chemical reaction rate constant, and C., [kg/m?] is the saturated
concentration for [Ca?*] when CO,-saturated brine equilibrates with calcite, Sh ~7.6 [—] is
Sherwood number defined as the ratio of dissolution rate to rate of diffusion (S is constant for a
specific geometry (Kays et al., 2012) given that the fracture length satisfies its threshold
requirement), and Dy, = 2.03x10° m?/s is the molecular diffusion coefficient. In the case of CO»-
saturated brine dissolving calcite in a relatively low pH environment, kis on the order of 1x103
m/s (Elkhoury et al., 2013; Pokrovsky et al., 2009). Given that the mean b is on the order of
1x1073 m, the value of 4kb/(Sh- D,,) > 1, which signifies that equation (5) can be reduced to
equation (6) by eliminating £; i.e., the effect of kA on altering R diminishes (Detwiler and
Rajaram, 2007; Wang and Cardenas, 2017).

Sh-D
R=—0¢ = (Coq = C) (6)

Equation (6) suggests that the entire problem becomes a diffusion-limited system, where R only
depends on Ca”* concentration.

The C field was solved through equation (3) for a constant inlet concentration Cinlet =
1.22 kg/m3. The Cinier was smaller than C.q, where Ciner Was set to be equilibrated with the
invading acidic fluid with a high COz concentration and thus low pH at the inlet, and Ceq=2.10

kg/m? following Elkhoury et al. (2013) where pH was higher than that at the inlet. This ensured
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that dissolution occurs along the invading flow path. Moreover, an open boundary (i.e., no
dispersive flux) was specified at the outlet (right) (Figure 2), and the initial C was set to be C,,.
The above-mentioned 2D reactive transport scheme with a few assumptions (e.g., constant inlet
concentration, the applicability of the Taylor dispersion theory to estimate the local dispersion
coefficient) has been verified to be accurate for capturing dissolution patterns within 3D fractures
(Detwiler and Rajaram, 2007; Elkhoury et al., 2013).

2.2.3. Updating the dynamic aperture field during dissolution

Based on mass conservation, the expansion rate of the local aperture due to dissolution is:

ob R
at  Fps

(7)

where ¢ is time, F' (F = 0.4 [-]) is the stoichiometric coefficient for converting a solid phase
mass, i.e. calcite, to aqueous phase, i.e. [Ca?*], and p, [kg/m?] is solid density. The time step for
updating b was determined to ensure that the velocity and concentration fields reach steady-state
prior to any appreciable aperture change. That is, at each computational time step, we first solved
the steady-state flow field first, and then following this solved the transport equation, and then
afterwards used the resultant R for updating b according to equation (7). The simulation kept
running until a linear relationship between k and ¢ was observed. This linear relationship is
expected for 2D idealized fractures (Wang and Cardenas, 2017). It should follow:

Sh- D,

k/t = 2P, (Ceq—C)  (®

The simulations were implemented in MATLAB via the finite difference method.
Specifically, we adopted a central difference approximation for handling the second derivative to
achieve second-order accuracy, and applied the upwind scheme for handling the advection term

that considers the direction of propagation with first-order accuracy. The simulations were run in
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a memory-share workstation; each run took minutes to hours depending on the pressure gradients
and heterogeneity of aperture fields. The goal of this study is to assess the linear time-
dependence of k [m?] suggested above for 3D rough fractures and to determine whether it
represents a common phenomenon at various reactive transport regimes demonstrated by Peclet
and Damkohler numbers. This was achieved by solving the 2D reactive DAM for 3D fractures.
3. Results and discussions
3.1. Impact of fracture heterogeneity on dissolution patterns

The reactivity of calcite induced by acidic brine leads to the fracture wall’s dissolution;
this generally leads to an expanding aperture field with channelized/preferential dissolution paths
demonstrated by the dissolution fingers (Figure 3) and enlarged flux (Figure 4). These
preferential dissolution flow paths in turn enhance the concentration gradient acting as a
geochemical driving force that further dissolves fractures; this is the driver for self-reinforcing
fracture dissolution (Li and Einstein, 2017). The variety of patterns resulting from the potentially
self-reinforced dissolution of 3D rough-walled fractures is due to variations in the local

Damkohler number (Da) defined as:

Da = __RL 9)
(Ceq —C)a

where L [m] is fracture length (the grid cell size was not used here for calculating Da since we
are more concerned about the area-averaged <Da> [—] as discussed below). The Da inherently
hinges on the b field and pressure gradient that dictates the magnitude of R, ¢, and C. Here, we
only show the dissolution patterns where dissolution fingers are prominent (Figure 3), many
other patterns with and without apparent dissolution fingers are not shown here.

