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Abstract

Preferential dissolution of fast-  Erosion of the altered layer =
reacting mineral = Development Fracture aperture increase
of the altered layer

A novel reactive transport model has been developed to examine the processes that affect fracture
evolution in a carbonate-rich shale. An in situ synchrotron X-ray microtomography experiment,
flowing CO, saturated water through a single fracture mini-core of Niobrara Shale provided the
experimental observations for the development and testing of the model. The phenomena observed
included the development of a porous altered layer, flow channeling, and increasingly limited calcite
dissolution. The experimental observations cannot be explained by models that consider only
mineral dissolution and development of an altered layer. The difference between the fracture volume
change recorded by the microtomography images and what would be expected from mineral

dissolution alone suggest that there is erosion of the altered layer as it develops. The numerical
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model includes this additional mechanism, with the erosion rate based on the thickness of the
altered layer, and successfully captures the evolution of the geochemical reactions and morphology
of the fracture. The findings imply that the abundance (with a threshold of approximately 35%) and
reactivity of the rapidly reacting mineral control the development and erodibility of the altered layer

on the fracture surfaces, and therefore fracture opening.

1 Introduction

Subsurface environments are a major source for energy production and storage, and an important
site for waste disposal.(1) Fractures provide preferential flow conduits and can control the hydraulic
properties of subsurface formations.(2) Fracture geometries and thus the hydraulic and
geomechanical properties of subsurface formations are subject to changes caused by geochemical
reactions.(3. 4) Therefore, understanding the dynamic evolution of fractures is critical for accurate
assessment of the safety or profitability of different subsurface practices.

In the case of CO, injection for enhanced oil recovery or geological carbon storage reactive fluids are
generated by CO, dissolution in reservoir brines.(5) As a result, the ambient chemical equilibrium is
perturbed, and geochemical reactions between the reactive fluids and minerals take place, leading
to porosity and permeability change of the reservoir formations and caprocks.(6. 7)For geological
carbon storage systems, investigations of fracture evolution in carbonate-rich shales are of particular
interest. Because shales are typical caprocks for containment of the injected CO,,(8) and the
dissolution of carbonates in shales as a result of advective flow of CO,—acidified fluid introduced by
fractures may raise concerns about caprock integrity and storage security.(9)

A number of experimental and numerical studies have been conducted to investigate fracture
alteration driven by geochemical reactions. Studies have shown that dissolution of minerals can
result in fracture opening, and fracture permeability increasing.(10-13) In systems with a single
mineral, the dissolution of the mineral is limited to the inlet if the flow rate is slow compared to the
reaction rate, and is uniformly distributed in the fracture when the flow rate is fast compared to the
reaction rate.(12, 14, 15) In intermediate flow regimes, where the reaction rate and the flow rate are
comparable, the dissolution is localized, accompanied by a dramatic increase in fracture
permeability.(11, 12) Mineral precipitation, on the other hand, causes fracture sealing and results in
decreases in the fracture hydraulic properties.(16) The extent and spatial pattern of precipitation

depends on the saturation state of the fluid and the flow rate.(17)
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In multimineral systems, mineral reactions have a more complex impact on the alteration of fracture
geometries and the evolution of fracture hydraulic properties. It has been observed that if the
reactive mineral grains are dispersed in rock matrix with less-/nonreactive minerals, a porous altered
layer develops on the fracture surface.(10. 18-20) This altered layer may increase the roughness of
the fracture surface and limit the increase of fracture permeability resulting from fracture opening.
(21, 22) It can also create a barrier that limits the accessibility of the reactive mineral to the reactive
fluid, thus reducing the overall dissolution rate of the fast-reacting mineral.(18. 23) Furthermore, it
has been observed that this altered layer may detach from the fracture surface.(18. 19. 24) The
released particles may be mobilized and transported downstream, where redeposition of the
particles can cause clogging in the fractures and reduction of fracture permeability. However, to
date, studies on how the development and erosion of the altered layer affects fracture evolution have
been limited to qualitative observations.

