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ABSTRACT
Understanding the dynamic response of stressed fractures during the flow of reactive
fluids is an important contemporary research topic. Specifically, understanding the response of
stressed fractures in carbonate is important for both energy (petroleum) production and
sequestration of the products of energy use (carbon dioxide). We conduct tightly constrained
experiments on artificial fractures with repeatable initial roughness and permeability to measure
permeability response and rates of mineral dissolution during the flow of reactive fluids. These
experiments are supplemented by detailed numerical modeling to better understand relevant
mechanisms; namely pressure solution, stress corrosion cracking enhanced diffusion,
precipitation, and free-face dissolution, that lead to permeability evolution of these fractures and
to accurately quantify their relative rates.
Experimental measurements are conducted on various lengths of 2.5 cm diameter
cylindrical samples of tight, vuggy, Capitan Massive limestone. A single rough artificial fracture
with repeatable initial permeability is created in the samples by making a single longitudinal saw
cut prior to roughening the surface with either 60 grit (rough) or 150 grit (smooth) ceramic
abrasive. The effective permeability-inferred hydraulic aperture of these fractures is monitored
throughout each experiment by the mass balance of the percolating reactive fluid maintained at a
fixed hydraulic gradient. Relative rates of pressure solution, stress corrosion cracking enhanced
diffusion, precipitation, and free-face dissolution lead to either net fracture gaping or
compaction. Dissolved mineral mass balance in the pore fluid provides an independent means of
quantifying fracture closure or gaping, depending on the relative strength of each mechanism.
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To decipher these mixed effects numerical models are developed. Lumped parameter
models of stress corrosion cracking enhanced diffusion and free-face dissolution provide
adequate representation of short, low stress fracture aperture strain when coupled with
experimentally measured fracture profiles and effluent concentrations of dissolved mineral.
Finite element analysis of pressure solution, stress corrosion cracking enhanced diffusion,
precipitation, and free-face dissolution also provide adequate agreement with both effluent
concentrations of dissolved minerals and average rates of fracture aperture strain. These finite
element models are based on previously quantified relative fracture flow areas, chemical kinetics,
and other controling parameters.
Results of these studies include development of a mass flux ratio to accurately determine
the likely long-term evolution of fracture permeability in fractures under low ambient stress. In
addition we show that pressure solution is a significant transient mechanism leading to
permeability evolution, even in fractures subjected to low stress. We use the same experimental
data and finite element model to present a method to quantify the probability of stable
(compaction) and unstable (gaping) permeability evolution in fractures. Finally, agreement
between experimental and simulation data allows strong assertions to be made regarding
contrasting carbonate dissolution rates for free-face dissolution and pressure solution during flow
of extremely under-saturated aqueous solutions of carbon dioxide. We measure a free-face
dissolution rate that approaches theoretical pH-indicated limits during extremely short fracture
residence times of extremely under-saturated fluids. This free-face dissolution rate rapidly
declines to a rate simulated to be consistent with the proposed rates of pressure solution with
high initial concentrations of dissolved minerals and long fracture residence times.
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CHAPTER 1: CHARACTERIZING THE THRESHOLD BETWEEN FRACTURE PERMEABILIY
EVOLUTION CONTROLLED BY STRESS EFFECTS AND FREE-FACE DISSOLUTION KINETICS:
EXPERIMENTAL MEASUREMENTS AND LUMPED PARAMETER MODELING
1.1.

Abstract

We explore how fracture permeability in confined tight carbonates evolves due to flow
of reactive fluids. Core plugs of the Capitan Massive Limestone are saw-cut to form a smooth
axial fracture that is subsequently roughened to control the fracture surface topography. Either
distilled water or distilled water-ammonium chloride solutions are circulated through these
plugs, where fracture roughness, inlet fluid pH, and confining stresses are controlled.
Throughout the experiment we measure the fluid flow rate and chemical composition of the
effluent fluid. Mass balance, conducted on the effluent fluid mass and on dissolved mineral
components, independently constrains the mineral mass removal. We use an idealized lumped
parameter model of asperity supported fractures undergoing simultaneous stress corrosion
cracking and free-face dissolution to infer theoretical rates of aperture loss or gain. This model
incorporates the roles of confining stress, fracture contact area, and composition and reactivity
of the permeating fluid while identifying zones of diffusion-dominated mass transfer within the
fracture. These theoretical rates of aperture strain are compared to those inferred from the
experimentally determined permeability evolution and permeating fluid mineral mass balance.
By measuring in regimes of both increasing and decreasing permeability we quantitatively
constrain the transition between fracture-gaping and fracture-closing modes of behavior. We
parameterize this transition in permeability evolution by the ratio of mechanically-controlled to
chemically-controlled dissolved mass fluxes. The transition from regimes of closing to regimes

of gaping occurs at unity (χ ≈ 1) when stress and chemically driven mass fluxes are theoretically
equal.

1.2.

Keywords

Carbonate fracture; fracture permeability evolution; stress corrosion cracking; fracture
dissolution; fracture strain

1.3.

Introduction

The extremely low matrix permeability of some tight carbonate reservoirs (< 10 -17 m2)
[Volery et al., 2010] cause the flow through them to be controlled by fractures. The Damkohler
number and Peclet number are often used to describe the relative magnitudes of free-face
dissolution [Kalia and Balakotaiah, 2009; Detwiler and Rajaram, 2007; Yasuhara and Elsworth,
2006; Panga et al., 2005; Dijk and Berkowitz, 1998; Siemers and Dreybrodt, 1998; Daccord et
al., 1993; Hoeffner and Fogler, 1988] and precipitation [Yasuhara and Elsworth, 2006; Dijk and
Berkowitz, 1998] that occur during flow through fractures. Relative magnitudes of pressure
solution, stress corrosion, and the above mechanisms result in fracture permeability that either
increases [Kalia and Balakotaiah, 2009; Detwiler and Rajaram, 2007; Panga et al., 2005; Siemers
and Dreybrodt, 1998; Daccord et al., 1993; Hoeffner and Fogler, 1988] or decreases [Zhang et
al., 2011; Yasuhara and Elsworth, 2006; Dijk and Berkowitz, 1998] with time. Simulations of
fluid-rock interactions explore free-face dissolution [Kalia and Balakotaiah, 2009; Detwiler and
Rajaram, 2007; Yasuhara and Elsworth, 2006; Panga et al., 2005; Siemers and Dreybrodt, 1998;
Daccord et al., 1993; Hoeffner and Fogler, 1988], pressure solution [Yasuhara and Elsworth,
2

2006; Yasuhara et al., 2004; Yasuhara et al., 2003], stress corrosion [Zhang et al., 2011], or both
free-face dissolution and pressure solution [Yasuhara and Elsworth, 2006]. Experiments
exploring fluid-rock interactions are similarly focused on free-face dissolution effects [Detwiler
and Rajaram, 2007; Daccord et al., 1993; Detwiler, 2008; Polak et al., 2004; Durham et al., 2001]
or pressure solution effects [Polak et al., 2004; Croizé et al., 2010; Zhang et al., 2010; Donohue
et al., 2009; Karcz et al., 2008; Polak et al., 2003] with very few exploring implications of stress
corrosion cracking [Karcz et al., 2008; Yasuhara et al., 2011] or both pressure solution and freeface dissolution occurring simultaneously [Polak et al., 2004].
Breakthrough of dominant flow channels, also known as wormholing, has been
extensively studied through experimentation [Detwiler and Rajaram, 2007; Daccord et al., 1993;
Polak et al., 2004] and modeling [Kalia and Balakotaiah, 2009; Detwiler and Rajaram, 2007;
Panga et al., 2005; Daccord et al., 1993; Hoeffner and Fogler, 1988]. Both approaches show
that at low flow rates wormhole formation is inhibited due to free-face dissolution limited to
the entry face of the sample whereas at high flow rates their formation is inhibited by uniform
corrosion of the entire fracture. Between these two extremes highly conductive channels
reaching through the samples form due to free-face dissolution of the walls of an initial
through-going pore-scale tube or channel [Panga et al., 2005]. An increased propensity for
channeling has also been predicted by numerical models with a higher initial fracture roughness
or an increased size or number of fracture heterogeneities [Kalia and Balakotaiah, 2009].
Current theories indicate that the increase in permeability caused by fracture
channeling may be mitigated by the preferential dissolution of highly-stressed asperities that
prop the fracture [Yasuhara et al., 2011; Yasuhara and Elsworth, 2006; Yasuhara et al., 2004;
3

Polak et al., 2003]. This pressure solution becomes the dominant mechanism of water-rock
interaction when effective stresses on the fracture-propping asperities exceeds the critical
stress and the pore fluid is saturated—disabling simultaneous dissolution of unstressed fracture
walls [Croizé et al., 2010; Zhang et al., 2010]. Some of the more recent studies that examine
the pressure solution of calcite [Croizé et al., 2010; Zhang et al., 2010; Donohue et al., 2009]
and halite [Karcz et al., 2008] have shown significant pressure solution induced strain effects,
some at relatively low stresses [Yasuhara et al., 2011; Zhang et al., 2011; Zhang et al., 2010;
Donohue et al., 2009]. This interaction of dissolution and brittle failure at sub-critical stresses,
termed hereafter as stress corrosion cracking, can be nearly six orders of magnitude faster than
free-face dissolution at low temperatures, and may contribute to the effective loss in hydraulic
aperture of the fracture [Zhang et al., 2011]. We theorize that this stress corrosion cracking can
induce fracture compaction during flow of under-saturated fluid due to diffusion-controlled
preferential dissolution of mineral contacts due to enhanced surface area from stresscorrosion-cracking-induced micro-fractures.
To decipher the mixed effects of free-face dissolution and the proposed stresscorrosion-induced compaction in stressed reactive porous media we conducted controlled
experiments on repeatable fractures in a tight vuggy carbonate. We measure initial fracture
surface roughness along with fluid and dissolved mineral mass efflux during flow-through
experiments. These observations are used to independently constrain key mineral
redistribution mechanisms in our lumped parameter model. They also serve to constrain
threshold limits of key parameters that signal the transitions from reaction dominated to stress
dominated regimes as parameterized in the mass flux ratio.
4

1.4.

Experimental Set-up

We conduct flow-through experiments on cylindrical samples of artificially fractured
limestone. The evolution of permeability is independently constrained by continuous
measurements of fluid and dissolved mass efflux and by pre- and post-test measurements of
fracture morphology by white light interferometry.

1.4.1 Flow-through Permeability Tests
Flow-through experiments are conducted on 5.0 cm long by 2.5 cm diameter artificially
fractured core samples of Capitan Massive Limestone (CML), a massive vuggy limestone,
maintained at a temperature of 293 K. Single artificial fractures are created in each sample by
saw-cutting the sample axially, and subsequently roughening the surfaces with either a “rough”
60 grit ceramic (average grain size of 423 μm resulting in a root mean square roughness of 8.27
μm) or a “fine” 150 grit ceramic (average grain size of 169 μm resulting in an root mean square
roughness of 3.80 μm) prior to each experiment. Separate experiments on freshly prepared
samples are conducted for each and every experimental condition. The initial effective
permeability of the fractured samples prepared with 60 grit and 150 grit are ~174 mD and ~4.0
mD, respectively, while the matrix permeability is << 1.0 mD. This low matrix permeability
relative to the permeability of the fractured samples leads to an insignificant variation in the
initial permeability and permeability evolution of different but similarly prepared and tested
fractured core samples.

5

The fractured sample is placed between two stainless steel end-platens faced with flow
distributors and sealed within a latex membrane. This composite sample assembly is then
placed within a confining cell and plumbed for end-to-end fluid flow driven by pressurized
nitrogen from an upstream to a downstream reservoir (Figure 1.1).

Figure 1.1: View and schematic of experimental set-up including an internal view of the flowthrough core holder.

The confining cell applies a constant isotropic confining stress (ranging from 2.5 MPa to
10.0 MPa) throughout each individual test. Both reservoirs are connected to the core holder
and nitrogen tank by flexible plastic tubing. Pore fluid flow rate is determined by measuring the
mass of downstream reservoir throughout the experiment. The average permeability of the
samples and effective hydraulic apertures of the sample fracture is determined by measuring
6

the volumetric flow rate of fluid with a fixed viscosity through the core sample of known
geometry maintained at a fixed hydraulic gradient of 4.0 MPa/m over the sample (0.2 MPa gage
pressure in the upstream reservoir and open to the atmosphere in the downstream reservoir).
De-gassed double distilled water is used for the permeant at inlet pH 7 while a 1.76 mM and
0.176 M ammonium chloride solution are used for the permeant at inlet pH 6 and pH 5,
respectively.

1.4.2 Effluent fluid calcium ion concentration
To measure the effective hydraulic aperture velocity in a way independent from the
flow-through permeability tests, the effluent calcium concentration is measured in the
permeating fluids. Long-term tests are also performed to measure the fully saturated calcium
ion concentrations by leaving a section of the core in a bath of the respective fluid that is
periodically stirred for a period of thirty days. Fluid samples, collected directly from the
effluent side of the core sample, allow for the calcium concentration in the fluid to be profiled
as a function of the fluid flow rate through the carbonate fracture using the Perkin-Elmer
Optima 5300DV ICP-AES. They are taken during the permeability evolution experiments where
confining stresses are maintained at 2.5, 5.0, and 10.0 MPa throughout the entire experiments
(with all other experimental parameters identical) to determine the role of confining stress on
the effluent fluid concentration of calcium ions. Theoretical effective fracture aperture
velocities are calculated assuming that mineral mass was uniformly removed from 100% of the
fracture surface using Eq. (1.1) where Ceffl is the mineral mass concentration (kg/m3) in the
permeating fluid, Q is the permeating fluid flow rate through the sample (m3/s), ρ is the density
7

of the mineral matter (kg/m3), and D and L are the geometric width and length of the fracture
(m), respectively.

b=

C efflQ
 DL

(1.1)

These calculations exclude spatial variability in the dissolution process that can occur
when the fluid is extremely reactive or when there is significant fracture contact area.
However, preferential dissolution of a narrow through-going channel by highly reactive fluid
flow can result in fracture permeability evolution similar to that of well-distributed fracture
flow of the same fluid. Dissolution constrained to a small portion of the fracture surface results
in significant retreat of the entire flow-length of the channel but very a slow fracture retreat
rate when averaged over the entire fracture domain due to low fluid residence times and little
total mineral mass removal. Conversely due to much longer fluid fluid-mineral contact time in a
fracture with well-distributed flow more mineral mass is removed but over a much larger
portion of the fracture surface. This slower fracture face retreat rate occurring over a larger
portion of the fracture domain during well distributed flow results in similar changes in
permeability and effective hydraulic aperture compared to highly channelized flow.

1.4.3 Fracture Topography Measurements
The topography of the fracture walls is measured both before and after an experiment
with a white light interferometer (Wyko NT1100) using its widest field of view (3.7 mm x 4.9
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mm). Since the Capitan Massive Limestone used here is not sufficiently reflective for wide-field
surface scans, metal surface castings of the walls are taken using an Indium-containing lowtemperature casting alloy that wets the carbonate surface as shown in Figure 1.2.

Figure 1.2: Wide-field roughness measurement process of the carbonate fracture.

Small field scans (227 um x 299 um), for which the carbonate surface is sufficiently
reflective to allow data collection, confirm that the metal castings accurately represent small
features of the carbonate surface. Both wide-field and small field scans have a resolution of
736 x 480 data points per scan resulting in a resolution of 51 square microns and 0.19 square
microns per data point, respectively. Topographic inversion of the data is used to depict the
original fracture surface rather than the surface “negative” given by the casting. Figure 1.2
shows this process from the carbonate sample all the way to the inverted topographic data.
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The box shown on the cast surface is approximately equal to the actual area of one surface
scan.

1.5.

Experimental Results

Flow-through permeability and effluent fluid calcium ion concentration measurements
are performed on both closing and gaping fractures allowing for the characterization of the
transition point between these two reactive flow regimes. Meanwhile white light profilometry
measurements characterize the fracture wall topography and the approximate geometry of
fracture bridging asperities. These tests allow three factors of interest to be examined for their
influence on fracture permeability evolution: the effective confining stress, the initial fracture
roughness, and the acidity (pH) of the fluid permeating the fracture.