For short-range, spatially-correlated fractures, the dissolution fingers gradually became

more apparent with increasing <Da> (the area-averaged Da) (Figures 3a-3f); this observation is

10
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congruent with previous studies (Iyer and Elkhoury, 2015; Szymczak and Ladd, 2004). This is
because at low pressure gradient with large <Da> the localized dissolution fingers keep
advancing forward with a strong positive feedback between flow and reaction; this self-
reinforcement results in an almost constant finger width (Figures 3c and 3f) - a similar
phenomenon was found in partially molten porous media with developed melting channels for
magma flow (Jordan and Hesse, 2015). However, for high pressure gradient cases with small
<Da>, the localized fingers disappear due to the fairly uniform reactivity that widens the aperture
field at more or less the same dissolution rate, where the original aperture structure was
maintained (Figures 3a and 3d).

A similar trend or pattern, i.e., the preferential dissolution fingers gradually establish,
with increasing <Da> was also found for fractures with relatively long A (Figure 3g-31). Unlike
fractures with short A where dissolution fingers with a relatively uniform spacing developed,
dissolution fingers were mostly concentrated in the preferential flow paths determined by
connected large aperture zones within the originally unaltered spatially-correlated aperture field;
this is again the self-reinforcing mechanism as demonstrated by the focused flux (Figure 4). The
number of dissolution fingers was much less and the width was wider in the fractures with long A
than the dissolution fingers in the fractures with short A (Figure 3). These dissolution patterns
agree with previous results (Iyer and Elkhoury, 2015). While o,/<b> affects the self-reinforcing
dissolution by altering ¢ and the resultant C, the role of 6,/<b> in determining the overall
dissolution patterns is trivial compared to the effects caused by A as discussed before; this was
also suggested in Iyer and Elkhoury (2015).

3.2. Linear time-dependence of fracture permeability

In general and aligned with experimental results (Deng et al., 2015; Noiriel et al., 2013),

11
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the dissolution of rough fractures in an acidic environment led to a linear time-dependence of k
(Figures 5-6) across the analyzed Peclet (Pe [-]) and <Da> number regimes considering a
varying degree of reactive transport regimes; the Pe and <Da> considered were within the
validity thresholds theoretically proposed in Wang and Cardenas (2017) regarding the fracture
aspect ratio. This linear k increase with time persists across different dissolution patterns
illustrating a common relationship.

Despite different dissolution patterns, the onset of the linear relationship roughly
occurred once the dissolution front reaches the outlet of 3D rough fractures (Figure 5); this was
also demonstrated in previous idealized numerical model experiments and laboratory
observations (Deng et al., 2015; Fitts and Peters, 2013). The onset of the linear relationship is
attributed to the following reasons: (a) the dissolution front migrates and leaves behind an
expanding and usually large b, (b) the unaltered b ahead of the dissolution front is often smaller
than the continuously expanding b, (c) the narrowest b (i.e., the unaltered b usually located at the
outlet) limits the magnitude of k according to the Cubic Law (Witherspoon et al., 1980;
Zimmerman et al., 1991). All these factors imply that the bulk £ remains fairly constant until the
unaltered and narrowest b located at the outlet expands due to dissolution; this eventually
initiates the linear k increase with 7.

After the initiation of the linear relationship between k and #, we observed a persistent
linear time-dependence of k (Figures 5 and 6a) for 3D rough fractures with varying 6,/<b> and A
regarding varying degrees of dissolution patterns in response to different reactive transport
regimes. This is however beyond our expectation because the theory of the linear time-
dependence was developed based on 2D fractures (i.e., parallel plates) with a single flow channel

which is essentially a straight a line when viewed orthogonally from the fracture plane, so

12
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everything is forced to flow along this line only (Wang and Cardenas, 2017). Unlike 2D
fractures, the flow field in 3D rough fractures is far more complex and is potentially
characterized by multiple preferential flow curves from the top orthogonal view rather than a
single line (Elkhoury et al., 2013); this may lead to violation of the linear relationship theory.
However, our numerical experiments within 3D fractures demonstrated that the collective flow
behavior with possible multiple flow channels (Figure 5) is identical to that for a single flow
channel, i.e., k increases linearly with time due to self-reinforcement. This was also identified in
physical experiments for 3D rough fractures (Deng et al., 2015). This similarity in k£ evolution
holds because the main conduits in 3D fractures exhibiting positive feedback between flow and
transport dominate over smaller channels in terms of flux (Figure 4). That is, the dominant
conduits in 3D fractures behave in a similar way as the single channel in 2D fractures. The
theory of the linear relationship based on a 2D idealized model is therefore applicable for
describing the k evolution of 3D rough fractures with more complex flow patterns and
phenomena such as channelization.