In this study, we present a quantitative analysis of fracture geometry alteration in a carbonate-rich
shale sample (Niobrara Shale) exposed to flowing CO.-acidifed fluid. The experiment showed
complex dynamics of fracture morphology and fluid chemistry because of the development and
detachment of the altered layer on the fracture surfaces. We develop a reactive transport model that
accounts for the evolution of both the effluent chemistry and the fracture geometry observed in the
experiment. The manuscript concludes with a discussion of the environmental implications of our

findings about the impacts of the development and erosion of an altered layer on fracture evolution.

2 Experimental Section

2.1Experimental Setup and Materials

The sample used in the experiment was cylindrical (~9 mm in diameter and 25 mm long), and was
cored from an outcrop near the CEMEX Lyons plant, between Lyons and Longmont, Colorado. The
outcrop is a relatively carbonate-rich oil shale horizon within the Niobrara Formation (Denver Basin).
The cylindrical axis of the core is roughly perpendicular to the bedding plane. Rietveld quantitative X-
ray Powder Diffraction (XRPD) analysis on a fragment from the same block revealed that the
mineralogical composition (weight %) of the rock is calcite (48.5%), lllite (17.5%), quartz (14.6%),
dolomite (6.8%), smectite (6.6%), plagioclase (3.5%), pyrite (2.1%), and lesser amounts of other
minerals.

The fracture flow experiment was performed using a custom-made triaxial flow cell optimized for

synchrotron X-ray microcomputed tomography (SXRuCT) measurements. The experimental system
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and procedures for in situ measurements are similar to those described in Ajo-Franklin et al. (2017).
(20) The measurement was carried out at the hard X-ray imaging beamline 8.3.2. at the Advanced
Light Source (ALS) located at Lawrence Berkeley National Laboratory.(25)

The sample was sawed along its cylinder axis to simulate a single planar fracture. The assembled
sample was wrapped in PTFE tape and placed in PVDF heat-shrink tubing to isolate it from the
confining fluid. The confining pressure in the system was controlled using a high-pressure syringe
pump (ISCO 260D, Teledyne Technologies Inc.) setto ~117 bar. A second syringe pump was used
to inject CO,-rich water at a constant flow rate of 5 yL/min for the first ~40 h and at 10 pL/min for the
rest of the experiment. The influent was prepared by equilibrating deionized water with CO, at ~34.5
bar overnight. The fluid was injected into the sample from the bottom side. Effluent samples were
collected downstream of a 0.5 um stainless steel filter every ~5 h, and later analyzed using
inductively coupled plasma mass spectrometry (ICP-MS). The experiment was performed at room
temperature, and during the ~104 h of flow, the pore pressure was maintained constant at ~96.5
bar using a back-pressure regulator.

Tomographic scans were acquired every ~20 h during flow to monitor the alteration of the fracture
until 95.5 h. At each time step, given the limited vertical field of view, eight tiles were scanned along
the flow direction to capture the entire sample. For each tile, 2049 projections were collected over a
180 deg rotation of the sample; the exposure time for a single projection was 150 ms. Filter-
hardened (2 mm Al, 0.5 mm Cu) polychromatic X-rays were used to ensure a high photon flux at
high energy, in order to achieve faster data collection (~2 h for each whole data set of eight tiles).
The reconstruction of the tomographic volumes was conducted using a conventional filtered back-
projection approach, with the Octopus software package. The resulting grayscale images have a
voxel size of 6.7 um. The eight tiles at each time step were stitched for subsequent image
processing and analyses of the fracture geometry in imaged.(26)

The resulting 3D volume data sets (e.g., Figure 1(a)) were cropped to isolate the fracture and then
converted into binary volumes by applying a simple threshold. Voxels with grayscale values larger
than the threshold are characterized as the solid phase, while the rest are classified as the fluid
phase. The threshold was chosen based on careful visual inspection of the images. The same

threshold value was applied to all six sets of volume images for consistent segmentation results.

in

Figure 1. (a) An illustration of aperture map derivation from SXRuCT data, (b) aperture map representing the

initial fracture geometry with an overlying mesh illustrating the 2D discretization (please note that this does
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not show the actual mesh resolution), (c) aperture map of the post reaction fracture from image data
collected at 95.5 h of the experiment, and (d) a slice of postreaction SXRuUCT image perpendicular to the
fracture plane located at ~1 cm from the inlet (highlighted by the black line in (c)), illustrating localized
fracture opening and the development of the altered layer. The white box in (d) highlights the region where
altered layer develops but with no observable aperture change, and the red box highlights the altered layer in

the flow channel.