1.5.1 Flow-through Permeability Measurements
The effective hydraulic aperture is derived using the cubic law expressed in Eq. (1.2)
where b is the effective hydraulic aperture (m), D is sample diameter (m), and keff is the
effective permeability (m2) of the core evaluated from applying Darcy’s law to flow within the
sample.

b  3 3 Dkeff
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(1.2)

The effective sample permeability (keff) is expressed in Eq. (1.3) where dP is the fluid
pressure differential across the sample (Pa) and µ is the dynamic viscosity of the permeating
fluid (Pa-s) while all other parameters have been previously defined.

keff 

4Q L
 D2 dP

Figure 1.3 shows the effective hydraulic aperture plotted with respect to time for the
experiments performed during the course of this work. Error is calculated based on the
accuracy of the downstream fluid reservoir mass balance (+/- 5 grams)—only leading to
significant error when characterizing low flow rates at short sample time intervals. These
results show that the switch between pH = 7 fluid flow and pH = 6 fluid flow results in the
transition from a closing to a gaping effective hydraulic aperture.
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(1.3)

Figure 1.3: Evolution of permeability derived hydraulic aperture of fractures in Capitan Massive
limestone during flow-through tests with pH 5/6 (a) and (b) and pH 7 (c) and (d) fluid after
fracture preparation with 150 grit (a) and (c) and 60 grit (b) and (d) ceramic abrasive.

To gain a more detailed understand of mechanisms that contribute to the long-term
fracture behavior additional pH 7 experiments are conducted and run until a steady-state
effective hydraulic aperture is reached. Figure 1.4 shows this experimental data.
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Figure 1.4: Fracture permeability tests showing the steady-state effective hydraulic apertures of
both (a) 60 grit and (b) 150 grit prepared fractures during pH 7 fluid flow.

Both the rate and extent of fracture compaction prior to achieving a steady-state condition are
different between the 60 grit and 150 grit prepared fractures during flow of pH 7 fluids,
providing insight on relevant processes involved.

1.5.2 Effluent Fluid Calcium Concentration Measurements
To constrain the fracture permeability evolution in two ways, the effluent calcium
concentration is monitored throughout the tests using fluid with pH = 7 and pH = 5. Results,
displayed in Figure 1.5, show three trends.
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Figure 1.5: Effluent fluid calcium concentration versus the volumetric flow rate of the fluid
through 150 grit prepared samples.

First it shows that the mass removal rate is greatly enhanced by lowering the fluid pH
and that mass removal rate roughly scales with the concentration of hydronium (acid) ions.
Secondly the effluent calcium concentration is well below the saturation limits measured for
each condition indicating a net dissolving fracture system in all cases. Finally, Figure 1.5 shows
that changing the confining stress on the sample does not significantly alter the effluent fluid
calcium concentration.
When the calcium concentration measurements, shown in Figure 1.5, are used with Eq.
1.1 completely independent measurements of the effective hydraulic aperture velocity can be
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derived. Figure 1.6 shows that there is agreement between the permeability and mass flux
derived fracture aperture evolution.

Figure 1.6: (a) Permeability derived fracture aperture velocity and (b) Mass flux derived fracture
aperture velocity both plotted with respect to fluid volumetric flow rate through the fracture.

Lower values of the effective hydraulic aperture velocities given by the mass flux
compared to the permeability are accounted for by fracture channeling. Channelized flow
becomes more likely as fluid reactivity increases (pH decreases) resulting in less reactive
fracture surface area being exposed to flowing fluid. As a result effluent concentrations and
effective hydraulic aperture velocities derived from these concentrations are lower than if the
fluid had perfectly distributed flow through the fracture.
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1.5.3 Fracture Topography Measurements
A single sample of each of the fracture surfaces prepared by 60 grit and 150 grit
abrasives are characterized by White Light Interferometry. Six percent of the fracture surface is
scanned in 3.7 mm by 4.9 mm patches before statistical analysis is used to calculate the
expected surface roughness of the entire fracture surface. Figure 1.7 shows an example of the
topographic data over a domain of approximately fifteen square millimeters for fracture
surfaces prepared by both 60 and 150 grit abrasive.

Figure 1.7: Profilometry measurement of an (a) 60 grit and (b) 150 grit prepared fracture wall.

Table 1.1 shows the average roughness (Ra), the root mean square roughness (Rq) and
the average of the ten largest peak-to-valley measurements (Rz) together with their respective
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95% confidence interval errors. Furthermore, the approximate diffusive radius, defined as the
distance from the center of a hemispherical asperity to the advection-controlled pore space, is
derived by measuring the average number of times the fracture surface intersects the zero
displacement plane. These measurements are performed in both the x and y directions for
both 60 grit and 150 grit surfaces prior to their use in experiments.

Table 1.1: Statistical description of the fracture surfaces
60 Grit 150 Grit
Ra (μm)

6.58

2.98

95% C.I. Error (μm)

0.81

0.28

Rq (μm)

8.27

3.80

95% C.I. Error (μm)

0.96

0.35

Rz (μm)

55.35

30.27

95% C.I. Error (μm)

4.63

4.54

Standard Deviation of Surface Roughness, σ (µm)

37.22

16.52

95% C.I. Error (μm)

1.77

2.06

Average Number of X and Y Axis Crossings ( / mm)

4.03

7.30

95% C.I. Error ( / mm)

0.35

0.67

Resulting Diffusion Radius (μm)

248.1

137.0

95% C.I. Error (μm)

23.6

13.8
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Statistical analysis shows that the roughness and diffusive radii of the synthetically
prepared fracture surfaces is relatively uniform. Because of the uniform roughness and
diffusive radii, and absent any significant long wavelength roughness effects, we hypothesize
that the average fracture aperture is controlled by these microscopic fracture asperities rather
than macroscopic topographic features. This information is used to constrain the model.
To complement the quantitative observations made with the intereferometer, select
regions of the fracture walls were imaged after the experiments with an SEM. Though we did
not identify clear indications of pressure solution or free-face dissolution, we were able to
confirm that the grain size ranges between one and ten microns, as indicated by the
interferometer. Furthermore, the images show that the effective reactive surface of the
fracture surface significantly exceeds the nominal fracture surface area as observed by White
and Peterson (1990) [White and Peterson, 1990].

1.5.4 Effects of Fluid Reactivity
Fracture strains are measured to change from net compaction to net gaping when fluid
with increased reactivity (pH decreased from 7 to 6) is circulated (Figure 1.3 and Figure 1.5). By
further increasing the fluid reactivity in separate but otherwise identical experiments (fluid pH
decreased to 5) the rate of effective hydraulic fracture aperture growth increases close to an
order of magnitude over that observed during pH 6 fluid circulation and effluent mineral
concentration increases nearly two orders of magnitude over that observed during pH 7 fluid
circulation. These both agree with the theory that the hydronium ions are the main control on
mineral free-face dissolution leading to wormholes in carbonate-water systems. By measuring
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the mineral concentration during flow of fluids at both pH 5 and pH 7 at confining stresses
ranging from 2.5 MPa to 10 MPa, the mineral concentration is only observed to change as a
function of fluid pH (Figure 1.5) indicating that free-face dissolution represents the majority of
the mineral mass transfer from the fracture surface.

1.5.5 Effects of Stress
Effluent calcium concentrations scaled as only a function of fluid reactivity—indicating
that pressure solution is not a likely the mechanism causing long-term fracture compaction in
our experiments. Also the confining stresses in our experiments are much lower than the
critical stress, the theoretical minimum effective stress required for pressure solution to
become active, for calcite at 20°C (~199 MPa). This value is derived using Eq. 1.4 Em represents
the enthalpy of fusion for the mineral (36.0 kJ/mol for calcite) in the system, T and Tm are the
temperature of the system and the melting temperature of the mineral (1603 K for calcite)
respectively, and Vm is the molar volume of the mineral (3.7E-5 mol/m3 for calcite) [Yasuhara
and Elsworth, 2006; Lide, 2008].

 crit 

Em (1  (

T
))
Tm

4Vm

(1.4)

Instead, we propose that stress corrosion cracking greatly enhances the active surface
area of the fracture-propping asperities. Mass is then removed from these asperities at rates
limited by molecular diffusion through the fluid film at the asperity contact. Relatively high
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reactive surface area maintains a saturated calcium concentration at the center of the asperity
contact while the combination of short fracture length and high fluid advection maintains an
under-saturated fluid concentration in the pore space adjacent to the asperity contact. Longterm fracture compaction rates in stress corrosion dominated fracture evolution decrease
through time as a result of both the increasing contact radius of the assumed hemispherical
fracture asperities and increased mineral concentration in the pore space resulting from
decreased fluid advection rates.

1.6.

Numerical Model

We present below a lumped parameter model to explore the experimental results. The
principal constraining observations are the evolution of fracture aperture (as determined by the
permeability measurements) and the concentration of the effluent fluid, under different
applied conditions of fracture roughness, ambient stress, fluid flow rate, and fluid reactivity.
The principal features represented by the model are identified schematically in Figure 1.8.
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Figure 1.8: Schematic of processes included in the model. (Top) Fracture profile prior to
mechanical loading and assumed hemispherical model of a single asperity. (Bottom center)
Approximate loaded fracture profile. (Bottom left) Free-face dissolution and its control on freeface retreat of the fracture surfaces. (Bottom right) Preferential dissolution of bridging
asperities induced by micro-crack (stress corrosion) enhanced surface area (center) and limited
by molecular diffusion through the stagnant fluid halo showing evolving contact area. Onedimensional fracture hydraulic aperture velocities are due to free-face dissolution ( bFF ) and due
to stress corrosion cracking ( bSCC ) [Timms et al., 2010].
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1.6.1 Dominant Mineral Mass Transport Mechanisms
The dominant mass transport mechanism at the fracture surface is determined by
considering the diffusive and advective flow regimes adjacent to the fracture contact. Fluid
flow is assumed to be laminar throughout the fracture due to the low value of the Reynolds
number (Re << 100). Constant-pressure boundary conditions are prescribed at the upstream
and downstream edges of the fracture, and a no-slip boundary condition imposed across the
fracture. Thus, the flow velocity profile is defined by Equation 1.5 from the fracture wall to the
center of the fracture aperture (at

b
rd  ), where V is the local fluid velocity, rd is the distance
2

from the dissolving wall, Va is the average flow velocity across the entire fracture aperture, and
b is the effective hydraulic aperture.

8Va rd2
V 2
b

(1.5)

The Peclet number, Pe, is the ratio of advective to diffusive fluxes, and given by Eq. 1.6
where Dd is the diffusion coefficient of the mineral being dissolved.

Pe 

Vc rd
Dd
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(1.6)

Diffusive transport will dominate over advective transport where the Peclet number
falls below unity. Thus, setting the Peclet number to unity enables a critical local velocity, Vc,
to be determined, below which diffusion is the dominant mass transport mechanism.
Substituting the local velocity (V ) from Eq. 5 into the critical velocity (Vc) from Eq. 1.6 enables a
threshold critical fracture aperture (bcrit) to be determined in Eq. 1.7, where L is the geometric
length of the sample (fracture), µ is the dynamic viscosity of the permeating fluid, and dP is the
pressure differential over the sample.

bcrit  2rd  3

12Dd L
dP

(1.7)

This model assumes that diffusion is the dominant mass transport mechanism at and around
fracture contacts where the aperture is less than the critical fracture aperture. Beyond these
zones, where the aperture is greater than the threshold, mass transport is assumed to be
controlled by advection (Figure 1.8).

1.6.2 Free-Face Dissolution
At fracture apertures greater than twice the diffusion-controlled half-aperture the
predominant mineral mass transport mechanism will be free-face dissolution. In these zones
the mass removal rate is controlled by the rate at which hydronium ions bond to surface
carbonate groups, thus forming bicarbonate ions that can diffuse away from the mineral
surface. Consequently, as the concentration of the hydronium ions increases (i.e., pH
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decreases) the free-face dissolution rate, k+, increases. Previous research has quantified these
rates at 10-8 to 10-6 kg/m2-s for pH 7 to pH 5 fluids [Plummer et al., 1978]. These values of k+
are multiplied by 7 to reflect the average measured ratio of the reactive surface area to the
nominal surface area, as suggested by White and Peterson (1990) [White and Peterson, 1990].
The free-face dissolution induced mass flux ( MFF ) is expressed by Eq. 1.8 where A is the
fracture surface area represented by each aperture value, k+ is the mineral dissolution rate
coefficient, and the driving force term is represented by half of the experimentally observed
effluent fluid calcium concentration (Ceffl) subtracted from the calcium concentration at
saturation (Csat) all divided by the calcium concentration at saturation. These are multiplied by
the time step increment of the model (t) and divided by the density of the mineral (ρ)
multiplied by the area (A) to express the retreat velocity of the fracture free surface ( bFF ) in Eq.
1.9. The concentration of effluent calcium is divided in half in the driving force term to
represent the approximate fracture length averaged driving force in one lumped-parameter
term.

MFF  Ak

(C sat 

C effl
)
2

C sat

C effl
(
C

)
2kt sat
2
bFF 

C sat
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(1.8)

(1.9)

1.6.3 Stress-Induced Dissolution
Pressure solution does not contribute significant mass flux to the permeating fluid as
shown by insignificant change in the calcium concentration with changing fracture stress in
Figure 1.3. Therefore stress corrosion cracking is assumed to operate as the only mechanism of
asperity destruction (fracture compaction) in the contact model. Specifically, stress corrosion
cracking is assumed to be limited by the rate of mass diffusion from the stressed asperities. We
assume that mass is removed uniformly over the entire asperity contact, so that the rate of
mass flux resulting from stress corrosion cracking can be evaluated over a given asperity
contact. This mass removal rate ( MSCC ) and the resulting uniform fracture closure velocity (

bSCC ) are defined in Eq. 1.10 and Eq. 1.11 where A is the area of the contact undergoing stress
corrosion cracking, Dd is the diffusion coefficient of the mineral, R is the maximum radius of
these quasi-hemispherical asperities (taken to be 137 um for the 150 grit surfaces and 250 um
for the 60 grit surfaces) with an assumed initial height equal to the maximum simulated
fracture aperture prior to mechanical loading ( h0 ). h is the height of the maximum fracture
aperture after mechanical loading and at each time step as free-face dissolution and stress
corrosion alter the fracture aperture.

MSCC

C effl
)
2
 ADd
h
(R cos[sin1 ( )]  rd )
h0
(C sat 
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(1.10)

bSCC

C effl
)
Ddt
2

 (R cos[sin1 ( h )]  r )
d
h0
(C sat 

(1.11)

This formulation assumes that as the aperture closes due to stress corrosion, both the
diffusion length across the asperities and the concentration of calcium in the effluent fluid
increases as a consequence of longer fluid residence times due to decreased average laminar
fluid flow velocities. With the assumed boundary condition of fully saturated fluid at the center
of the contacting asperities, the increased effluent mineral concentration in the fluid at lower
flow rates (smaller effective hydraulic apertures) leads to smaller dissolved mineral
concentration gradient in the diffusion-controlled asperity contact zone. Fick’s law dictates
that with a longer diffusion length and lower concentration gradient the rate of stress corrosion
induced fracture closure decreases at lower effective hydraulic apertures.

1.6.4 Ensemble Model
This lumped parameter model assumes that the entire fracture aperture closes at a rate
proportional to the induced strain rate ( bSCC ) due to stress corrosion cracking–and that this
rate is diffusion-controlled. The architecture of the pores within the fracture is controlled by
the micro-scale roughness. At fracture apertures less than bcrit, stress corrosion induced
fracture strain is the only mechanism assumed to significantly contribute to the evolution of the
pore space. Meanwhile, at fracture apertures greater than bcrit, free-face dissolution is
assumed to induce a uniform fracture face retreat (gaping), while stress corrosion cracking
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leads to negative fracture aperture strain (closure). Therefore, the relative rates of these two
processes averaged over the entire fracture length will lead to either increases or decreases in
the fracture aperture with time.

1.7.

Simulation Results

The model presented is constrained by a combination of theoretical parameters and the
experimental measurements of the concentration of dissolved minerals in the permeating fluid
with respect to fluid flow rate through the fracture. Resulting values of average fracture
aperture evolution are applied to the parallel plate flow model that determines the volumetric
fluid flow rate through the system via the cubic law (Eq. 1.1).

1.7.1 Initial Fracture Aperture
A necessary requirement in following the evolution of aperture due to dissolution and
precipitation is to correctly identify the initial aperture of the fracture as it is first loaded. We
observe that the micro-scale fracture roughness controls the initial effective hydraulic aperture,
as evident in the similarities in initial permeabilities for all fractures prepared with a common
small wavelength roughness (i.e. single diameter abrasive). We assume a theoretical
unconfined uniaxial yield stress of crystalline carbonate to be on the order of 1.0 GPa [Hudson,
1993]. At effective asperity stresses greater than this, the fracture aperture decreases until the
average fracture contact stress is reaches the yield stress of the carbonate. The initial average
fracture aperture predicted by this method (for a 150 grit prepared surface) is nearly identical
to those observed in our experiments at between 9.5 μm and 11.5 μm, depending on the
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confining stress. Initial average hydraulic apertures predicted for 60 grit prepared fractures are
also very similar to those observed in our experiments (Figure 1.9). However, the larger
fracture roughness and greater amount of uncertainty in the roughness results in a greater
variance between the predicted and measured initial apertures (Figure 1.9).