To further interrogate the common occurrence of linear time-dependence of k, we
quantified the time rate of change of permeability (k/f) based on the slope of k(¢) curves (Figure
6a). The slope was computed and chosen once the linear relationship manifested over 200
simulation time steps. To exclude the effect of <b>, we created and conducted simulations
through two sets of fractures with different <b>; each set of given <b> had the same range of
o»/<b> and A/L. Not surprisingly and regardless of Pe and <Da> (i.e., different reactive transport
regimes), all k/t are on the order of magnitude of 10-'2 m?/s with a median value (~1.3x10712
m?/s) that is slightly greater than the theoretical value of 1.07x10'2 m?/s according to equation

(8) (Figure 6b). This also holds true for the two sets of <b> (results are indistinguishable in
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Figure 6b). The narrow variations in k/t might be attributed to the Sh because it is dependent on
fracture geometry (Kays et al., 2012). The aperture fields and main flow conduits were
expanding over the course of the dissolution process (Figures 3 and 5) and thus S/ was slightly
varying.

Aside from slight variations in k/t caused by variation in Sh, the slope of k/t also depends
on the concentration difference according to equation (8). This difference is related to the acidity
of brine (e.g., pH values under different supercritical CO> pressures). Our simulations employed
a constant concentration ([Ca®*]) that was based on previous experiments (Elkhoury et al., 2013)
and thus excluded the concentration effects. Deng et al. (2015)’s experiments explored the calcite
fracture’s dissolution patterns at high and low supercritical CO2 pressures. They found that the
saturated [Ca®*] varied in response to the CO; solubility induced by different CO» pressures. We
calculated &/t by estimating the right hand term in equation (8); these calculations considered the
effects of CO; pressures on Ce, that was derived from effluent concentration. Although C.; was
variable, Deng et al.’s two experiments all confirmed a linear time-dependence of k and the
experimentally-derived k/t were equally close to 1.8x10°1?2 m?/s, whose value is slightly higher
than the median value (~1.3x107!2 m?/s) based on our numerical experiments (Figure 6b). The k/t
derived by different methods, including theory, physical experiments, and numerical simulations,
are on the same order of magnitude albeit with up to 30% difference between them. This fact not
only confirms the common occurrence of linear time-dependence of k for 3D rough fractures at
varying reactive transport regimes, but also demonstrates the robustness of the DAM in capturing
k evolution in a self-reinforcing reactive environment.

4. Implications

The subsurface injection of CO2 promotes both the dissolution and precipitation of
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minerals within and around the CO; plume (Altman et al., 2014; Steefel et al., 2013). In the case
of fractured calcite or acid-soluble caprock, the migration of CO»-saturated brine could lead to
either self-sealing or self-reinforcing phenomena depending on the supply of acidic fluid. In the
worst case with a persistent source of acidic fluid, e.g., CO> and brine two-phase flow (Fitts and
Peters, 2013), our study implies that the acidic fluid migration can promote the fractured calcite
dissolution with increasing k and flux over time; this might compromise the subsurface CO»
storage in a relatively shorter time than expected. Note that our simulations only considered a
pure calcite matrix. For fractures containing relatively inert materials (quartz, clay, etc.), the
extent of permeability increase is limited by the residual materials in the fractures. It may even
be the case that these residual materials are mobilized during calcite dissolution and migrate
downstream resulting in clogging and a decrease in fracture permeability. These scenarios are
beyond the scope of this study.

Although our study focused on the fracture dissolution at the single fracture scale, the
evolving k path observed in our simulations was proposed to manifest at the field scale. An
appropriate example is karst conduit development (Andre and Rajaram, 2005) wherein a slow
continuous k increase is followed by an rapid k increase due to the positive feedback between
flow and reactive transport processes in a H2O-CO;,-CaCOs3 system. The k evolution could also
be vital for mass transport in many other self-reinforcing systems, including partially-molten
magma flow in porous media (Hewitt, 2010; Jordan and Hesse, 2015) and warm water flowing
through fractured ice (Das et al., 2008).