2D maps of the fracture aperture, defined as the distance between two fracture surfaces, were then
derived from the 3D binary volume images. The 3D Exact Euclidean Distance Transform (EEDT),
which labels each voxel in phase #1 (fluid) with the distance to the closest voxel of phase #2 (solids),
was first applied to the binary data sets. From the resulting 3D matrix, the maximum value of each
column (along the z direction) that is perpendicular to the fracture plane (x—y) was calculated. This
generates a 2D matrix, in which the values measure the distance between the fracture surface and
the center of the void space. Multiplying the matrix by two produces the 2D aperture maps that can
be readily visualized and compared quantitatively (e.g., Figure 1(b),(c)). The approach used for
aperture calculation ensures that even though the altered layer has mixed mineral phases and void
space, it is not counted as part of the fracture, with the exception of the spots where the altered layer
only contains a small amount of remaining minerals and therefore is characterized as disconnected

from the main rock volume.
2.2Experimental Observations

ICP-MS analyses of the effluent samples showed variations in the concentrations of different cations
over time (Figure 2). Calcium (Ca) has the highest concentration as a result of the rapid reaction rate
of calcite. Before the flow rate change at 40 h, the Ca concentration displays no clear trend and
shows an average of ~25 mM. Afterward, it decreased gradually to ~12 mM by 104 h. The trend
indicates a considerable decrease in the overall calcite dissolution during the experiment. Previous
studies have identified two mechanisms that can cause such substantial reduction: the diffusion
limitation caused by an altered layer,(18. 23) and reduced effective fracture surface area for reaction
because of flow channeling.(11) The SXRuCT images, discussed in detail below, indicate the
presence of both mechanisms in our experiment.
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Figure 2. Effluent concentrations of (a) Ca, and (b) other major cations from the experimental measurements
(dots), reactive transport simulation without the diffusion limitation of the altered layer (solid lines), the
simulation with the diffusion limitation of the altered layer (dashed lines), and the simulation with diffusion
limitation and consideration of the effects of ion exchange (dotted lines). The concentrations of cations other
than Ca from the simulation with the diffusion limitation are similar to the results from the simulation without
the diffusion limitation, and therefore do not show on (b). The simulation without the diffusion limitation of the
altered layer reflect only the impacts of flow rate change (indicated by the vertical red dashed line). The
simulation with the diffusion limitation of the altered layer uses an effective diffusion coefficient of 3.4 x 10-

0 mz/s,

The concentrations of other cations are mostly below 0.1 mM, with the exception of magnesium
(Mg). These concentrations reflect the relatively rapid reaction rate of dolomite and lower reaction
rates of the other minerals in the system. There is no clear trend in the temporal evolution of
aluminum (Al) and iron (Fe), but the concentrations of sodium (Na), potassium (K) and Mg show a
continuously decreasing trend over time. This trend is likely caused by ion exchange with the clay-
bearing matrix as it is gradually exposed to Ca-rich fluid by the dissolution of calcite.

The SXRuCT images show fracture opening as a result of the exposure of the Niobrara fracture to
CO.-acidified fluid (Figure 1(c),(d)). The fracture volume estimated based on the fracture aperture
maps increases from ~9.4 mm?to ~22 mm? by 95.5 h. The increase in fracture aperture is highly
localized, and the spatial pattern correlates with the saw-cutting marks in the initial geometry.

The SXRuCT images (Figure 1(d)) and the high resolution tomography images (Supporting

Information (SI) Figure S1) also show an altered layer on the fracture surface, which is created by

the preferential dissolution of calcite and is primarily composed of the less reactive minerals (e.g.,
lllite, quartz) that remain in the rock matrix. Visual inspection indicates that the layer thickness is up
to ~400 um. The layer is located within the regions where fracture opening is observed. Because
calcite has already been depleted in the rock matrix bordering the fracture (Figure 1(d)), fracture
opening depends primarily on the removal of minerals other than calcite.