Figure 1.9: Experimentally measured (points) and simulated (lines) evolution of effective
hydraulic aperture of fractures in tight carbonate material during flow-through tests with pH 5
and 6 (a, b) and pH 7 (c, d) fluid after fracture preparation with 150 grit (a, c) and 60 grit (b, d)
ceramic abrasive.
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1.7.2 Fracture Aperture Evolution
The model results are plotted alongside the experimental results in Figure 1.7, and show
a reasonable fit. During the flow of low reactivity fluids (pH 7) initially smooth fractures are
predicted to close at rates similar to those observed in experiments. As fluid reactivity
increases (pH 6 and pH 5 fluids), both model and experiments indicate increasing rates of
fracture gaping. However, for initially rough fractures (60 grit) permeated by near neutral (pH
7) fluid, the model does not predict accurately the experimental results, as it indicates gaping
rather than closing. These experiments contain periodic step decrements in the effective
hydraulic aperture that are neither included in the mechanistic framework of the model nor in
the resulting predictions. These cumulative effects result in the poor fit between model and
observations.

1.8.

Analysis

The lumped parameter model presented in this paper has adequately predicted the
effects of stress corrosion cracking and free-face dissolution on the permeability of stressed
fractures permeated by reactive fluids. The model failed to predict the behavior of the system
in the case of a neutral pH fluid flowing through 60 grit fractures. We use these results to
extend our understanding of processes leading to fracture permeability evolution.

1.8.1 Stress Corrosion Cracking and Pressure Solution
Pressure solution is only active under local stresses greater than the critical stress (~199
MPa for calcite). Therefore pressure solution may dominate the early response, when the local
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stresses are high, but our experimental data indicates that pressure solution mass flux is
insignificant late in our tests. As the fracture closes, local contact area grows and local stresses
decrease, so that the effect of pressure solution diminishes, and stress corrosion cracking
emerges as the dominant process (Figure 1.10b). Stress corrosion cracking results in
preferential dissolution of locally stressed fracture asperities due to the enhanced surface area
induced by sub-critical crack growth. Mass transfer rates in this regime are characterized by
diffusion through the water film between asperities, with the maximum concentration capped
at the saturation of calcite in water at the center of the asperity and the concentration equal to
that of the bulk permeating fluid at the edge of the asperity. As fracture aperture further closes
(albeit at a reduced rate), flow rates through the fracture decrease, aqueous concentrations
build and diffusive mass transport from the asperity contacts slows as the overall concentration
gradient is reduced. Thus the highest concentration gradient under pressure solution reduces
to a lower concentration gradient during stress corrosion cracking and finally to a very small
gradient as ultimately pore water concentrations build (Figure 1.10b).
For the fracture prepared with fine (150 grit) ceramic pressure solution is predicted to
be active down to a minimum hydraulic aperture of 8 microns at a confining stress of 10 MPa.
Conversely, the coarse (60 grit) ceramic prepared fractures experience effective asperity
stresses beyond the critical stress throughout the short-term experiments. These predictions of
super-critical effective stresses experienced by the fracture-propping asperities explain the
differences between the model that does not include pressure solution and our experimental
results.

30

The only major difference between the model and the experimentally measured trends
is that during the flow of neutral fluid (pH~7) through an initially rough (60 grit prepared)
fracture, multiple sudden drops in a decreasing effective hydraulic aperture are recorded. The
model predicts a slowly gaping hydraulic aperture due to the longer asperity diffusion radius
and resulting lower concentration gradient in the diffusion-controlled zone compared to that of
the 150 grit prepared fracture. We conjecture that pressure solution elevates the mineral
concentration gradient in these loaded asperity contacts and induces the experimentally
observed fracture closure in the 60 grit experiments (Figure 1.10c). Figure 1.10 shows the
experimental data from Figure 5 with lines added to indicate the effective hydraulic aperture
when the fracture propping asperities are expected to transition from a state of super-critical to
sub-critical stress.
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Figure 1.10: Fracture permeability tests showing the steady-state effective hydraulic apertures
of both (a) 60 grit and (b) 150 grit prepared fractures during pH 7 fluid flow. Lines are placed at
the effective hydraulic aperture where the effective stress on fracture asperities is predicted by
our model to be equal to the critical stress for pressure solution. Fluid saturation profiles
across a theoretical asperity are shown (c) for pressure solution dominated (PSD), stress
corrosion cracking dominated (SCCD), and advection dominated (AD) fracture evolution.
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These results indicate that most of the fracture closure observed in pH 7 experiments
can be attributed to pressure solution of the asperity to a slender column that collapses
plastically, similar to observations by Karcz et al. (2008) [Karcz et al., 2008]. Asperity shortening
by stress corrosion cracking causes continued closure at rates well-predicted by our model for
initially smooth fracture walls. Rough (60 grit) fractures quickly reach an effective steady-state
in terms of the hydraulic aperture, where fracture aperture oscillates between closure due to
pressure solution and gaping by free-face dissolution dominating the rate of stress corrosion
cracking induced fracture closure. Absent the pressure solution induced effects, the lumped
parameter stress corrosion model accurately represents the experimental observations of
fracture closure during percolation of undersaturated pH 7 pore fluid.

1.8.2 Free-Face Dissolution
The model accurately predicts rates of fracture gaping during flow of reactive fluids (pH
6-5). However, to match the experimentally observed rates of aperture gaping we assume that
the effective surface area of the fracture is approximately seven times greater than the nominal
area (product of length and diameter) of the fracture surface. This larger assumed surface area
is consistent with SEM images and previous research indicating that the BET surface area of
reactive mineral surfaces are 1.08~15 times larger than the nominal surface area, with a mean
of approximately 7 [White and Peterson, 1990]. Highly reactive fluids induce fracture free-face
retreat at a rate proportional to the product of the effective surface area and the chemical
dissolution rate coefficient.
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1.8.3 Ensemble Fracture Permeability Evolution
To explain the contrasting behaviors of long-term permeability change observed here
we explore contrasting modes of mineral dissolution. Both systems remain chemically undersaturated with respect to calcite throughout the experiments, so that the system is in a state of
net dissolution. We consider a dimensionless mass flux ratio (  

MFF
) to express the ratio of
MSCC

free-face to stress-corrosion-induced mass fluxes within a stressed fracture permeated by
reactive fluid where stress-induced (χ < 1) or free-face dissolution (χ > 1) effects dominate:
defined in Eq. (1.12).
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MSCC is simplified to a more generalized form for use in the mass flux

ratio. In addition the mass flux ratio can be further simplified from Eq. 1.12 to Eq. 1.13.
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(1.13)

Comparing our experimentally measured effective hydraulic aperture evolution and that
predicted by the mass flux ratio, we find that in most cases where χ > 1 positive (gaping)
effective hydraulic aperture velocities are the long-term fracture behavior. Meanwhile all cases
where χ < 1 negative (closing) effective hydraulic aperture velocities are measured as the longterm behavior. The only experimental data sets that refuted long-term fracture permeability
behaviors predicted by the mass flux ratio are the rough (60 grit) prepared fractures permeated
by pH 7 fluid. However, as discussed above, the difference between our predicted behavior
and that measured is attributed to measuring the transient effects of pressure solution.
Transition from closing to gaping fracture regimes logically occurs when the mass flux ratio is
approximately equal to unity—indicating equal rates of mass removal from fracture propping
asperities (via stress-corrosion-enhanced diffusion) and fracture free faces (via chemical
dissolution).

1.9.

Conclusions

In this study we explore the roles of stress, reactive chemistry, and fracture roughness
on the evolution of permeability in fractures. We also use a lumped-parameter model of a
fracture supported by a series of propping asperities to represent the evolution of fracture
aperture in fractures permeated by reactive fluids. Experimental measurements of the
evolution of fracture aperture compare well with this lumped parameter model. This is
particularly true at pH < 7 where the model accurately reflects free-face dissolution dominating
diffusion-controlled stress corrosion cracking induced compaction in a stressed carbonate
fracture. As the fluid reactivity to the mineral decreases, the rate of fracture free-face retreat
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approaches the rate of fracture compaction by stress corrosion cracking leading to eventual
steady-state effective hydraulic fracture aperture values. As fracture roughness increases we
propose that fracture contact area is low enough that stresses on fracture asperities exceeds
the critical stress and we measure pressure solution dominated fracture compaction for a
significant portion of the effective hydraulic aperture evolution. This explains the error
between the measured effective hydraulic aperture evolution of 60 grit prepared experiments
permeated by pH 7 fluids and both that predicted by our lumped parameter model and the
mass flux ratio.
This is also the first time that a repeatable and constrained set of experiments has been
combined with simulations to precisely isolate that a transition from pressure solution to stress
corrosion cracking enhanced diffusion must take place to match observed rates of effective
fracture hydraulic aperture compaction in stressed carbonates permeated by pH 7 fluid. It is
the relative rates of fracture compaction from stress corrosion cracking enhanced diffusion and
gaping from free-face dissolution that determines the long-term permeability evolution of
lightly stressed fractures permeated by reactive fluid. As a result, we propose a mass flux
ratio—the ratio of free face dissolution to stress-corrosion-enhanced dissolution—as an index
to distinguish between mechanically and chemically mediated changes in permeability in these
fractures. Discriminating these behaviors is important because the sense of permeability
change, reduction versus enhancement, is different for each mechanism.
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CHAPTER 2: EXTREME SENSITIVITY OF PERMEABILITY EVOLUTION IN FRACTURES TO
INITIAL AND EVOLVING FRACTURE CONDITIONS
2.1 Abstract
Repeated flow-though experiments with highly reactive fluids show divergent evolution
of permeability in identical replicates of rough-walled fracture experiments. For apparently
identical initial fracture wall morphologies and experimental conditions fluid permeabilities
may either decrease or increase with time. We investigate the controlling effects of initial and
evolving fracture void morphology on permeability evolution through experimentation and
modeling. Mechanisms of fracture aperture evolution that contribute to permeability changes
include pressure solution, enhanced diffusion induced by stress corrosion cracking,
precipitation, and free-face dissolution. Correlations between the model and experiments
indicate that fracture aperture strain in these well constrained systems is represented by these
mechanisms. However, we observe an extreme sensitivity of permeability evolution of
fractures permeated by highly reactive pore fluid to differences in initial and evolving relative
fracture flow areas. Previous research has indicated a high-degree of uncertainty in the
hydraulic aperture of the fracture resulting in uncertainty in the relative fracture flow area at a
given fracture pore morphology (roughness and average mechanical aperture). We first define
an envelope of relative fracture flow area uncertainty, in which we assert that either stable
(compaction) or unstable (gaping) permeability evolution result from damping or propagation
of an instability in the reactive fluid flow. Secondly we quantify the probability of stable and
unstable fracture permeability evolution assuming an initially known fracture roughness,
average mechanical aperture, and known pore fluid chemistry.

41

2.2 Introduction
Understanding reactive transport through fractured porous media is important in
groundwater production [Andre and Rajaram, 2005; Grisak and Pickens, 1980], oil and gas
production [Bale et al., 2010; Birkle et al., 2008; Liu et al., 2003], geologic sequestration of both
carbon [Kang et al., 2010; Yu and Ladd, 2010; Gherardi et al., 2007; White et al., 2005] and
nuclear waste [Crevoisier et al., 2011; Shao et al., 2009], and in engineered geothermal systems
(EGS) [Taron and Elsworth, 2009; Rawal and Ghassemi, 2008]. Important system parameters in
these studies include fracture and matrix permeabilities, mineral dissolution rates, ambient
stress fields, fracture contact areas, concentrations of the reacting minerals in the permeating
fluid and length and time scales. All of these factors are shown in both experiments and field
observations and also via numerical modeling to exert a significant influence on the long-term
permeability response. However, no literature to date has addressed the uncertainty in the
long-term fracture permeability evolution introduced into the system by natural variation in the
initial and evolving fracture pore morphology and relative flow area that potentially leads to
early breakthrough of under-saturated pore fluid.
This uncertainty in tight (kmatrix < 10-17 m2) [Volery et al., 2010] carbonate reservoirs that
rely on induced fractures for economic production of fluids represents a particularly challenging
obstacle for petroleum production. Laboratory experiments at short characteristic flow lengths
can often be represented by lumped parameter models to define constitutive response to
dissolution driven by free-face etching or as a result of stress-effects that elevate chemical
potential [McGuire et al., 2012]. However typical petroleum reservoirs often contain fractures
that are hundreds to thousands of times the length of these fractures that are adequately42

defined by lumped parameter models [Bogatkov et al., 2009]. Additionally the great depth of
many carbonate petroleum reservoirs results in in-situ principal stresses that approach or
exceed the critical stress of carbonate [Ehrenburg et al., 2009; Yasuhara and Elsworth, 2006;
Brace and Kohlstedt, 1980], making pressure solution an important auxiliary mechanism with
important ramifications.
As the fracture flow length increases the composition of the reactive permeating fluid
will approach the saturation limit for the system by the end of the fracture [Rawal and
Ghassemi, 2008]. However, preferential dissolution of an initial through-going capillary tube,
also known as wormholing, allows under-saturated fluids to penetrate much more deeply into a
formation [Mahmoud et al., 2011, Panga et al., 2005]. Previous work has shown that the
hydraulic aperture of a fracture deviates from the average mechanical fracture aperture to a
greater extent and with greater uncertainty as the fracture roughness becomes larger relative
to average mechanical aperture of the fracture [Brown, 1987]. This difference between the
hydraulic aperture and the average mechanical aperture in this study is likely due to the extent
of channelized flow, which is intimately linked to the wormholing process during reactive fluid
flow. When the uncertainty in the initial and evolving relative fracture flow area that can lead
to wormholing is combined with the competing and opposing effects of free-face dissolution
and stress-induced fracture closure [McGuire et al., 2012] the long-term permeability evolution
of these fractures cannot be predicted with certainty.
Here we report observations of the extreme sensitivity of permeability evolution to
initial conditions within dissolving fractures where stress-independent and stress-dependent
effects are both present to varying degrees. These result in a bifurcation of observations where
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permeability may either increase indefinitely or decrease to a new steady state permeability as
a result of small changes in the initial conditions. These are manifest in two previously
unobserved effects that (i) confirm that a transition from pressure solution to stress corrosion
cracking enhanced diffusion accurately accounts for previously measured fracture permeability
evolution [McGuire et al., 2012] and (ii) demonstrate the sensitivity of long-term permeability
evolution of fractures to initial and evolving conditions [Brown, 1987] can accurately predict the
permeability evolution of extended fracture length experiments.

2.3 Experimental Measurement
Experimental measurements of dynamic systems are necessary to assure that models
used to represent them adequately portray the effects of all relevant processes and variables.
In carbonate fracture systems permeated by a reactive fluid these relevant processes may
include the effects of pressure solution, stress corrosion cracking enhanced diffusion, and freeface dissolution that are all greatly affected by variables such as fluid reactivity, fracture
permeability, and fracture length [McGuire et al., 2012]. To explore the influence of lengthscale effects we conduct experiments using a multi-length flow-through apparatus.
The system comprises two 20 liter 316 stainless steel reservoirs, designed for pressures
up to 1.3 MPa, that serve as upstream and downstream fluid reservoirs. Pressurized nitrogen
provides both the fixed hydraulic gradient (4 MPa per meter) across the sample and the
isotropic effective confining stress (2.5 MPa) on the cylindrical sample of fractured carbonate.
These conditions are maintained for the duration of all tests. Each carbonate sample is first cut
longitudinally before being roughened with 150 grit ceramic abrasive. It is then confined
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between two stainless steel end platens faced with fluid flow distributors and isolated from the
pressurized nitrogen confining fluid by a latex sleeve. Figure 2.1 shows that multiple fractured
carbonate samples are prepared in this way with the pore fluid flow lines joined in series to
create a composite extended-length fracture.

Figure 2.1: Modified experimental apparatus allowing measurement of the permeability
evolution of composite extended-length fractures.

We also utilize previously characterized fracture surfaces to create the initial 2D fracture
pore space of each model element [McGuire et al., 2012]. These measurements are performed
on freshly prepared fractures using the widest field of view (3.7 mm x 4.9 mm) on a Wyko
NT1100 white light interferometer. Fracture surface castings are first taken using a low
temperature Indium casting alloy (#136) due to the low reflectivity of the calcite surface that
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impedes accurate wide-field interferometry measurements. These highly reflective castings are
measured by the interferometer and then inverted using the instrument software package.
Each of these scans contains 353,280 individual pixels that each represents the relative fracture
surface elevation of 51 square microns of fracture surface area.