S. Conclusion
We simulated flow and reactive transport processes for dissolving three-dimensional

rough fractures using a two-dimensional depth-averaged model. In this self-reinforcing
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dissolution system, the fracture expands followed by mass flux increase. This leads to an
increasing geochemical driving force that further dissolves the fracture. Based on numerical
simulations through rough-walled fractures with different roughness and aperture field
correlation length, we observed a persistent linear time-dependence of fracture permeability (k)
after the dissolution front reaches the fracture outlet. This linear relationship between k and time
(#) holds across a range of Peclet and Damkohler numbers which correspond to different
dissolution patterns from distributed, evenly-spaced fingers to very focused flows with a
dominant channel. The linear time-dependence of & is consistent with experimental observations.
The estimated time rate of change of k (i.e., k/t) further illustrates the linear relationship between
k and t. k/t is on the same order of magnitude for all the studied fractures despite their varying
degrees of dissolution patterns. Our numerical model-derived &/t values for rough fractures at
varying reactive transport regimes are consistent with values based on carefully-designed
experiments and on theory for idealized two-dimensional geometry. All these collectively
suggest the common presence of linear fracture permeability increase with time due to self-

reinforcing dissolution.
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Figure Captions

Figure 1. Examples of log-normally distributed aperture fields across a broad range of roughness
(0.1<= 6p/<b> <= 1.6) and dimensionless correlation length (0.01=< A/L <=1), where b is the
aperture field with standard deviation o, and arithmetic mean <b>, A is the correlation length of
the b field, and L is total fracture length and width. The right column shows the relative
frequency distribution of the aperture field corresponding to similarly colored outlines for the
fields. Note that the right column plots are for the log-normally distributed aperture fields, where

the integrated area under each of the curve increases with roughness.

Figure 2. Conceptual diagram of two-dimensional, depth-averaged model for fluid flow and
reactive transport in a rough-walled fracture. The colors represent the aperture magnitude, fluid
flow boundary conditions are in red, transport boundary conditions are in blue, and white arrow

indicates the mean flow direction driven by the pressure gradient [p.

Figure 3. Aperture dissolution patterns for four fractures with increasing dimensionless
correlation lengths (A/L) from top to bottom at time = 1000 initial pore volume; each column
represents different area-averaged Damkohler numbers (<Da>) with the increasing pressure
gradient [p from left to right. A is the aperture correlation length, L is total fracture length, the

initial pore volume = volume / flux at time = 0, and Da is defined in equation (9).

Figure 4. Self-reinforcing dissolution patterns with channelized streamlines (red) over time for
two fractures with increasing dimensionless correlation length (A/L) from top to bottom. A is the

aperture correlation length, L is total fracture length, and the initial pore volume PVo= volume /
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flux at time = 0. The streamlines connect the fluid path from the inlet to outlet, where flux is the
same in the region between streamlines. The tortuous flow path with a zigzag shape (especially
in the first column) is due to the fluid flowing in the undissolved fracture zone with randomly-
distributed apertures. The number of streamlines depends on the total flux which increases over

time.

Figure 5. Linear permeability increase (blue line) with time through 3D rough fractures as
exemplified by a) ML=0.01, o»/<b>=0.8 and b) A/L=0.6, 6,/<b>=0.4, where b is the aperture field
with standard deviation 65 and arithmetic mean <b>, A is the aperture correlation length, and L is
total fracture length. Insets show the dissolution patterns = expanding aperture field — the initial

aperture field.

Figure 6. The linear relationship between permeability (k) and time () across a range of Peclet
number (Pe=10%~10°), area-averaged Damkohler number (<Da>=10"~10%), fracture roughness
(ob/<b> =0.1~1.6), and aperture field correlation length (A =0.1L ~ 1L). This linear relationship is
demonstrated by: a) linear dimensionless permeability (k/ko) increase with dimensionless time
for all studied fractures, and b) small range in the time rate of change of k (k/t) as demonstrated
by a histogram of k/t. ko is permeability (k) at # = 0, initial pore volume = volume/flux at r = 0,
Pe=g/Dy, q is fluid flux, D, is molecular diffusion coefficient, Da is defined in equation (9), Sh
is Sherwood Number that is constant for given geometry, b is the aperture field with standard
deviation o, and arithmetic mean <b>, and L is total fracture length. The dashed line is the

theoretical value (k/t = 1.07x10-'> m?/s) according to equation (8).
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