Mineral removal can be caused not only by dissolution but also by erosion of the altered layer,
including disaggregation, particle detachment and removal by the fluid. In what follows, we compare
changes in mineral volume from SXRuCT data and ICP-MS data to evaluate the relative importance
of erosion as removal mechanism. The fact that the amount of mineral removal calculated from the
SXRuCT data is considerably larger than the value estimated from effluent chemistry suggests that

the opening of the Niobrara fracture is not solely the result of mineral dissolution.
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If we were to assume that the effluent chemistry is only affected by mineral dissolution, the removal
[CpQdi

dmol,, =

of mineral m can be calculated using eq 1, (1)where C, is the concentration of
cation n, p and Q are the fluid density and volumetric flow rate, and v, is the stoichiometric

coefficient of cation nin mineral m. Accordingly, the fracture volume change (d V) can be calculated
dmol MV

f

from the dissolution of this mineral by eq 2, “#m (2)where MV, and f,, are the molar

dV =

volume and volume fraction of mineral min the intact rock matrix, respectively.

For example, given the mineralogical composition of the rock sample, lllite is likely the only source of
K. Assuming a stoichiometric coefficient of 0.6 for K in lllite, the measured effluent K concentration
indicates that the cumulative amount of lllite dissolution by the end of the experiment is
approximately 0.004 mmol, and the corresponding fracture volume change would be 3.3 mm?. In
contrast, the fracture volume change by 95.5 h calculated from the SXRuCT data (12.6 mm?) implies
that 0.015 mmol of lllite was removed. This large discrepancy cannot be explained by uncertainties
in image processing or mineralogy characterization. For example, the difference in the fracture
volume change would indicate that the average aperture is overestimated by 37 um in the SXRuCT
data, or by more than five voxels averaged over the entire fracture. This seems to be highly unlikely.
In addition, dV calculated from the effluent chemistry represents the upper limit of fracture volume
change that can be caused by mineral dissolution. The cations (such as K) detected in the effluent
chemistry may originate from three processes: (1) mineral dissolution in the sample, (2) dissolution
of the fine particles that detach from the rock matrix and pass through the filter in the strong acid
used for effluent sample preparation, and (3) ion exchange with Ca (which is not expected to cause
mineral removal or fracture volume change). Since the signal of silica is nondetectable, it is unlikely
that the fine particles released from erosion of the rock matrix passed through the filter and were
included in the effluent analysis. In contrast, the contribution of ion exchange may be substantial, as

will be discussed in the Simulation Section. This means that the above calculations overestimated

the amount of lllite dissolution and the fracture volume change. Even with the overestimation, the
resulting fracture volume increase is significantly lower than what was indicated by the image data,
regardless of the uncertainties that may be introduced in image processing. Therefore, the removal
of minerals that eventually caused the fracture opening in the Niobrara sample is not a result of
mineral dissolution alone, but requires that erosion occurred as well.

Assuming symmetry, the average thickness of the altered layer on one side of the fracture surface

can be estimated from the effluent Ca concentration and the fracture volume increase derived from
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the SXRuUCT images (d Vcr) using eq 3, where A is the area of the fracture plane. Based on the
effluent analyses, the volume of the calcite dissolved is estimated to be ~34 mm? and the average
thickness of the altered layer is ~150 pm on each side of the fracture surface. Please note that the

thickness of the altered layer reported throughout the manuscript is always for one side of the
dmol MV /t, = dl,

cal’ o

T =
fracture surface. -4 3)

3 Simulation Section

3.1Reactive Transport Model

The reactive transport model builds upon the 2.5D reactive transport model developed previously,
(23) which was based on the software CrunchFlow.(27) The key features of the 2.5D model are
summarized as follows. First, in the 2.5D model, the fracture is discretized in the two dimensions of
the fracture plane (x—y) (Figure 1(b)). This approach can capture the variations in the fracture
aperture and the resulting process of channelization as dissolution progresses. Second, within each
grid cell, the model calculates the front position of each mineral according to its respective volume
fraction in the grid and in the intact rock matrix. The fronts of all minerals are at the fracture surface
initially, but diverge over time as a result of the differential reaction rates. The front of the mineral
that retreats the slowest defines the new fracture surface, and the distance between the fronts of this
mineral in the two fracture halves determines the flow aperture or fracture aperture. The distance
between the fracture surface and the front of the mineral that reacts the fastest is the thickness of
the altered layer, which with the effective diffusion coefficient of the altered layer is used to calculate
the diffusion controlled reaction rate. An effective reaction rate is then calculated for the fast-reacting
mineral based on both the diffusion controlled reaction rate and the surface reaction rate to account
for any potential diffusion limitation caused by the altered layer. The caveat of the 2.5D model is that
it assumes that the two fracture surfaces and their evolution are symmetric, which is an assumption
that cannot be avoided without a full 3D treatment.