2.4 Experimental Observations
Three experiments are performed on composite 20 cm long core plugs containing
carbonate fractures (in series component cores of 8+12 cm in length). The experiments explore
the extreme difference in permeability evolution – reduction versus increase – on superficially
identical samples. Pore fluids are composed of de-gassed distilled water (pH ~ 7) for one
experiment and 0.176 M ammonium chloride solution in degassed distilled water (pH ~ 5) for
the remaining two experiments. Resulting permeability evolution of pH 7 and pH 5
experiments are shown in Figure 2.2a and Figure 2.2b.

Figure 2.2: Evolution of the effective hydraulic aperture evolution in 20 cm long carbonate
fractures during circulation of (a) pH 7 and (b) pH 5 fluids.
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Contrasting long-term fracture permeability evolution behaviors are observed during
the two experiments involving circulation of pH 5 fluid. In the first experiment with pH 5 fluid
the fracture compacts over a period of approximately 40 hours with a net reduction in
permeability while the second experiment under identical experimental conditions transitions
to a regime of rapid fracture gaping after approximately 8 hours. These contrasting behaviors
demonstrate that natural variations in initial and evolving conditions of identically prepared
samples can potentially result in drastically different long-term fracture behavior. Therefore we
examine the sensitivity of simulated fracture response to initial and evolving portions of the
fracture surface simulated to be exposed to flowing reactive fluid.
The fracture surface profiles and roughness measured using white light interferometry
returned consistent roughness data. Combined with small-field (227 um x 299 um) scans of the
actual calcite surface and associated casting confirms micron scale accuracy of the scanned
Indium alloy surface castings. Digital mating of two of the wide-field fracture surface scans
results in each pixel representing the mechanical aperture of 51 square microns of fracture
pore space. These patches of fracture pore space are then used as the intial pore space
distribution of each of our elements in our finite element simulation.

2.5 Model
We develop a distributed parameter model to represent these important effects. This
finite element model is employed to capture the net effects of the changing balance between
fracture gaping due to free-face dissolution and fracture compaction by pressure solution,
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stress corrosion cracking enhanced diffusion, and precipitation. Effects of channeling, or
wormholing, along the length of the sample are also incorporated into the model as these
effects are paramount to predicting the permeability evolution of fractures permeated by
reactive fluids. The principal features and essential components of this model are described
below.
2.5.1 Calculation of Free-face Dissolution Mass Flux and Fracture Gaping
Free-face dissolution only occurs where fracture apertures are greater than those where
diffusion is the dominant mechanism of mineral mass transport. This critical fracture aperture
is equal to twice the distance from the fracture wall at which the Peclet number indicates that
the laminar fluid flow velocity profile transitions from diffusion-controlled to advection
controlled [McGuire et al., 2012]. Eq. 2.1 gives the complete expression of the critical aperture
value, bcrit (m),

bcrit  3

12Dd L
dP

(2.1)

where Dd is the diffusion coefficient of the mineral (m2/s), L is the length of the sample (m), µ is
the dynamic viscosity of the permeating fluid (Pa.s), and dP is the change in pressure over the
sample (Pa). Where the aperture is greater than the critical aperture for free-face dissolution
the mass flux is calculated using chemical kinetics. Eq. 2.2 shows the chemical kinetics based
mass flux from free-face dissolution of two opposing fracture surfaces to compose the fracture
pore space,
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(2.2)

where k+ is the chemical dissolution coefficient (kg/m2-s), A is the area of each pixel (m2), CCa,(n1)

is the influent calcium concentration for the nth element (kg Ca/m3water), and CCa,sat is the

saturated concentration of calcium for the permeating fluid (kg Ca/m3water). The term involving
the influent and saturated concentration of calcium is a driving force term that slows the freeface dissolution to zero as the concentration of reaction products approaches the steady-state
value. From the mass flux the approximate free-face retreat velocity can be calculated for each
pixel where free-face dissolution occurs in Eq. (2.3),

bFF 

2k (CCa ,sat  CCa ,(n1) )

CCa ,sat

(2.3)

where ρ is the density of the dissolving mineral (kg/m3). Precipitation is included in the model
by the rate of free-face dissolution becoming negative when the pore fluid becomes supersaturated with dissolved minerals. Simultaneous to the above kinetics controlled strain of the
fracture free-face dissolution, stress-induced mechanisms shorten fracture-propping asperities
and lead to negative fracture aperture strain (closure) over the entire fracture plane.

49

2.5.2 Calculation of Stress-induced Mass Flux and Fracture Compaction
Calculating the rate of fracture compaction (negative fracture strain) depends greatly on
the effective stresses on the fracture-propping asperities. At asperity effective stresses greater
than the critical stress for the mineral, quantified in Eq. (2.4),

 crit 

Em (1  (

T
))
Tm

4Vm

(2.4)

where Em is the enthalpy of fusion for the mineral (m2/s2), T is the temperature of the system
(K), Tm is the melting temperature of the mineral (K), and Vm is the molar volume of the mineral
(m3/mol), pressure solution will be the dominant mass transport mechanism inducing fracture
compaction. Pressure solution induced mass flux from the fracture contact area is derived in
Yasuhara and Elsworth [2006] and is expressed in Eq. 2.5,

3Vm2 ( eff   crit )k  A
MPS 
RT

(2.5)

where σeff is the effective stress on the fracture contact and R is the universal gas constant
[Yasuhara and Elsworth, 2006]. The resulting rate of fracture compaction is expressed in Eq.
2.6.
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3Vm2 ( eff   crit )k
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(2.6)

At fracture asperity stresses less than the critical stress, rates of compaction are much
lower and are represented by approximate rates of stress corrosion cracking. Stress corrosion
cracking is the preferential dissolution of stressed fracture interfaces due to increased surface
area of brittle cracks formed during plastic deformation. Our model assumes that the fluid at
the center of these fracture contacts is fully saturated with dissolved mineral while the fluid in
the advection-controlled pore space has a concentration equal to that calculated as the effluent
concentration from the previous model element. This change in mineral concentration over the
radius of the fracture contacts leads to a diffusion-induced mass flux from the fracturepropping contact area expressed in Eq. (2.7),

MSCC  ADd

(CCa ,sat  CCa ,(n1) )
RC

(2.7)

where RC is the approximate radius of the asperity contact. The resulting (reduced) fracture
aperture compaction rate at subcritical asperity effective stresses is shown in Eq. (2.8).

bSCC  

Dd (CCa ,sat  CCa ,(n1) )

RC
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(2.8)

Our model assumes that individual elements are infinitely rigid while it assumes that our
entire resulting fracture domain is infinitely compliant. That is to say the effective asperity
stress in each element can be calculated at each time step by multiplying the confining stress by
the area of the entire element and dividing that value by the contact area that is calculated for
each element at each time step. In addition fracture stress and strain in one element does not
affect a neighboring element. Depending on the relative rates of all of the above processes the
average fracture aperture and the fracture contact area is predicted to evolve through time.

2.5.3 Calculation of Stress-induced Mass Flux and Fracture Compaction
Flow within the 2D plane of the fracture is followed as processes of free-face
dissolution, stress corrosion cracking enhanced diffusion, pressure solution, or precipitation
conspire to change the effective separation between fracture walls. Fluid continuity is enforced
between adjacent elements in a 1D line of elements representing a stripe of the flow field
approximately 0.5 cm wide. Each element is composed of the same initial distribution of
individual fracture aperture pixels calculated by the digital mating of two measured fracture
surfaces prepared identically to those previously described [McGuire et al., 2012]. Approximate
mass flux and aperture gaping or closure velocities are calculated for each pixel in each
element. One-dimensional fluid volumetric flow rates, Q (m3/s) are calculated at each time
step by applying the cubic law expressed in Eq. (2.9),
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Q

Db3 dP
12 L

(2.9)

where D is the width of the fracture (m) and b is the average mechanical aperture over all of
the elements (m). The influent mineral concentration is calculated for each subsequent
element by dividing the total dissolving solid mineral mass flux from that element by the flow
rate of fluid at each time step. The dissolving solid mineral mass flux is recovered from each
pixel over the entire domain of each element. A graphical depiction of this procedure is shown
in Figure 2.3.

Figure 2.3: Graphical representation of the finite element fracture model over one time step
undergoing compaction where MFF , MPS , and MSCC are the mineral mass dissolution rates due
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to free-face dissolution, pressure solution, and stress corrosion cracking enhanced diffusion, Q
is the volumetric flow rate of pore fluid through the fracture, CCa,(n-1) is the inlet concentration
of dissolved mineral for each element number (n), and bFF , bPS , and bSCC are the fracture
aperture velocities resulting from free-face dissolution, pressure solution, and stress corrosion
cracking enhanced diffusion.
2.5.4

Fracture Morphology Effects

Fluid channeling effects, also known as worm holes, can lead to under-saturated fluid
penetrating deeper into a fracture than if fluid flow was uniform over the entire fracture
surface as the fracture pore space and contact area evolves. Previous work by Brown [1987]
utilizes numerical modeling of fractures composed of two mated fractal-based surfaces to
calculate the theoretical difference between the average mechanical fracture aperture and the
hydraulic aperture predicted by the cubic law. Results of this study are shown re-plotted below
in Figure 2.4 with the x-axis representing the inverse of that plotted in the original work. It
predicts increased difference between the actual fracture flow rate and that predicted by the
cubic law as the fracture surface roughness increases relative to the average mechanical
fracture aperture.
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Figure 2.4: Re-plotted data from Brown [1987] with inverse x-axis equal to one standard
deviation of fracture surface roughness (σ) divided by the average mechanical fracture aperture
(dm) and curve fits for the average and the upper and lower bounds of the 99% confidence
interval of the cube of the ratio of the hydraulic aperture (dh) to the average mechanical
aperture.

This data can be used in conjunction with predictions of fracture surface roughness
trends during fracture permeability evolution to predict whether channeling will become a
more or less significant effect in the fracture flow regime depending on the direction of
permeability (fracture strain) evolution. Increased fracture surface roughness relative to the
average mechanical aperture is predicted during free-face dissolution dominated evolution of
fracture permeability due to uniform fracture free-face retreat with capped asperities
remaining as a fixed apex. Conversely the roughness is predicted to decrease relative to the
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average mechanical aperture as fracture compaction proceeds due to a decreased height of the
supporting apex of the fracture surface relative to the bulk fracture surface [McGuire et al.,
2012].
Various models of this behavior are built in to the overall fracture aperture strain model
as describe in sections 2.5.1 – 2.5.3 in order to find models that best fit our experimental
behavior.

2.6 Analysis of Experimental Observations
Validating numerical models with experimental data is necessary to be sure that the
model accurately predicts real-world behaviors. A comprehensive test of the accuracy of this
model is conducted by predicting the permeability evolution of both short and long artificial
carbonate fractures.
2.6.1 Simulation of Short Fractures
We assert that the experimentally observed behavior of a carbonate fracture is due to a
complex series of interactions between the relative rate of pressure solution, stress corrosion
cracking, and free-face dissolution [McGuire et al., 2012]. To examine whether the
permeability evolution of these fractures is due to the transition from pressure solution to
stress corrosion cracking, our comprehensive model is used to simulate expected evolution of
fracture permeability through time under the given conditions. The experimental data and the
expected behavior from our model are shown in Figure 2.5.
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Figure 2.5: Data from McGuire et al., 2012 plotted with the model-predicted fracture
permeability due to pressure solution, stress corrosion cracking, precipitation, and free-face
dissolution.

These results show strong agreement with previous hypotheses that the observed trends in
permeability evolution of stressed carbonate fractures permeated by fluids of low chemical
reactivity are due to the transition from pressure solution to stress corrosion cracking
enhanced, diffusion-controlled compaction.
The finite element model accurately predicts the effluent fluid mineral concentrations
during these experiments in addition to accurately modeling the permeability evolution of
these fractures of varying roughness. Figure 2.6 is a plot of previous experimentally measured
values for effluent calcium concentration from 5.0 cm carbonate fractures with respect to the
effective hydraulic aperture of the fracture in the samples along with model-predicted values.

57

Figure 2.6: Plot of effluent fluid calcium concentration with respect to the volumetric flow rate
of both pH 5 and pH 7 fluid through a 5.0 cm experimental carbonate fracture system including
predicted effluent concentrations from the finite element numerical model.

Both Figure 2.5 and Figure 2.6 indicate that the previous experimentally measured systems are
well-represented by the finite element carbonate fracture model developed as part of this
study. However, further experimentation and validation must be completed to assure that
fracture length-scale effects are well-represented by the model.
2.6.2

Simulation of Long Fractures

Three additional experiments are conducted on carbonate fractures with an effective
fracture length of 20 cm. Inlet fluid is maintained at pH 7 for one test and maintained at pH 5
for two tests. Our model predicts that all fractures will experience an initial period of pressure
solution induced compaction at rates proportional to the free-face dissolution rate coefficient.
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After an initial period of pressure solution compaction a fracture permeated by initially pH 5
fluid with increasingly channelized fluid flow resulting from fracture compaction, as predicted
by Brown [1987], will ultimately lead to an unstable gaping fracture. The same fracture
modeled with a constant relative fracture flow area results in a stable reduction in fracture
permeability—similar to a fracture permeated by pH 7 fluid. However, our model predicts that
longer fracture lengths decrease both the rate of fracture gaping and fracture compaction.
Comparing the expected (model-predicted) behavior to that measured during fluid flow
through composite 20 cm carbonate fractures showed one unexpected result. That is that
experimentally measured rates of fracture compaction are greater than those predicted by the
simulations. Both the experimental and model-predicted behavior of these extended-length
fractures are plotted in Figure 2.7.

Figure 2.7: Permeability evolution of 20 cm long carbonate fractures permeated by (a) pH 7 and
(b) pH 5 fluids.
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The only difference between pH 5 model 1 and pH 5 model 2 fracture simulations is that the
relative fluid flow area in the plane of the fracture (parallel to fluid flow) is set to a single value
predicted to be the average relative flow area for the initial fracture conditions in model 1.
Flow area through the fracture in model 2 on the other hand includes the change in fracture
flow area with respect to fracture strain, shown in the average case in Figure 2.4.

2.7 Discussion
Finite element modeling of pressure solution, stress corrosion cracking enhanced
diffusion, precipitation, and free-face dissolution is found to adequately represent the
permeability evolution of stressed fractures. However, the migration of precipitation
associated fine particles as well as differences in how the pore space morphology responds to
fracture strain couple together to make prediction of permeability evolution in extended-length
fractures extremely sensitive to the initial fracture morphology.
2.7.1 Model Error in Extended Fractures
After demonstrating agreement with short (5 cm) sample fracture strain, agreement
between the model and the experiments diverged at longer (20 cm) fracture lengths. The most
important factor that is not factored into the model is migration of fine particles generated
from pressure solution induced precipitation. These fine particles flow downstream and
become trapped in narrow pore throats. Migration and agglomeration of these fine particles in
the downstream fracture pore space explains the increased rate of effective hydraulic aperture
derived compaction observed in the pH 7 experiment and the first pH 5 experiment compared
to the models that do not account for this process. Figure 2.8 shows visual evidence and SEM
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images of these particles to bolster the theory for increased actual hydraulic aperture loss
compared to that predicted by our model due to migrating fine particles.

Figure 2.8: SEM images showing (a) the fine-grained precipitation agglomeration in the
downstream portion of the first experiment with pH 5 fluid and (b) the clean carbonate surface
of the identical sample after the second experiment with pH 5 fluid that ended with wormholeinduced effective fracture gaping.
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Due to the vast difference between the long-term permeability evolutions of these
otherwise identically prepared and executed tests an explanation is required. Examining the
model used to predict the relative proportion of fracture flow area from Brown [1987] revealed
that at the relatively high values of σ/dm in these experiments, there is a relatively large range
of values for dh/dm. The model utilized the logarithmic function that represented the average
expected dh/dm in order to figure out the approximate relative flow path area of the fracture as
the simulated mechanical aperture evolved through time. However, the large region around
that average that accounted for the 99% C.I. indicates that the average may not accurately
represent the fracture flow path morphology much of the time.
2.7.2 Stable versus Unstable Fracture Permeability Evolution
Instabilities are introduced into the simulations by increasing the time step in the model
to simulate sudden mechanical aperture drops from either migrating fine particle pore clogging
or mechanical failure of eroded fracture-propping asperities. These large time steps
successfully introduce a fracture aperture instability that propagates through the model and
induces “spontaneous” switching from a pressure solution dominated fracture closure to a freeface dissolution induced fracture gaping. However, these simulated fractures only go on to
unstable gaping if the relative fracture flow area is predicted to decrease with compaction as
predicted by the average trend in the fracture flow behavior predicted by Brown [1987].
Simulations assuming conditions of unchanging relative fracture flow area remain at a
stable fracture aperture value following the initial period of pressure solution dominated
compaction as shown in model 1 of Figure 2.7b. This difference in long-term fracture
permeability evolution indicates a strong correlation between the fracture stability and the
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relative fracture flow area evolution. Assuming upper and lower limits of the top and bottom
of the 99% C.I. for the predicted relative portion of the fracture surface contacting significant
fluid flow a region can be formed to represent most of these values under most conditions
[Brown, 1987]. A fracture with identical starting conditions can evolve to stably close, unstably
gape, or even spontaneously switch from a regime of stable closing to unstable gaping as seen
in a previous carbonate fracture permeability experiment [Polak et al., 2004] depending on the
random path through the envelope of relative fracture flow area. Figure 2.9 shows the 99% C.I.
relative flow area region plotted over an extended domain along with the possible paths
resulting in compaction and gaping fracture permeability behavior.