A new module has been added in the 2.5D model to simulate erosion of the altered layer in this
study. As observed in the dissolution experiments of carbonate rocks by Garing et al. (2015),(28)in
structured rock matrix, detachment and removal of mineral particles from the rock samples are
caused by the preferential dissolution of the cementing material. Similarly, the altered layer is part of
a structured rock matrix, and the mineral particles in the altered layer can only disaggregate and

detach from the fracture surface freely when the cementing mineral (which is calcite in this case) is
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dissolved. Therefore, the erosion of the altered layer depends on the extent of calcite reaction, which
can be measured indirectly by the thickness of the altered layer (L (m)). Previous study(19)has also
shown that the erosion of the altered layer is directly related to thickness of the altered layer. As
such, we developed a phenomenological law (eg 4) for the erosion rate of the altered layer (E (m/s)),
using L as the leading parameter. In eq 4, L. is the critical thickness, below which no erosion takes
wiL—L) L>1L
0 L €L

E=
place, n (m™s™) is the multiplying factor, and ¢ is the exponent. (4)We
note that the formulation is similar to that typically used to describe erosion of uncemented
sediments,(29) but the underlying mechanisms are different. In the erosion of the altered layer, the
degree of weathering of the cementing material in the shale is the limiting factor, as opposed to fluid
flow in the erosion process of sediments (see also the Sl).

In grid cells where the erosion rate is nonzero, the aperture (b) is updated according to eq 5,

b, = b '+ 2-E-di 5)

where the factor of 2 is used to account for erosion on both sides of the fracture surface with the
assumption that the altered layer development is symmetric on the two fracture halves. The volume

fractions of minerals remaining in the altered layer are updated using eq 6,
f

J. =] r_: = 2-E-di -L1.J.'-dj'-_.ll.l . . _ .
i «-+(6)where f,, is the volume fraction of the mineral in the cell
and fi,j,mis the volume percent of that mineral measured for the intact rock matrix.
A 2D mesh with quadrilateral cells in the fracture plane is used in the simulation, and is based on the
initial aperture map derived from the SXRuUCT data (Figure 1(b)). The original aperture map has a
resolution of 6.7 um following the SXRuCT image, and is downsampled by a factor of 10 so that the
2D computational mesh has a grid size (Ax = Ay) of 67 um. The aperture of each grid cell is the
arithmetic mean of the 10 x 10 patch. The reactive surface area is the geometric surface area within
each grid, that is, 2AxAy, and is divided among different minerals according to their respective
volume fractions. In the simulations, influent chemistry and flow rate are those corresponding to the
experiment, and the mineral composition in each grid cell is the same following the XRPD
measurement. All mineral reactions are treated kinetically using transition state theory rate laws and
kinetic data from the literature.(23. 30. 31) The thermodynamic and kinetic data of all mineral
reactions are summarized in the Sl.
Two sets of simulations are presented in the following subsections. Subsection 3.2 reports the
results of simulations that consider factors such as flow rate change, mineral dissolution, and the

diffusion limitation associated with the development of an altered layer. These simulations provide a
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basis for comparison to the simulation presented in subsection 3.3, which adds the erosion of the

altered layer.
3.2Simulation Results without Erosion of the Altered Layer
3.2.1Ca Concentration

As shown in Figure 2(a), the decrease in the effluent Ca concentration cannot be explained by the
increase of flow rate, and is partly attributed to the development of the altered layer. As reported in
our previous study,(23) the development of the altered layer imposes a diffusion limitation on the
dissolution of the fast-reacting mineral, which leads to a reduction in effluent Ca. However, the
diffusion limitation cannot fully account for the reduction in the effluent Ca concentration in this study.
The effective diffusion coefficient used to calculate the diffusion limitation of the altered layer is 3.4 x
10"° m#/s, which is estimated based on a porosity of 58% using Archie’s law with a constant of 1 and
a cementation factor of 2 for the Niobrara Shale.(32) Analyses of the altered layer using the high
resolution tomography images (see Sl) showed that the altered layer porosity ranges from 49% to
68%, with an average of 58%. The images also showed connected void space (i.e., pathways) that
tends to reduce tortuosity and therefore result in a higher effective diffusion coefficient for a given
porosity. Even if a lower porosity in the reasonable range is assumed, the corresponding effective
diffusion coefficient is not low enough, that is, the diffusion limitation on calcite dissolution is not
strong enough to match the experimental observations (see Sl).