Figure 2.9: Plot of stable and unstable paths (right) through the extended domain region of 99%
C.I. possible fracture flow area, inferred from (dh/dm)3 from Brown [1987] (left).
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Unstable (gaping) behavior is predicted to occur in the fracture as the value for d h/dm
decreases because it indicates that fluid flow is restricted to a smaller relative flow area in the
plane of the fracture surface. Concentrating the same free-face dissolution rate and capacity
over a smaller relative surface of the fracture increases the chances of break-through of undersaturated fluid in an initially through-going capillary tube—leading to channeling. Stable
(compaction) fracture permeability evolution is predicted for fractures when d h/dm remains
fixed or increases. The increased relative fracture flow area in these cases dampens any small
instability that could lead to sudden break-through of under-saturated fluid.
2.7.3 Quantifying the Probability of Fracture Permeability Evolution
During fracture compaction the fracture surface roughness (σ) decreases due to
preferential dissolution of prominent fracture propping asperities. Free-face dissolution
dominated fracture gaping meanwhile causes the free fracture surface to uniformly retreat
while capped fracture propping asperities grow increasingly tall relative to the retreating free
surface area, resulting in a rougher fracture surface. Since previous experiments do not
measure a sudden instability in the effective hydraulic aperture prior to unstable channel
formation the macroscopic mechanical fracture aperture is assumed to remain unchanged
during the compaction or gaping induced fracture instability.
Pressure solution is shown to be a short-lived phenomenon in our experiments and one
that does not significantly influence the long-term permeability evolution. Also according to
the formulation for the rate of pressure solution, compaction will dominate the fracture strain
rate most times that pressure solution is active, making pressure solution dominated fracture
evolution easy to predict. The main difficulty in predicting fracture permeability evolution
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comes when effective stress on fracture bridging asperities drops to sub-critical values. At this
point the fracture aperture strain is determined by the balance between stress corrosion
cracking enhanced diffusion and free-face dissolution. To first determine the direction that any
instability in the fracture system will likely shift the fracture flow regime as characterized in
Figure 9 it must be determined whether the fracture surface will become rougher or smoother.
We use the previously quantified ratio of the mass flux due to free face dissolution (resulting in
a rougher fracture) to that of stress corrosion cracking enhanced diffusion (resulting in a
smoother fracture) expressed in Eq. 2.10 [McGuire et al., 2012] to quantify the predicted
change in fracture roughness.

MFF
2kRC

MSCC DdCCa ,sat

(2.10)

When the mineral mass flux ratio is greater than unity the system will be dominated by freeface dissolution leading rougher fracture surfaces through time and causing the system to shift
to the right in the plot shown in Figure 2.9. Systems with a mass flux ratio less than one will
experience stress corrosion cracking induced compaction causing smoother fracture surfaces
through time and shifting the system to the left in the plot in Figure 2.9.
Finally to determine the probability of stable (closing) and unstable (gaping)
permeability evolution of a fracture, the number of possible paths causing each behavior must
be determined. To solve for the relative number of paths causing each behavior the area
between the upper and lower limit curves where each behavior is possible is calculated.
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Depending on whether Eq. 2.10 is greater or less than one determines whether this area is
calculated to the right or to the left of the initial σ/dm condition of the fracture. Figure 2.10
shows a graphical representation of the area ratio used to calculate the probability of each
behavior assuming approximate initial conditions of pH 5 (

MFF
 21 ) and σ/dm ≈ 1.
MSCC

Figure 2.10: Graphical representation of the calculation the probability of gaping (unstable)
versus closing (stable) behavior in a fracture assuming approximate initial conditions of pH 5
(

MFF
 21 ) and σ/dm ≈ 1.
MSCC

By this definition any fracture has the possibility to either undergo net fracture
compaction or net fracture gaping (usually in the form of wormholes or channels). Specifically
the experimental calcite fractures permeated by pH 7 and pH 5 fluids have respective
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probabilities of undergoing compaction of 0.68 and 0.10. These values depend on the initial
ratio of the wall surface roughness to the average mechanical aperture of the fracture (σ/dm)
and the reactivity of the permeating fluid to the fracture mineral surface (

MFF
) the probability
MSCC

of each behavior is significantly different. This explains both a previously measured fracture
that demonstrated a “spontaneous switch” from net compacting to a net gaping regime [Polak
et al., 2004]. It also explains how two identically prepared and executed 20 cm fracture
experiments permeated by pH 5 fluid observed opposite measured permeability responses.

2.8 Conclusions
Finite element analysis assuming approximate rates of pressure solution, stress
corrosion cracking enhanced diffusion, precipitation, and free-face dissolution over an initial
fracture aperture distribution provide agreement with experimental measurements. However
fluid flow can become more or less channelized as either compaction or gaping proceeds in
most natural fractures due to the random pore size distributions of natural fractures.
Fluctuations or instabilities introduced into the systems that lead to less channelized flow are
quickly stabilized and dampened out. Instabilities that lead to more channelized reactive fluid
flow allow these instabilities to propagate deeper into the fracture and lead to a less stable
system with eventual break-through of under-saturated fluid. We are able to explain why we
observe two identically prepared fracture systems that evolve completely differently through
time by assuming that either fracture compaction or gaping is possible, depending on the
evolution of the relative fracture flow area. In addition we are also able to extend this theory
to explain a previously documented experiment where the fracture permeability evolution
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spontaneously switches from a compaction dominated to a gaping dominated regime [Polak et
al., 2004].
Due to this possibility it is important to understand the role of relative fracture flow area
evolution in the stability of long-term fracture permeability evolution. By using best-fit curves
derived from Brown [1987] the relationship between the effective hydraulic aperture divided
by the average mechanical aperture (the extent of channelized flow) and the fracture surface
roughness divided by the average mechanical aperture (the relative fracture surface roughness)
is expressed for all fracture conditions. After both simulations and experiments indicate that
pressure solution is only a transient mechanism we assert that the long-term fracture
permeability evolution of our stressed carbonate fractures is due to the relative rate of stress
corrosion cracking induced compaction and free-face dissolution induced gaping. We
characterize the expected ensuing fracture surface and aperture evolution by the previously
proposed mass flux ratio [McGuire et al., 2012].
Finally we propose that the area within the envelope extrapolated from previous data
either to the right (if

MFF
M
> 1) or to the left (if FF < 1) of the initial ratio of fracture
MSCC
MSCC

roughness to the mechanical aperture (σ/dm) represents all possible changes in the relative
fracture flow area. By then solving for the area representing all possible paths of increasing and
decreasing relative fracture flow area the probability of stable and unstable fracture behavior is
estimated [Brown, 1987]. We seek to greatly improve predictions of long-term permeability of
fracture-controlled carbonate reservoirs by knowing the probability of any random fracture
evolving to gape or close based on only initial fracture conditions.
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CHAPTER 3: CONTRASTING REACTION RATES FOR FREE-FACE DISSOLUTION AND
PRESSURE SOLUTION IN CARBONATE PERMEATED BY UNDER-SATURATED TWO-PHASE
AQUEOUS CARBON DIOXIDE SOLUTIONS
3.1.

Abstract

Flow-through experiments are conducted on repeatable fractures in carbonate rock with
reactive aqueous mixtures of carbon dioxide, halite, and calcite. Inlet pore fluid calcium and
halite concentrations are constrained while sample permeability evolution and effluent calcium
concentrations are measured throughout all experiments. Finite element models of the
fracture aperture evolution and the change in the pore fluid calcium concentration includes
mechanisms of pressure solution, stress corrosion cracking enhanced diffusion, precipitation,
and free-face dissolution. Non-dimensional analysis indicates that these suppressed chemical
dissolution rates accurately represent the dissolution rate (k+) for diffusion dominated pressure
solution. By setting the dissolution rate for pressure solution to the experimentally quantified
suppressed dissolution rate while varying the rate of free-face dissolution we accurately
reproduce experimentally measured fracture permeability evolution (hydraulic aperture strain)
and effluent concentrations of dissolved calcite. During transit of extremely under-saturated
pore fluid pH indicated rates of free-face dissolution accurately portrays rates of fracture
gaping. Meanwhile pressure solution compaction dominates at high inlet concentrations of
halite and calcite as the rate of free-face drops below the rate indicated for pressure solution.
These contrasting dissolution rates have significant implications for the evolution of transport
characteristics of saline carbonate reservoirs during the injection of carbon dioxide.
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3.2 Keywords
Pressure solution; chemical dissolution; carbonate aquifer; sequestration; saline aquifer;
compaction

3.3 Introduction
Multi-phase reactive fluid transport is extremely important for the efficient and
effective permanent geological sequestration of carbon dioxide in saline carbonate aquifers
(Altundas et al., 2011; Anbar and Akin, 2011; Bachu and Bennion, 2007; Fuller et al., 2006;
Ghomian et al., 2010; Hongjun et al., 2010; Kumar et al., 2005; Lu et al., 2009; Mohamed and
Nasr-El-Din, 2012; Muller et al., 2009; Pruess and García, 2002; Sasaki et al., 2007; Zhang et al.,
2011a; Zhang et al., 2011b; Zhao et al., 2011; Zuo et al., 2012) or in carbonate oil reservoirs
during enhanced oil recovery (Aleidan et al., 2011; Aminian et al., 1989; Berenblyum et al.,
2008; Ghomian et al., 2010; Manrique et al., 2007; Wassmuth et al., 2005). Many existing
studies either focus on the effects of mineral dissolution and precipitation reactions (Aminian et
al., 1989; Bachaud et al., 2011; Dethlefsen et al., 2012; Grgic, 2011; Hangx et al., 2010; Liteanu
and Spiers, 2009; Mandalaparty et al., 2011; Prigiobbe et al., 2009; Xu et al., 2004; Zhang et al.,
2011a) or relative permeability on multi-phase transport (Aleidan et al., 2011; Altundas et al.,
2011; Anbar and Akin, 2011; Bachu and Bennion, 2007; Ghomian et al., 2010; Hongjun et al.,
2010; Manrique et al., 2007; Pruess and García, 2002; Sasaki et al., 2007; Wassmuth et al.,
2005; Zuo et al., 2012) with some exploring both simultaneously (Berenblyum et al., 2008;
Fuller et al., 2006; Kumar et al., 2005; Lu et al., 2009; Mohamed and Nasr-El-Din, 2012; Muller
et al., 2009; Zhang et al., 2011b). Of those exploring effects of the interactions between
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relative permeability, dissolution, and precipitation, predictions indicate relative permeability
to the carbon dioxide phase (carbon dioxide injectivity) should ultimately decrease through
time (Mohamed and Nasr-El-Din, 2012; Muller et al., 2009).
Predictions of decreased injectivity of carbon dioxide in saline aquifers over time are
typically due to dominant precipitation effects from dehydration of the residual saturation of
saline water by absorption into the flowing supercritical carbon dioxide (Mohamed and Nasr-ElDin, 2012; Muller et al., 2009). Subsequent blockage of pore throats will cause a permanent
decrease in the relative permeability to carbon dioxide unless injection wells are pre-flushed
with fresh water (Muller et al., 2009). Secondary dissolution effects include free-face
dissolution of the carbonate reservoir from high pressure dissolution of carbon dioxide in
regions with active two-phase (water-carbon dioxide) flow forming carbonic acid (Grgic, 2011).
However, depending on both the initial concentrations of dissolved solids (salts) in the native
pore fluid and the temperature and pressure of the reservoir the solubility of carbon dioxide
and resulting concentration of carbonic acid vary greatly (Bachu and Adams, 2003; Han et al.,
2011b; Lu et al., 2009).
Relative permeability meanwhile can either act to stabilize (Berenblyum et al., 2008;
Ghomian et al., 2010) or destabilize (Pruess and García, 2002) the movement of the front of the
native pore fluid that is displaced by supercritical carbon dioxide at either favorable (low) or
unfavorable (high) mobility ratios, respectively. In most carbon dioxide sequestration systems
unstable displacement of the saline pore fluid by single phase injection of relatively low
viscosity super-critical carbon dioxide leads to viscous fingering (Pruess and García, 2002). This
results in poor sweep of the reservoir (saturation) due to buoyancy dominated mass transfer in
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zones of high carbon dioxide saturations (Altundas et al., 2011; Kumar et al., 2005).
Applications of carbon dioxide enhanced oil recovery (EOR) generally utilize a wateralternating-gas (WAG) injection strategy to exploit these relative permeability effects to achieve
better sweep of carbon dioxide through the reservoir (Berenblyum et al., 2008; Ghomian et al.,
2010).
In the following we isolate relative fracture hydraulic aperture strain effects of salinity
and concentration of dissolved calcium during flow of under-saturated aqueouscarbon dioxide
solutions through calcite fractures. Fracture strain is previously shown to be dominated by,
free-face dissolution kinetics, stress corrosion cracking enhanced diffusion (McGuire et al.,
Unpublished results a), or by pressure solution (McGuire et al., Unpublished results b)
depending on the effective stress level and aqueous concentration of the transiting pore fluids.
However, experiments on relatively short (5 cm) artificial fractures permeated by carbon
dioxide and water mixtures with elevated concentrations of halite and calcite show a consistent
depressed rate of free-face calcite dissolution compared to that predicted by Plummer et al.
(1978). Comparisons between these experimental measurements and analytical models of
fracture strain rate reveal that this slower (equilibrium controlled) dissolution rate accurately
reflects the dissolution rate for pressure solution (Plummer and Wigley, 1976). Meanwhile
rates of free-face dissolution are observed to approach these theoretical dissolution rates
during rapid transit of extremely under-saturated fluids (Plummer et al., 1978).
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3.4 Methodology
Permeability measurements are performed on identically-prepared short artificial
fractures during two-phase flow of carbon dioxide and water. Initial aqueous concentrations of
halite and calcium carbonate are varied in separate experiments while both upstream and
downstream concentrations of sodium and calcium are measured. These measurements
quantify relative rates of mineral mass transport supplemented by near-continuous
measurements of permeability evolution in the longitudinally-fractured sample.
3.4.1 Permeability Measurements
Two 316 stainless steel pressure tanks capable of fluid delivery are used for upstream
and downstream fluid reservoirs. Prior to each experiment four liters of the pore fluid are
equilibrated overnight with carbon dioxide at an absolute pressure of 0.3 MPa by flushing the
headspace with carbon dioxide and vigorously shaking the mixture. This pressurized carbon
dioxide in the headspace also maintains the 4 MPa per meter hydraulic gradient across the
sample. Dissolution of carbon dioxide in water is a relatively rapid process allowing equilibrium
to be reached during this single overnight period (Carroll and Knauss, 2005).
Each experiment begins with a fresh and identically prepared artificial fracture in tight (k
< 10-17) Capitan Massive limestone (Volery et al., 2010). A single cylindrical sample, 2.5 cm in
diameter and 5 cm in length, is identically prepared and reused for each experiment. The
sample is first axially cut to create a single longitudinal fracture. Fine (150 grit) ceramic
abrasive is used to roughen the opposing fracture surfaces prior to being assembled in the
pressurized sample holder that allows axial fluid flow within the sample. The sample is wrapped
in electrical tape around its circumference then sandwiched between two stainless steel end
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platens faced with flow distributors. This assembly is then sheathed in 2.5 cm diameter latex
tubing. Pressurized nitrogen is used to provide the constant (2.5 MPa) effective confining stress
acting on the sample. Prepared and assembled in this manner the initial permeabilities and
effective hydraulic apertures of the single reused sample are highly repeatable. Fig. 3.1 shows a
schematic of the experimental apparatus.