In the simulation, the absolute values of effluent Ca concentration are overestimated. For example,
the effluent Ca concentration before the flow rate change at 40 h produced by the model is 41 mM,
substantially higher than the observed value of ~25 mM (Figure 2(a)). This means that effluent
concentrations are overestimated by a factor of 1.5, which may be caused by uncertainties
introduced in effluent sample collection and processing, in kinetic parameters,(33) and/or in reactive
surface area.(34) However, adjusting the reaction rate of calcite does not explain the observed
discrepancy in the temporal evolution of Ca concentration between the model and the experiment

(see Sl).
3.2.2Concentrations of Cations Other Than Ca

As shown in Figure 2(b), the simulated concentration of Mg is on the order of 0.1 mM, within the
range of the experimental observations. The simulated concentrations of all other cations from
dissolution of minerals such as lllite and plagioclase are more than 5 orders of magnitude lower than
the experimental measurements. Such dramatic discrepancies cannot be entirely attributed to
uncertainties in the kinetic coefficients. For example, the reaction kinetic data for smectite compiled
in Marty et al. (2015)(31) showed variations within 1 order of magnitude for a given pH and

temperature.
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The relatively high concentrations of Na and K measured from the effluent samples are likely the
result of ion exchange, because the Ca-rich fluid created by calcite dissolution can displace other
cations from the exchange sites in the clay minerals. It is also supported by the fact that the
cumulative amount of these cations measured in the effluent chemistry (e.g., Na: 0.013 mmol) is
within the range of the equivalents (0.005—0.05 mequiv) that would be released into the fluid as a
result of ion exchange within the altered layer (with an average depth of 150 um) for typical Cation
Exchange Capacity (CEC) values of 10-100 mequiv/100 g clay minerals (see Sl). Figure 2(b) also
plots the simulated cation concentrations from an approximate model that treats ion exchange as a
dissolving salt phase (see Sl for further discussion). The concentrations are within the range of the
experimental observations, but show flatter decreasing trends. This is because the processes that
affect the exchange reactions, such as the diffusion of Ca into the intact rock matrix and the resulting
ion exchange (see Sl), cannot be captured unless a full treatment of the dimension that is
perpendicular to the fracture plane is implemented. Given the complications with considering ion
exchange as a subgrid effect in the model, cations other than Ca are not discussed further in the

manuscript.
3.2.3Fracture Morphology Alteration

Since mineral dissolution is the only mechanism for mineral removal in this simulation, the slow
dissolution rates of the minerals that remain in the altered layer do not lead to an observable change
in the fracture apertures. In contrast, the dissolution of calcite leads to a rapid retreat of the calcite
front, resulting in substantial localized development of the altered layer (Figure 3(a)). The thickness
of the altered layer is up to 0.642 mm, with an average value of 0.234 mm. The spatial pattern of the
altered layer, which illustrates the degree of weathering on the fracture surface, shows a close
match with the aperture change observed in the experiment. This observation further supports the
approach adopted in the following subsection in which the erosion rate is formulated using the

thickness of the altered layer as the leading parameter.

A %
. 3

Figure 3. (a) Thickness of the altered layer on a single side of the fracture surface at 95.5 h from the
simulation with diffusion limitation of the altered layer only, (b) fracture aperture change at 95.5 h from the
simulation with the erosion of the altered layer and the corresponding (c) thickness of the altered layer, (d) a
cross-section (at the black line in (c)) illustrating the simulated altered layer development bordering the

fracture, and (e) the decrease in effluent Ca concentration observed in the experiment and simulated by the
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simulations with (solid line) and without (dashed line) the erosion of the altered layer. The effective diffusion

coefficient used for the simulations is 3.4 x 10 m¥s.