Figure 3.1: Schematic of the experimental apparatus used to measure permeability evolution of
the fractures.
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The composition of the influent pore fluid is varied to explore the effects of halite
concentration and calcium carbonate concentration on the permeability evolution of stressed
fractures in tight carbonate. Inlet pore fluid calcite concentrations are varied by adding
powdered Capitain Massive limestone to reservoirs of reactive pore fluid with 0.3 MPa absolute
pressure of carbon dioxide in the headspace. This is used to measure the effects of elevated
concentrations of calcium carbonate on the evolution of fracture permeability. A digital scale
monitors the mass flow rate of the reactive fluid of known density and viscosity through the
sample of known geometry. This allows the evolution of permeability and effective hydraulic
aperture to be followed. The effective hydraulic aperture, b (m), is expressed as Eq. 3.1,

b  3 3 Dkeff

(3.1)

where D is the sample diameter (m) and keff is the effective sample permeability (m2). The
effective permeability, keff, (m2) of the sample is derived from Darcy’s Law as Eq. 3.2,

keff 

4  m fluid L
 D2  fluid dP

where m fluid is the measured mass flux of fluid through the sample (kg/s),

(3.2)

 fluid is the density

of the permeating fluid (kg/m3), µ is the dynamic viscosity of the permeating fluid (Pa.s), L is the
length of the sample (m), , and dP is the fluid pressure differential across the sample (Pa).
79

3.4.2 Dissolved Calcium Concentration Measurements
To confirm that measured trends of permeability evolution are from the relative rates of
preferential dissolution of either the bulk fracture surface or the fracture propping asperities,
the concentration of dissolved calcium and sodium are measured throughout each test. Fluid
samples are collected directly from the downstream port of the sample (Figure 3.1). Major ion
concentrations are recovered from a Perkin-Elmer Optima 5300DV ICP-AES. Assuming that
reactive fluid flow contacts the entire fracture surface the fracture retreat (gaping) rate is
defined by b (m/s) as,

b

(Ci  Ceffl )m fluid
DL fluid mineral

(3.3)

where C i is the inlet concentration of fracture mineral (kg/m3), C effl is the effluent
concentration of fracture mineral (kg/m3), and ρ is the density of the fluid and mineral as noted
(kg/m3). Samples showing net reduction in permeability are presumed to be dominated by the
dissolution of fracture propping asperities. These show little difference between C i and C effl
due to the relatively small portion of the fracture surface represented by the asperities being
dissolved. Therefore Eq. (3.3) is only used to model fracture gaping behaviors.

3.4.3

Numerical Model

Experimental data are modeled using a finite element model for fracture strain that
includes relative effects of pressure solution, stress corrosion cracking induced diffusion, and
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free-face dissolution (McGuire et al., Unpublished results b). A lumped parameter liquid
saturation (SL) is calculated and added to the model to represent the relative permeability to a
flowing reactive liquid. The relative permeability to the phases is represented by their average
fluid saturation and capillarity is ignored. This latter assumption is justified by the relatively
large capillary diameter (effective fracture aperture) and the high degree of pore interconnectedness in the samples. Fig. 3.2 shows the conceptualized flow of exsolving carbon
dioxide through a relatively large fracture aperture.
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Figure 3.2: Conceptualized relative saturation of two-phase flow of (wetting phase) aqueous
and (non-wetting phase) exsolving gaseous carbon dioxide through a relatively wide aperture
fracture.

Prior observations document a decrease in the solubility of carbon dioxide with
increasing concentrations of sodium chloride (Han et al., 2011b). We account for this by
changing the equilibrium saturation of gaseous carbon dioxide predicted in the presence of
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sodium chloride and correspondingly modifying the average relative permeability to the liquid
in the fracture. The resulting change in pH of the fluid is also accommodated by decreasing the
dissolution rate constant and the solubility limit for the calcite in the solution. Both are reduced
by 29% to represent most experiments with 59,000 ppm (2.6 M) sodium chloride pore fluids.
Finally, increases in viscosity that occur with increasing halite concentrations (Mao and Duan,
2009) are also included in the model.

3.5 Results
Experiments are conducted on identically prepared fractures in the same cylindrical
sample of Capitan Massive limestone. Influent pore fluids are water with varying initial
concentrations of halite and calcite—also influencing the total solubility of dissolved carbon
dioxide within these fluids.
3.5.1 Permeability (Effective Hydraulic Aperture) Evolution
Fluid flow-through permeability measurements show unstable fracture gaping behavior
for all pore fluids except where the initial calcium content is 212 ppm and the initial halite
concentration is 59,000 ppm. Experiments involving pore fluids with relatively high initial
concentrations (> 200 ppm) of calcite show two very different behaviors depending on the
initial concentration of halite. Fracture flows with only 247 ppm calcium are measured to
experience fracture gaping while those with both 212 ppm calcium and 59,000 ppm halite show
fracture compaction. Fracture gaping and compaction dominated data is shown in Fig. 3.3a and
Fig. 3.3b, respectively.
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Figure 3.3: (a) Effective hydraulic aperture evolution of gaping fractures and (b) effective
hydraulic aperture evolution of closing fractures plotted with respect to time and labeled by
inlet concentrations of calcium and sodium ions.

The data of the effective hydraulic aperture in regimes of gaping and compaction with
respect to the mass of pure water traversing the fracture is shown in Fig. 3.4a and Fig. 3.4b.
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Figure 3.4: (a) Effective hydraulic aperture evolution of gaping fractures and (b) effective
hydraulic aperture evolution of closing fractures plotted with respect to the cumulative water
mass flux and labeled by inlet concentrations of calcium and sodium ions.

The observed fracture compaction is confirmed to be a real effect by changing to a nonsaline pore fluid with 247 ppm of dissolved calcium at after 24 hours of fracture compaction—
resulting in an immediate change to a fracture gaping regime. Data from the complete test is
shown in Fig. 3.5.
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Figure 3.5: Fracture effective hydraulic aperture evolution during (0 – 24 hours) saline 59,000
ppm pore fluid with 212 ppm calcium and during (24 – 28 hours) non-saline pore fluid with 247
ppm calcium—both pore fluids saturated with carbon dioxide.

Comparing the effective hydraulic evolution of these two-phase fracture flows to similar
experiments involving single-phase flow (Fig. 3.6), we can infer the relative effects of two-phase
flow on wide aperture fracture permeability evolution (McGuire et al., Unpublished results a).
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Figure 3.6: Comparison between previously proven effective hydraulic aperture evolution
during (a) free-face dissolution dominated and (b) pressure solution dominated fractures
permeated by single-phase flow and similar experiments permeated by two-phase flow.

These trends are further confirmed by measurements of the effluent concentration of dissolved
solids in the permeating pore fluid.
3.5.2 Effluent Calcium Concentrations
Residence time of the fluid in the fracture is calculated by dividing the total length of the
sample parallel to the direction of the flow by the average fluid velocity through the fracture.
The average fluid velocity through the fracture is calculated by dividing the volumetric flow rate
of fluid through the fracture by the cross-sectional area of the fracture, perpendicular to the
direction of the fluid flow. Effluent calcium concentrations are shown in Fig. 3.7 to linearly
scale with the average residence time of the fluid in the fracture (tres) as expressed in Eq. (3.4),
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tres 

bLD fluid SL
m fluid

(3.4)

where SL (dimensionless) is the average fracture saturation with respect to the reactive liquid
phase.

Figure 3.7: Change in the concentration of dissolved calcium in the effluent fluid compared to
the inlet fluid.

By putting the above data into Eq. (3.3) the theoretical fracture aperture retreat rate,
inferred from the changes in the calcium concentration in the pore fluid during fracture transit,
can be inferred for gaping fractures. These calcium mass balance calculations of the fracture
aperture velocity are calculated to remain within a factor of three compared with the
permeability derived effective hydraulic aperture velocities at all times in all experiments—
providing excellent experimental constraints.
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Finally the effective inferred free-face dissolution reaction rate (k+) from the calcium
mass balance data is plotted. They are calculated by Eq. (3.5) assuming that the micro-scale
fracture surface roughness provides a reactive surface area seven times greater than the area
of the nominal fracture plane of both fracture walls (White and Peterson, 1990).

k 

m fluid (C i  C effl )
14  fluid LDtres

(3.5)

These values are plotted along with best-fit curves for both systems permeated by pore
fluids with no initial concentrations of calcium in Fig. 3.8.

Figure 3.8: Dissolved calcium inferred free-face dissolution rate coefficients showing
convergence between saline and non-saline pore fluid free-face dissolution rates at high
fracture residence times.
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Pore fluid dissolved calcium concentration inferred rates of free-face dissolution
depending on the fracture residence time provide valuable insight into precise mechanisms
leading to observed rates of permeability evolution.

3.5.3 Modeling Results
Data shown in Figure 3.8 suggests the co-existence of a “fast” and a “slow” calcite
dissolution reaction path. Dissolved calcium concentration measurements indicate that for
fluids initially containing no dissolved calcium (carbonate) the free-face dissolution rate
approaches theoretical hydronium ion moderated (H+(aq) + CaCO3(s)  Ca2+(aq) + HCO3-(aq))
dissolution rates measured by Plummer et al. (1978). However, addition of dissolved halite and
calcite causes the rates of inferred free-face dissolution to converge on a much lower value.
Previous research attributes this “slow” calcite dissolution reaction path to the involvement of
approximately 4th order equilibrium reaction kinetics (Plummer and Wigley, 1976). Nondimensional analysis of the relative rate of chemical reaction to the rate of diffusion is
performed by multiplying the Peclet number by the Damkohler number (PeDa), expressed in
Eq. (3.6),

PeDa 

k
dCH 

Dd ,H 

dx
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(3.6)

where k+ is the theoretical free-face dissolution rate constant (kg/m2-s), Dd ,H  is the diffusion
coefficient of hydronium ions (m2/s), C H  is the concentration of hydronium ions (kg/m3), and
dx is the length of the concentration gradient (m).
This analysis indicates that the supply of hydronium ions that drive the “fast” reactions
are exhausted within 2 microns during pH 4 fluid flow, which is insignificant compared to the
fracture contact diffusion radius of approximately 137 microns in our experiments. Therefore
we assert that the effective dissolution rate coefficient for carbon dioxide-water systems in
these diffusion-controlled fracture contact zones is more accurately represented by the “slow”
equilibrium-controlled reaction rate. We represent this in our fracture simulations by setting
the dissolution rate that controls the rate of pressure solution to the slow equilibriumcontrolled rate of dissolution (2.0E-6 mol/m2-s). Meanwhile we adjust the free-face dissolution
rate coefficient between simulations. All experiments with pore fluid without halite are
simulated assuming a free-face dissolution rate equal to the theoretical rate from Plummer et
al. (1978). Experiments involving extremely under-saturated brine assume a free-face
dissolution rate 29% less than that indicated by Plummer et al. (1978) due to the lower
solubility of carbon dioxide in brine compared to fresh water (Han et al., 2011b). Finally we set
the free-face dissolution rate equal to the effective dissolution rate constant for pressure
solution for the experiments permeated by brine with an initial calcite concentration of 212
ppm. Precipitation is not considered to significantly participate in any of the observed
permeability evolution due to the highest observed levels of effluent fluid calcium carbonate
remaining well below 50% saturation (Miller, 1952).
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Resulting model predictions closely emulate the experimental fracture permeability
evolution measurements and constrain relative rates of pressure solution and free-face
dissolution in our carbonate fracture systems. Fig. 3.9a and Fig. 3.9b show these modeled
fracture responses plotted with the experimentally measured fracture responses to fracture
gaping and fracture compaction dominated flow, respectively.

Figure 3.9: Experimentally measured (data points) and model-predicted (lines) effective
hydraulic aperture evolution of carbonate fractures permeated by reactive (a) under-saturated
and (b) saturated pore fluid with respect to calcium carbonate.

The agreement between the model and the experiments is further bolstered by the
predicted concentration of effluent calcium compared to that measured in the experiments
(Fig. 3.10).
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Figure 3.10: Experimentally measured (data points) and model-predicted (lines) change in the
concentration of dissolved calcium between the upstream and downstream side of the
samples.

The high degree of agreement between the models and the experimental data indicates
that our theories on the relative effects of pressure solution, stress corrosion cracking induced
diffusion, and free-face dissolution in two-phase carbon dioxide – water / brine flow to be
accurate.

3.6 Discussion
Our experiments and subsequent modeling reveals relative effects of halite and calcium
carbonate concentration on the effective hydraulic aperture evolution of carbonate fractures
permeated by two-phase aqueous solutions of carbon dioxide. Comparing the flow of low pH
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purely aqueous fluids to that of two-phase solutions of carbon dioxide and water flow through
nearly identical fractures shows a retarded rate of fracture gaping in experiments with twophase flow. However, when plotted with respect to the water mass throughput, the slower
rate of fracture gaping in the two-phase fluid flow can be attributed to a lower average relative
permeability to the reactive wetting phase in two-phase aqueous carbon dioxide solutions
compared to single-phase water – ammonium chloride solutions. Rates of pressure solution
dominated fracture compaction meanwhile remain unchanged between two-phase and singlephase reactive fluid flow. Unchanging rates of pressure solution in spite of two-phase flow is
consistent with the wetting phase also being the reactive phase—allowing pressure solution to
proceed unabated due to the reactive phase wetting the smallest aperture (fracture contact)
pore spaces.
Impacts of halite concentration in the permeating pore fluid are well-predicted by the
model. Increased viscosity of brine compared to fresh water decreases the rate of fluid flow
through an otherwise identical fracture maintained with the same hydraulic gradient pressure
gradient. This decreased fluid flow rate coupled with the decreased carbon dioxide solubility
(causing a higher pH and lower free-face dissolution rate and carbonate solubility limit) leads to
an overall retardation in the rate of gaping in fractures permeated by brine – carbon dioxide
mixtures.
Finally the most significant contribution of this work is experimentally characterizing a
different dissolution reaction rate that determines the rate of pressure solution compared to
free-face dissolution during flow of under-saturated carbon dioxide-water mixtures. Previous
research also characterizes a realm of “fast” and “slow” calcite dissolution by carbon dioxide94

water mixtures (Plummer and Wigley, 1976). We experimentally measure these co-existing
“fast” and “slow” dissolution mechanisms in tight carbonate fractures. These measured rates
of free-face dissolution (Figure 3.8) all show an asymptotic approach to approximately 2.0E-6
mol/m2-s, indicating a lower limit of free-face dissolution that is more appropriate for use in
determining rates of diffusion-dominated pressure solution. Applying this newly quantified
pressure solution dissolution rate to the fracture models while varying the rate of free-face
dissolution, depending on the inlet pore fluid concentration of halite and calcite, results in
excellent agreement with experimentally measured rates of fracture aperture strain (Figure
3.9).

3.7 Conclusions
Simulating response of saline carbonate aquifers to carbon dioxide injection is
extremely important to prove long-term security and effectiveness of carbon dioxide
sequestration. This study represents the first time that pressure solution is measured to be
unabated by two-phase fluid flow past stressed contacts compared to pressure solution during
single phase flow. More importantly it is also the first study to characterize the presence of coexisting “fast” and “slow” chemical dissolution reactions that are shown to significantly affect
long-term fracture permeability response to injection of under-saturated reactive fluids. Fast
hydronium ion mediated dissolution reactions preferentially dissolve the fracture free-face
during rapid transit of extremely under-saturated pore fluid at rates proportional to the
hydronium ion concentration. According to non-dimensional analysis these reactions are never
realized within the fracture contacts where diffusion and pressure solution are the dominant
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mass transport mechanisms. The high rate of reaction compared to the rate of diffusion
indicates that the penetration of hydronium ions into the fracture contact area (required for
these fast reactions) is insignificant. This research indicates that while the fast reactions are
limited by calcite and halite concentration in the pore fluid, the concurrent slow dissolution
reactions that dominate these diffusion-controlled fracture contacts are insensitive to calcite
and halite concentrations. Previous research finds this slow dissolution reaction mechanism to
be controlled by approximately fourth order equilibrium reactions (Plummer and Wigley, 1976).
In our research we found this equilibrium-limited rate of dissolution (2E-6 mol/m2-s) to be over
one order of magnitude lower than the theoretical pH controlled dissolution rate coefficient
(Plummer et al., 1978). We also found this lower dissolution rate to result in fracture
compaction simulations that are well-matched to experimentally measured rates of pressure
solution induced fracture compaction. Therefore only once sufficient calcite and halite
concentrations are dissolved in the pore fluid to limit the free-face dissolution to rates near that
dictated by the equilibrium chemistry is it possible for pressure solution to dominate the
carbonate fracture aperture strain.
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APPENDIX: PERMEABILITY EVOLUTION OF CARBONATE FRACTURES: COMPETITION
BETWEEN STRESS AND REACTIVITY
A.1.