The simulation results collectively confirm that although the development of the altered layer
contributes to the decrease of calcite dissolution, this cannot fully explain by itself the evolution of
the fracture morphology observed in the experiment and the resulting impact on overall calcite

dissolution. Therefore, the contribution of one or more additional mechanisms is required.
3.3Simulation Results with Erosion of the Altered Layer

When the erosion of the altered layer is considered, the simulation results can successfully capture
the major features of the evolution of the Niobrara fracture observed in the experiment.

Following the removal of the altered layer, fracture apertures increase, resulting in a fracture volume
increase of ~14 mm? by 95.5 h, which is comparable to the fracture volume change derived from the
SXRuCT data. Although there is an 11% difference, it is comparable to the uncertainty in the volume
estimation that can be introduced during image processing, since the difference translates to an
overestimation of 5.9 um in the average aperture, which is smaller than the size of one voxel. Since
fracture aperture change is highly localized, the difference in fracture aperture between the
simulation and the experiment vary spatially. For example, the aperture in the penetrating channel is
different by up to 30%.

Overall, the simulated aperture change (Figure 3(b)), shows a spatial pattern that is similar to that
recorded in the aperture maps derived from the SXRuCT data (Figure 1(c)). As indicated by the
formulation of the erosion rate, the aperture increase resulting from the erosion of the altered layer
depends primarily on the thickness of the altered layer. In our model, the aperture increase is a
result of the localized development of the altered layer and its subsequent erosion. The initial flow
variation triggers the localized development of the altered layer along the preferential flow path.
When the altered layer reaches the critical thickness, the erosion process starts and the fracture
aperture increases locally. The resulting flow channeling supplies additional reactive fluid in the
enlarged region of the fracture, further promoting local calcite dissolution and altered layer
development and erosion.

Flow channeling provides another mechanism that reduces overall calcite dissolution, in addition to
the diffusion limitation of the altered layer. Because the reactive fluid is increasingly directed into the
flow channel, and the interaction between the reactive fluid and fracture surfaces outside of the
channel becomes limited. As a result, the effluent Ca concentration decreases further (Eigure 3(e)).
Because of the erosion and flow channeling, the simulated altered layer (Figure 3(c)) is slightly more

localized and thinner in comparison with the simulation results in subsection 3.2 (Figure 3(a)). It has
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an average thickness of 0.193 mm, with the maximum value being 0.529 mm. These values are
higher than the estimates determined from the images and the effluent chemistry. This is because in
the simulations the calcite reaction rate is overestimated, as discussed in the previous section.

To summarize, incorporating the erosion of the altered layer completes the positive feedback circle:
flow-reaction - development of the altered layer - erosion of the altered layer—flow. This positive
feedback explains why the spatial pattern of the aperture increase shows features of the initial
fracture geometry and why overall calcite dissolution simulated by the model with the erosion of the
altered layer is further reduced from what is calculated from the simulation that considers only the

development of the altered layer in subsection 3.2 (Figure 3(e)).

4 Discussion

The erosion rate of the altered layer is determined by three parameters—the multiplying factor (n), the
critical thickness of the altered layer (L.), and the exponent (€). In general, a larger n, or a smaller L.,
or a smaller € (for thickness in meters and therefore smaller than unity) results in a higher erosion
rate. The higher erosion rate leads to larger fracture opening and thus stronger flow channeling, and
a thinner altered layer (see Sl). As a result, the relative contribution to calcite dissolution reduction
from flow channeling increases, while that of the altered layer diffusion limitation decreases. It is
expected that the three parameters and thus the erosion rate are dependent on the composition of
the altered layer, and therefore the chemical and physical properties of the original rock matrix. The
three coefficients can be constrained using the five experimental observations in our study - the
spatial pattern of aperture change, the extent of aperture change, the spatial pattern of the altered
layer, the thickness of the altered layer, and the temporal evolution of the major cation.