Abstract

We explore permeability evolution of fractures in carbonate due to the effects of stress and
reactive fluid flow. Core plugs of Captain Massive Limestone are saw-cut to form a smooth axial
fracture that is subsequently roughened to simulate a natural fracture with controlled surface
topography. Aqueous solutions of ammonium chloride (pH 5 ~ 7) are circulated through these
plugs at confining stresses of 3 to 10 MPa and effluent fluid and mineral mass fluxes are
measured to constrain competing mechanisms of permeability evolution. These include
regimes of both permeability enhancement (highly reactive) and reduction (highly stressed).
We quantitatively constrain the transition between gaping (pH<6.1) and closing (pH>6.5). A
transitional regime (6.1<pH<6.5) of invariant permeability represents a balance between the
two mechanisms of free-face dissolution and removal of the bridging asperities. We quantify
these changes in permeability as rates of closure between adjacent fracture faces. Surprisingly,
the effect of confining stress on the rate of aperture evolution is apparent only under
conditions of free-face dissolution (pH<6.1). We present a model to describe the dissolutiondominant evolution of permeability. The dissolution rate constants are constrained from
experimental observations and scale with pH, assuming buffered magnitudes in the stagnant
water film between contacting asperities. This model adequately represents the principal
characteristics of permeability evolution of the fracture except for pH<6. These observations
offer a promising pathway to index the transition from permeability enhancement to reduction
for reactive flow as reactivity is reduced and stress effects become more important.
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A.2.

Keywords

Pressure solution; Free-face dissolution; Water-rock interaction; Fracture flow

A.3.

Introduction

An understanding of reactive transport phenomena in fracture networks is of critical
importance in many engineering and scientific applications [Tsang, 1991; Siemers and
Dreybrodt, 1998; Andre and Rajaram, 2005]. These include acidization in carbonate oil/gas
reservoirs, subsurface CO2 sequestration, the effective recovery of potable waters from the
subsurface via wells, and the natural development of karst. The influence of mechanical and
non equilibrium chemical effects has been recognized to drive the evolution of fracture
permeability – the interaction of these competing processes remains poorly constrained
[Elsworth and Yasuhara, 2006; Liu et al., 2006].
Changes in confining stress drive both reversible closure of fractures by elastic
compaction and irrecoverable closure driven by stress-enhanced dissolution [Rutter, 1976;
Stephenson et al., 1992; Revil, 1999; Gouze et al., 2003; Taron and Elsworth, 2010]. These
changes in aperture in turn drive permeability reduction that is either recoverable or
irrecoverable, depending on the source of the aperture change [Taron and Elsworth, 2010;
Yasuhara and Elsworth, 2004]. Reactive chemistry will similarly drive changes in aperture by
either dissolution and the resulting gaping in aperture [Elsworth and Yasuhara, 2006, Gouze et
al., 2003, Szymczak and Ladd, 2004; Yasuhara et al., 2006a; Yasuahra et al., 2006b] or
precipitation and resulting closure [Taron and Elsworth, 2010, Yasuhara et al., 2006a; Yasuahra
et al., 2006b]. These changes are typically irreversible. These two opposing behaviors operate
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concurrently and with varying strengths resulting in permeability evolution that may
spontaneously switch in sense as dominant mechanism switches [Polak et al., 2003; Polak et al.,
2004]. This evolution will influence both the mineral mass transport and the hydraulic
conductivity of the fractures as flow pathways are simultaneously etched and destroyed [Liu et
al., 2006; Panga et al., 2005; Detwiler and Rajaram, 2007; Detwiler, 2008; Szymczak and Ladd,
2008; Watanabe et al., 2009; Nemoto et al., 2009; Liu et al., 2005; Durham et al., 2001; Kalia et
al., 2009], and also influence reactive response as the effective surface area and residence
times are modified [Yasuahra et al., 2006b]. The evolution of flow channels depend not only on
the initial aperture distribution but also on the confining stress [Watanabe et al., 2009; Nemoto
et al., 2009] and reactive chemistry of the permeating fluid [Liu et al., 2005; Durham et al.,
2001; Kalia et al., 2009; Detwiler, 2010]. Limited studies on reactive flow in fractures suggest
that the three parameters of confining stress, reactive chemistry of fluid, and initial and
evolving fracture surface roughness, have an important impact on the evolution of permeability
within fractures.
This study evaluates the change in fluid flow characteristics within fractures for various
combinations of confining stress and the pH of the injected fluid for suite of initial and evolving
roughness. Specifically, we explore the interaction between mechanical and non-equilibrium
chemical effects on the evolution of permeability in fractures in carbonate where chemical
effects are significant. Measurement of fracture permeability evolution are used to constrain
models of free-face and stress-enhanced dissolution that contribute to changes in fracture
porosity.
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A.4.

Experimental method

We conduct carefully controlled experiments to measure fluid and dissolved mass
balance in fractured samples permeated by reactive fluid under stress. Flow rates and dissolved
mass fluxes are used to assign independent constraints to permeability evolution, described
following.

A.4.1.

Sample preparation

Flow-through experiments are conducted on cylindrical cores of Captain Massive
limestone (from the Guadalupe Mountains in New Mexico). The cores are pre-fractured by
sectioning the samples along their cylindrical axis by a rock saw. The planar fracture surfaces
were roughened with “60 grit” (423 μm) abrasive compound to yield a controlled but
repeatable fracture roughness. In the present study, four different cores were prepared (Table
1) with these cores reused multiple times by re-abrading the surface after each experiment.
Each core sample was re-used up to ~10 times but with largely repeatable fracture surface
roughnesses.

A.4.2.

Experimental system and procedure for flow-through experiment

The arrangement for the flow-through system is shown in Figure. A.1. The upper and
lower halves of the rock samples were mated and set between end platens. This assembly is
placed within a latex sleeve and confined inside a triaxial pressure cell. The stainless-steel
platens are pierced by fluid supply lines and enable fluid transmission along the length of the
core. Fluid spiked with ammonium chloride is used as the circulating saturant. The ammonium

105

chloride controls the reactivity of the fluid with pHs of 5.0, 6.0, 6.1, 6.3, 6.5, and 7.0 (distilled
water), used in this particular study. Confining stress across the sample and differential fluid
pressure along the sample fracture were established by gas drive controlled by a nitrogen tank.
Flow along the sample is from an upstream reservoir to a downstream reservoir. Back pressure
for the flow was prescribed at 600 kPa by a pressure regulator located with downstream
reservoir. The inlet pressure of the upstream reservoir was set to ~700 kPa, resulting in a
differential pressure of ~100 kPa. Experiments are run with constant inlet pH and for
incremented confining stresses of 3.0 MPa, 5.0 MPa, and 10.0 MPa. With the confining and
differential pressure prescribed, fluid flow rate through the fracture was measured every 20
minutes by weighing the effluent reservoir on an electronic balance.

Figure A.1: Schematic illustration of experimental arrangement for the flow-through
experiments.

106

Figure A.2: Surface topographies for artificial fractures in limestone for samples (a) TD01, (b)
TD02, (c) TD03, and (d) TD04. Fluid was injected from “top” to “bottom” in the present study.

Average hydraulic aperture of the fracture is recovered from the flow-rate
measurements (every 20 minutes) via the cubic law assumption [Watanabe et al., 2009;
Nemoto et al., 2009]. The effective hydraulic aperture of the single fracture transiting the
sample was evaluated by Eq. (A.1):
(

)

⁄

(A.1)

where eh is hydraulic aperture [L], Q is the flow rate [L3T-1], ⊿P is the differential pressure [MT2 -1

L ], μ is the viscosity of the injected fluid [ML-1T-1], and L and W are, respectively, apparent
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length of the fracture in the directions parallel and perpendicular to the macroscopic flow
direction [L].

A.4.3.

Chemical analysis

Fluid at constant and controlled pH is circulated throughout the experiment and the
effluent fluid sampled at suitable intervals. Dissolution advances in the sample according to
mainly the following reaction:
CaCO3+H2CO3

⇆

Ca2++2HCO32-.

In this reaction, the principal component in the solution is Ca, derived from both pressure
solution and from free-face dissolution from the fracture surface [Elsworth and Yasuhara, 2006;
Yasuhara et al., 2006a; Yasuahra et al., 2006b]. Effluent concentration of the calcium is
obtained by assaying the samples with inductively coupled plasma emission spectrometry
(ICP/MS via Perkin-Elmer Optima 5300DV). The total mass flow rate of calcite is determined
from following Eq. (A.2) [Polak et al., 2003; Polak et al., 2004]:
(
where (

)

)

(A.2)

is the total mass flow rate [MT-1],

and

are, respectively, molar

weight of calcite and calcium [ML-3], Q is the flow rate [L3T-1], and CCa is effluent Ca
concentration [ML-3]. Note that total mass fluxes are defined by normalizing the total mass flow
rates with the total area corresponding to the fracture surface shown in Table A.1.
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Table A.1: Sample sizes used in the experiments.

A.5.

Sample number

Diameter
[mm]

Length [mm]

TD 01

25

51

TD 02

25

51

TD 03

25

40

TD 04

25

50

Experimental results and analyses

We examine the evolution of permeability within the fracture due to the redistribution
of mineral mass within the fracture. This is due to dissolution and reprecipitation [Szymczak and
Ladd, 2004; Yasuhara et al., 2006a; Yasuahra et al., 2006b; Polak et al., 2003; Polak et al., 2004;
Panga et al., 2005; Detwiler and Rajaram, 2007; Detwiler, 2008] and also due to stress-induced
dissolution [Rutter, 1976; Stephenson et al., 1992; Revil, 1999; Gouze et al., 2003; Taron and
Elsworth, 2010; Yasuhara and Elsworth, 2004]. These effects operate in different polarities:
free-face dissolution increases net aperture and permeability [Yasuahra et al., 2006b; Polak et
al., 2003; Polak et al., 2004] while reprecipitation and pressure solution at the contacting
asperities decreases the aperture and permeability [Taron and Elsworth, 2010; Yasuhara and
Elsworth, 2004]. These experiments are completed at sufficiently high flow rates that the
permeating fluid remains chemically undersaturated and reprecipitation is not favored. These
dynamic processes are constrained from concurrent measurements of instantaneous fluid flow
rates (constraining permeability) and calcium ion concentrations in the effluent fluid
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(constraining rates of fracture wall retreat or asperity shortening). These measurements are
independent but complementary, in that they each allow constrain of retreat rates of the
fracture walls that in turn contribute to permeability evolution.
The extensive suite of experiments map regimes of permeability change including
regimes of both increasing and decreasing fracture permeability for the controlled parameters
of reactivity (pH) of the injected fluid and ambient confining stress.

A.5.1.

Evolution in fracture aperture

The present study uses four limestone samples (TD01, TD02, TD03, and TD04) for
multiple repeats of experiments after regrinding. The sequence of experimental conditions is
documented in Table 2 defining the specific surface topographies for each experiment. Surface
profiling was not conducted in the present work although distinct difference in fracture surface
topography could be observed.

A.5.1.1.

Effect of fluid reactivity

Figure 3 shows the change in hydraulic aperture plotted with respect to elapsed time for
the experiments performed in the present study. To isolate the influence of reactivity of the
injected fluid, we show the evolution of hydraulic aperture at invariant confining stresses of (a)
3 MPa, (b) 5 MPa, and (c) 10 MPa. In this range of confining stress, the hydraulic aperture
increases monotonically when the pH of the injected fluid is less than 6.1 and decreases when
the pH is greater than 6.5. The switch from aperture gaping to aperture closing corresponds to
a reactivity of the injected fluid in the transitional range pH ~6.1 to 6.5.
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Figure A.3: Evolution of permeability-derived hydraulic aperture of the fractures in carbonate
during flow-through experiments at pH of the injected fluid of 5 to 7 and at confining stresses
of (a) 3 MPa, (b) 5 MPa, and (c) 10 MPa.

For the experiments where the pH of the injected fluid is less than 6.1, constant rate of
increase in the fracture aperture may be attributed to the relative dominance of free-face
dissolution over the shortening of the fracture bridging asperities. Conversely, for the
experiments where the pH of the injected fluid is more than ~6.5, reduction in fracture
aperture is attributed to the relative dominance of mass dissolution at the contacting asperities
of the fractures. Moreover, for the experiments in the transitional regime (6.1<pH<6.5), the
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invariant flow rate and related hydraulic aperture represents a balance between the two
mechanisms of free-face dissolution and shortening of the bridging asperities. Importantly, this
balance does not necessarily represent a balance in the masses removed by each mechanism as
these mass fluxes must scale with the ratios of the free-face and asperity contact areas
[Elsworth and Yasuhara, 2006; Taron and Elsworth, 2010; Yasuhara et al., 2006a; Yasuahra et
al., 2006b].

A.5.1.2.

Effect of confining stress

The influence of confining stress on the time-evolving change in hydraulic aperture is examined
in Figure A.4 where fluid was circulated at invariant inlet pH of (a) 5.0, (b) 6.0, (c) 6.1, (d) 6.3, (e)
6.5, and (f) 7.0. The response of the rate of fracture wall retreat (proxy for permeability
evolution) is approximated by a straight-line and the slope of this line is used to define the rate
of wall retreat (positive for aperture gaping). Calculated rates of aperture evolution from Figure
A.5 are shown in Table 2 for various combinations of injected fluid pH and confining stress.
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Figure A.4: Evolution of permeability-derived hydraulic aperture of fractures in carbonate
during flow-through experiments at confining stresses from 3 MPa to 10 MPa, where the pH of
the injected fluid was (a) 5.0, (b) 6.0, (c) 6.1, (d) 6.3, (e) 6.5, and (f) 7.0.
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Figure A.5: Fracture wall rate recovered from the evolution in fracture permeability for various
combinations of pH of the injected fluid and confining stress.

Table A.2: Average retreat rate of the fracture walls during the reactive experiments. Mass flux
of calcite includes both pressure solution and free-face dissolution.
Experimental condition
Rate of
aperture evolution
[μm/hour]

Mass flux
[kg/(s・m2)]

Confining
stress [MPa]

pH of
injected
fluid

Differential
pressure [kPa]

Sample number

3

5

100

TD 04

40.77

5.65×10-5

6

100

TD 03

14.85

6.40×10-6

6.1

100

TD 01

3.28

4.10×10-6

6.3

100

TD 03

-0.57

1.12×10-6

6.5

100

TD 01

-0.20

1.12×10-6

7

100

TD 04

-0.71

5.58×10-7
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5

10

5

100

TD 04

29.17

5.44×10-5

6

100

TD 04

11.66

7.98×10-6

6.1

100

TD 01

0.98

3.11×10-6

6.3

100

TD 03

-0.41

1.52×10-6

6.5

100

TD 01

-0.70

8.20×10-7

7

100

TD 04

-1.04

5.87×10-7

5

100

TD 02

28.50

5.80×10-5

6

300

TD 02

4.16

4.12×10-6

6.1

300

TD 02

-0.51

1.90×10-6

6.3

200

TD 02

0.31

9.41×10-7

6.5

200

TD 02

-0.32

5.66×10-7

7

200

TD 04

-0.94

5.58×10-7

When the pH of the injected fluid was less than 6.1, the rate of wall closure decreased
with an increase in the confining stress. Conversely, when the pH of the injected fluid was more
than ~6.1, a clear trend for the retreat rate of the wall with an increase in confining stress could
not be observed. This result suggests that the effect of confining stress for the rate of aperture
evolution was apparent only under conditions where free-face dissolution is dominant.

A.5.2.

Surface dissolution

The effluent calcium concentration was monitored throughout the flow-through
experiments. Measured concentrations were always much lower than equilibrium calcium
solubilities due to the short residence time of the fluid within the fracture (ca. a few tens of
seconds). This implies that the effect of precipitation on permeability evolution could be
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ignored for these particular experimental conditions. Figure 6 shows the change in the mass
flux of calcite plotted with respect to elapsed time for the experiments at invariant confining
stresses of (a) 3 MPa, (b) 5 MPa, and (c) 10 MPa. The change in mass flux of calcite with respect
to time is small. Average magnitudes of the mass flux of calcite over the test duration is
calculated (Table A.2) for various combinations of the pH of the injected fluid and confining
stress and included in Figure A.7.

Figure A.6: Change in the normalized mass flux of calcite during the flow-through experiment
with the pH of the injected fluid from 5 to 7 at confining stress of (a) 3 MPa, (b) 5 MPa, and (c)
10 MPa.
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Figure A.7: Average values for the normalized mass flux of calcite over the test duration for
various combinations of pH of the injected fluid and confining stress.