In this simulation, L. was constrained based on the SXRuCT images. The postreaction images
showed regions where an altered layer develops while the fracture aperture does not change
significantly (Eigure 1(d)). The maximum thickness of the altered layer in these regions is determined
to be ~0.14 mm. Based on this observation, the threshold value was chosen to be 0.15 mm. The
other two parameters, € and n, were varied such that the simulated effluent Ca concentration and
aperture change both agree with the experimental observations (see Sl for sensitivity analyses). The
resulting exponent is 0.5, and n is 1 m®%/s. Even though it is difficult to define an optimal match,
partly due to the uncertainties associated with the experimental characterization, reasonable
agreement can be achieved and the results provide valuable insights regarding the erosion of the

altered layer and its impacts on fracture evolution.
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One other consideration that is important for assessing the role of altered layer erosion is the
abundance of the fast-reacting mineral(s) as well as potentially the microgeometry and how
important the fast-reacting phase is as a cement. In a previous experiment, where fast-reacting
calcite constituted about 10% of the rock volume (the remainder being mostly dolomite), there was
no evidence of erosion.(23) This suggests that this volume fraction is too low to cause the remaining
undissolved matrix material to disaggregate. In the current study, the fast-reacting phase, that is, the
microcrystalline calcite that cements the less reactive phases, is uniformly distributed in the matrix
and constitutes 48% of the Niobrara Shale sample by volume. This is clearly sufficient to cause
matrix disaggregation and erosion. These values are consistent with the range in abundance of fast-
reacting mineral(s) reported in previous experimental studies that also observed particle mobilization
from fracture surfaces that were exposed to reactive fluid flow, e.g. 45% of calcite in the carbonate
caprock used in Ellis et al. (2013) and 65% of calcite in the argillaceous limestone studied by Noiriel
et al. (2007).(18) These values are also consistent with observations of natural shales that show that
a clay fraction of greater than about 35% results in the nonclay grains being supported by clay
matrix.(35) The Niobrara sample has a clay fraction of <35% and relies on other minerals (calcite in
particular) to provide the load-bearing framework,(35) and therefore removal of the framework by
dissolution leaves the clay particles susceptible to disaggregation. 35% may also be a reasonable
threshold for the fast-reacting mineral(s), above which erosion of the altered layer takes place. When
the fast-reacting mineral(s) exceeds this threshold, as in the case of the clay matrix, it constitutes a
continuous framework that provides the structural support for the matrix. The removal via dissolution
of the fast-reacting mineral is most likely to result in disaggregation of the remaining minerals. As
such, it is to be expected that 48% carbonate removed by dissolution should lead to disaggregation
(and erosion) of the remaining matrix, while 10% carbonate removed by dissolution would not.

In the experiment, no systematic clogging was observed, and the SXRuCT images show consistent
fracture opening. The lack of clogging is likely a result of the fine particle size of the remaining
minerals that make up the altered layer (below the resolution of the SEM images and high resolution
tomography), which based on the Stokes law correlates to extremely low settling velocity.

(29) Furthermore, the erosion of the altered layer is focused in the main channel, where the
apertures are large enough to allow the flow-through of a significant load of particles. However,
clogging in regions with extremely fine apertures cannot be ruled out, as the noise and resolution
make it difficult to identify or differentiate the fine particles during image processing. Garing et al.
(2015)(28) provided a thorough discussion of particle mobilization and deposition in carbonate rocks,

but further mechanistic investigations of clogging are needed, especially in fractures.
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The lack of fracture closing under confining pressure observed in the Niobrara experiment indicates
that localized erosion of the altered layer may allow persistent fracture opening. The limited
development and thus erosion of the altered layer in the nonchannelized region (Figure 3(c)) means
that the contact points in this region are not removed or weathered, and therefore are likely to
prevent the fracture from closing under the confining stress.

In summary, our experiment and simulations show that the preferential dissolution of reactive
minerals can trigger complex fracture alteration in multimineral systems, indicating that the evolution
of a fracture driven by dissolution reactions cannot always be estimated simply based on the extent
of mineral dissolution. The development of an altered layer at the fracture wall can limit subsequent
reaction and thus prevent the change of fracture permeability if the porous altered layer remains
intact. We argue that the development of the altered layer may also lead to eventual fracture
opening not only because of the dissolution of the minerals composing the altered layer,(23) but also
because of the erosion of the altered layer. This case should apply when the rapidly dissolving
minerals is abundant (e.g., with volume fraction >35%). Our simulations illustrate that the erodibility
of the altered layer depends largely on the thickness of the altered layer. As a result, the dissolution
rate of the fast-reacting mineral (calcite here), which controls the development of the altered layer,

will also determine the fracture aperture change.
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