Figure A.7 suggests that the mass flux of calcite, which derives from both pressure
solution and free-face dissolution within the sample, is clearly pH dependent. The mass removal
rate is enhanced by increasing the reactivity of the injected fluid. Particularly, for a pH value in
the range 6.1 to 6.5, significant change in the mass flux is observed. In contrast, no significant
dependence of the mass flux of calcite on confining stress was observed. The difference in mass
flux with the changing injected fluid pH was mainly caused by the difference in fracture surface
topography (Figure A.2). With this in mind, it is assumed that the greater mass flux of calcite is
derived not from mass removal at contacting asperities but due to free-face dissolution – or
alternately that the ratio of contacting asperities to the total fracture area was extremely low.
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This conjecture is explored quantitatively through lumped parameter modeling of experimental
results (through equations (A.3) and (A.5) defined in the following).

A.6.

Analyses

A numerical model is presented in this work to describe the dissolution-dominant
evolution of permeability of rock fractures. Permeability evolution is controlled by the
competition between two mechanisms; pressure solution at contacting asperities and
dissolution at the free-face surfaces of the fractures [Elsworth and Yasuhara, 2006; Liu et al.,
2006; Taron and Elsworth, 2010; Yasuhara and Elsworth, 2004; Yasuhara et al., 2006a; Yasuahra
et al., 2006b]. As described previously, fracture aperture (and corresponding permeability) may
increase if free-face dissolution dominates over the removal of bridging asperities [Polak et al.,
2003; Polak et al., 2004; Detwiler and Rajaram, 2007; Detwiler, 2008; Szymczak and Ladd,
2008]. Fracture aperture may conversely decrease if pressure solution dominates [Yasuhara and
Elsworth, 2004; Yasuhara et al., 2006a; Yasuahra et al., 2006b]. Precipitation may also influence
hydraulic behavior, but in all experiments reported here, the permeant is significantly
undersaturated in Ca – and precipitation is expected to exert only a minor influence.
Consequently, the effects of precipitation are not considered. The details of the modeling are as
follows.

A.6.1.

Evolution of hydraulic aperture (gaping or closing)

A representative elemental volume (REV) in the immediate vicinity of fracture is shown
in Figure A.8. The pore space is filled with the permeant and defined by local mean hydraulic
118

aperture, eh. We estimate the mean effective hydraulic aperture from the flow-through
measurements of permeability and use this to constrain the true change in aperture. The timedependent change in contact area remains unconstrained in the experiments.

Figure A.8: Schematic illustration of the representative elemental volume (REV) in the
immediate vicinity of the fracture. Pressure solution at the contacting asperities and dissolution
at the free-surfaces of the fracture each contribute to a change in fracture aperture.

Considering a single contacting asperity, the mass flow rate derived from pressure
solution at contacting asperities,

, is given by Eq. (A.3),

ρ
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σ

(

σ

)

(A.3)

where Vm is molar volume of the solid (3.69 × 10-5 m3mol-1 for calcite), σconf is confining pressure
acting at contacting asperities and k1 is the dissolution rate constant of the solid at the
contacting asperities, ρg is the grain density (2710 kg m-3 for calcite), Alocal is the fracture area
within the representative volume, Rc is the contact-area ratio, R is the gas constant, T is the
absolute temperature of the system (293 K in our study), and σcrit is the critical stress [Taron
and Elsworth, 2010; Yasuhara and Elsworth, 2004; Yasuahra et al., 2006b]. This defines a stress
state where the compaction at contacting asperities will effectively halt. This stress is
determined by considering the energy balance under applied stress and temperature
conditions, given as Eq. (A.4) (Revil [Revil, 1999], modified from Stephenson et al. [Stephenson
et al., 1992])
(

σ

)

(A.4)

where Em and Tm are the heat and temperature of fusion, respectively (Em = 36 kJ mol-1, Tm =
1603 K for calcite).
The mass flow rate derived from dissolution at the free fracture surfaces above the
contacting asperity,

, is given by Eq. (A.5),

(

) ρ

(

)

(A.5)

where k2 is the dissolution rate constant of the solid at the fracture free-face, Cpore is the
mineral concentration in the pore space and Ceq is the equilibrium solubility of the dissolved
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mineral [Taron and Elsworth, 2010; Yasuhara and Elsworth, 2004; Yasuahra et al., 2006a;
Yasuahra et al., 2006b]. As described above, measured magnitudes of Cpore were much lower
than those of Ceq in the present study, allowing Cpore/ Ceq be approximated as zero. Note that we
assume that the dissolution rate constant of the solid at the contacting asperities is not the
same as that at the fracture free-face. This is because the pH of the stagnant fluid within the
asperity interface (outward diffusion only) will be much higher than within the fracture where
the influent fluid concentration will prevail. This assumption is distinctly different from previous
studies [Yasuahra et al., 2006b; Polak et al., 2003].
At a given time, t, the pore volume within the representative elemental volume, Vpore(t),
is given by Eq. (A.6),
()

()

(A.6)

where eh(t) is the hydraulic aperture of the fracture. The pore volume evolved due to the
effects of both pressure solution at the contacting asperities (reducing volume) and as a result
of free-face dissolution (increasing volume). As represented in Figure A.7, the pore volume after
the time step ⊿t, Vpore(t+⊿t), is given by Eq. (A.7),

(

)

()

ρ

ρ

(

)

(A.7)

where eh(t+⊿t) is the hydraulic aperture of the fracture after a time step ⊿t. The rate of change
in hydraulic aperture (gaping or closing), deh/dt, is defined as Eq. (A.8),
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ρ

ρ

)

(A.8)

Substituting equations (A.3) and (A.5) into equation (A.8) enables deh/dt to be rearranged to
yield Eq. (A.9),

σ

(

) (

σ

(

)

)

(A.9)

This represents the rate of change of the fracture aperture within the REV due to the dual
action of free-face dissolution and pressure solution.

A.6.2.

Controlling parameters

The total mass flow rate comprises components from both pressure solution
(

)

and free-face dissolution (

(

)

)

(

and is defined as Eq. (A.10).

)

(

)

(A.10)

The evolution of this ensemble mass flow rate is recovered from the effluent concentration of
the fluid flow-through experiments. However, the individual contributions due pressure and
free face dissolution cannot be separately identified – i.e. the contributions due to dissolution
coefficients, k1 and k2. The mass flow rate derived from mass dissolution at contacting
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asperities is diffusion-rate-limited and is much lower than that at the free fracture surfaces.
Thus the mass flow rate (equation (A.10)) may be approximated as Eq. (A.11).

(

)

(

(

)

)

(A.11)

where Atotal is the total area of the fracture surface. Using the experimentally determined
magnitude of the mass flow rate enables the dissolution rate constant at the free-fracture
surface, k2, to be determined. Note that the ratio of the area of the contacting asperities to
total fracture area, Rc, is estimated in the present study as there is no appropriate method to
obtain an accurate value of Rc.
The experimentally evaluated magnitude of the mass flux is shown in Figure A.7. This
mass flux exhibits a clear dependence on pH of the injected fluid, but no significant dependence
on confining stress was observed. This suggests that the dissolution rate constant at the freefracture surface, k2, only depended on the pH of the injected fluid. Moreover, the difference in
the mass flux at each discrete magnitude of pH was assumed to be result from the difference in
fracture surface topography and the related surface area [Detwiler and Rajaram, 2007;
Detwiler, 2008; Detwiler, 2010]. Therefore, to reduce the effect of fracture surface topography,
the mean values of mass flux were evaluated for each condition of the influent pH. These
averaged values are used to determine the dissolution rate constants at the free-fracture
surface, k2. Calculated values of k2 vary with assumed magnitudes of the contact ratio of 3 % (Rc
=0.03), 7 % (Rc =0.07), and 15 % (Rc =0.15) as shown in Table A.3.
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Table A.3: Experimentally determined dissolution rate constants at the fracture surface, k2, for
various combinations of the relative contact-area ratio and pH of the injected fluid.
Relative
contact-area
ratio, Rc

pH of
injected
fluid

dissolution rate constant at
free-fracture surface
[mol/(m2・s)]

0.03

5.0

5.80×10-4

6.0

6.36×10-5

6.1

3.13×10-5

6.3

1.23×10-5

6.5

8.61×10-6

7.0

5.86×10-6

5.0

6.05×10-4

6.0

6.63×10-5

6.1

3.27×10-5

6.3

1.28×10-5

6.5

8.98×10-6

7.0

6.11×10-6

5.0

6.62×10-4

6.0

7.26×10-5

6.1

3.58×10-5

6.3

1.40×10-5

6.5

9.82×10-6

7.0

6.68×10-6

0.07

0.15
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The dissolution rate constant at the contacting asperities, k1, and its dependence on the
percolating fluid pH could not be determined from these experiments. Based on the
assumption that the fluid film between the asperities is stagnant, we assume that the
dissolution rate constant, k1, is set equivalent to that for the free-fracture surface at pH 7.0 for
all test conditions (i.e. k1 was 5.86×10-6 mol/m2/s for the contact ratio of 3 %, 6.11×10-6
mol/m2/s for the contact ratio of 7 %, and 6.68×10-6 mol/m2/s for the contact ratio of 15 %).

A.6.3.

Predicted versus observed behavior

As described previously, the dissolution rate constants at the contacting asperities, k1,
and at the free-fracture surface, k2, are determined for various combinations of the pH value of
the injected fluid and the area ratio of contacting asperities.
By substituting these values into equation (A.11), the magnitude of the normalized mass
flux derived from both pressure solution and free-face dissolution was calculated for various
combinations of inlet fluid pH, confining stress, and fracture contact area. Figure A.9 shows a
comparison between the measured and modeled normalized mass flux using the derived
magnitudes of the dissolution rate constants.
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Figure A.9: Comparison of the normalized mass flux either measured experimentally or
recovered from the numerical modeling for various combinations of the pH of the injected fluid,
confining stress, and the ratio of the contacting asperities to the entire fracture area.

The calculated and measured mass fluxes are in good agreement. The calculated mass flux
decreases with an increase in confining stress only at relatively high pH of the injected fluid
(>6.3). This supports the original assertion that the dissolution rate constants at contacting
asperities, k1, can be accurately approximated by the free-face dissolution rate constants, k2, at
pH 7. Note that k1 is assumed to be much smaller than k2.
The time-dependent evolution of the fracture aperture (gaping or closing) may now be
evaluated from equation (A.9). Calculated rates of aperture closure are reported in Table A.4
for various combinations of the inlet fluid pH, confining stress, and fracture contact area ratio
and shown against experimental results in Figure A.10.
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Table A.4: Predicted retreat velocity of the fracture walls for various combinations of the pH of the
injected fluid and confining stress at the different fracture contact ratios of 3 %, 7 %, and 15 %.
Experimental condition

Calculated rate
of aperture
evolution for
the contact
ratio of 3 %
[μm/hour]

Calculated rate
of aperture
evolution for
the contact
ratio of 7 %
[μm/hour]

Calculated rate
of aperture
evolution for the
contact ratio of
15 %
[μm/hour]

Confining
stress
[MPa]

pH of
injected
fluid

Experimentally
evaluated rate of
aperture evolution
[μm/hour]

3

5

40.77

72.00

73.96

74.70

6

14.85

5.45

7.41

8.20

6.1

3.28

1.29

3.26

4.04

6.3

-0.57

-1.16

0.80

1.58

6.5

-0.20

-1.63

0.33

1.11

7

-0.71

-1.99

-0.03

0.75

5

29.17

69.70

72.98

74.30

6

11.66

3.16

6.43

7.74

6.1

0.98

-1.00

2.28

3.59

6.3

-0.41

-3.45

-0.18

1.12

6.5

-0.70

-3.93

-0.66

0.65

7

-1.04

-4.28

-1.01

0.30

5

28.50

64.00

70.53

73.15

6

4.16

-2.56

3.97

6.60

6.1

-0.51

-6.72

-0.18

2.44

6.3

0.31

-9.17

-2.64

-0.02

6.5

-0.32

-9.65

-3.11

-0.49

7

-0.94

-10.00

-3.46

-0.85

5

10
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Figure A.10: Comparison of the velocity of aperture evolution (gaping or closing) recovered
from observations (experimental results) and from numerical modeling for various
combinations of pH of the injected fluid, confining stress, and the ratio of contacting asperities
to the entire fracture area.

Rates of aperture evolution evaluated with equation (A.9) for fracture contact area ratios of 3 %
to 15 % reproduced the characteristics of the experimental results. Note that only for pH<6 is
there a significant difference between the predicted and observed rates. Moreover, the match
with experiments is best at confining stresses of 3.0, 5.0, and 10.0 MPa when the fracture
contact area ratio was set to 3.0, 7.0, and 15.0 %, respectively. This suggests that fracture
contact area increases with increased stress – a reasonable, but unmeasured, expectation
[Yasuahra et al., 2006a; Yasuahra et al., 2006b; Watanabe et al., 2009; Nemoto et al., 2009].
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A.7.

Discussion and conclusions

The previous describes a systematic study of the interaction between mechanical and
non-equilibrium chemical effects on the evolution of permeability in fractures in carbonate
where chemical effect are significant. Experimental measurements of fracture permeability and
mineral mass efflux are used to constrain models for the competition between free-face
dissolution and pressure solution. These effects operate in different polarities: free-face
dissolution increases net aperture and permeability and pressure solution at the contacting
asperities decreases aperture and reduces permeability.
At confining stresses to 10 MPa, the permeability increases monotonically when the pH
of the injected fluid is less than ~6.1 (free-face dissolution dominant) and decreases when the
pH is greater than ~6.5 (pressure solution dominant). In the transitional regime (6.1<pH<6.5)
the invariant permeability represents a balance between these two mechanisms of free-face
dissolution and pressure solution. However, this balance does not necessarily represent a
balance in the masses removed by each mechanism as closure is modulated by the relatively
small contact area that props the fracture open [Taron and Elsworth, 2010; Yasuahra et al.,
2006a; Yasuahra et al., 2006b]. The series of flow-through experiments also shows that
confining stress only influences free-face dissolution dominant conditions. The mass flux of
calcite derived from free-face dissolution and pressure dissolution is significantly dependent on
pH but not on stress. This observation enables us to surmise that free-face dissolution
dominates at low pH where area ratio of contacting asperities to the total fracture area is
extremely low.
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A numerical model is applied to examine the experimental observations –that fracture
permeability increases or decreases due to the competition between stress and reactivity. We
use different dissolution rate constants to represent conditions at the contacting asperities (k1)
and at the fracture free-face (k2), and assume that the contact area ratio between contacting
asperities and the total fracture area (Rc) is time-independent. The model is capable of
following the characteristics of permeability evolution observed in the experiments for various
combinations of the inlet fluid pH and confining stress (enhancement or reduction). The
dissolution rate constants for free-face dissolution are determined at each pH of the injected
fluid from the experiments. These are consistently higher than the dissolution rate constants
assumed under the contacting asperities (k1). The resulting analyses significantly overestimate
the rate of permeability evolution during the circulation of fluid with the inlet pH> 6.0. This
result is partly due to the assumption that there is no dependency of the dissolution rate
constant at the contacting asperities (k1) on the percolating fluid pH [Taron and Elsworth, 2010;
Yasuahra et al., 2006a; Yasuahra et al., 2006b]. Additionally, our numerical model suggests that
the fracture contact ratio increases with an increase in confining stress [Watanabe et al., 2009;
Nemoto et al., 2009].
This model adequately represents the principal characteristics of fracture permeability
evolution observed in the experiments. But it does not consider the effect of wormhole,
dissolution in the sample or along the edges of the cylindrical sample where the fracture
terminates against the enclosing membrane [Elsworth and Yasuhara, 2006; Panga et al., 2005;
Detwiler and Rajaram, 2007; Detwiler, 2008; Szymczak and Ladd, 2008; Watanabe et al., 2009;
Nemoto et al., 2009; Liu et al., 2005; Durham et al., 2001; Kalia et al., 2009]. These effects are
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partly apparent in the experiments but cannot be accommodated in a lumped-parameter
model.
In all experiments, the measured concentrations of Ca are significantly below
equilibrium solubilities. This is due to the short residence time for flow within the fracture. For
this non-equilibrium condition it is of critical importance to map regimes of permeability
evolution. These experiments map these regimes for both the reactivity of the injected fluid
and the ambient confining stress. This aids in understanding anticipated response acidization in
carbonate reservoirs, subsurface CO2 sequestration, and the effective recovery of potable
waters from the subsurface. These experiments illustrate the diversity of permeability evolution
and the important roles of stress and chemistry on defining this evolution.
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