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Abstract: A fl ow-through experiment was performed to investigate evolution of a fractured carbonate 
caprock during fl ow of CO2-acidifi ed brine. A core was taken from the Amherstburg limestone, a 
caprock formation overlying the Bois Blanc and Bass Islands formations, which have been used to 
demonstrate CO2 storage in the Michigan basin. The inlet brine was representative of deep saline 
brines saturated with CO2, resulting in a starting pH of 4.4. Experimental conditions were 27 °C and 
10 MPa. X-ray computed tomography and scanning electron microscopy were used to observe evolu-
tion of fracture geometry and to investigate mineralogical changes along the fracture surface. The initial 
brine fl ow corresponded to an average fl uid velocity of 110 cm hr−1. After one week, substantial mineral 
dissolution caused the average cross-sectional area of the fracture to increase from 0.09 cm2 to 0.24 
cm2. This demonstrates that carbonate caprocks, if fractured, can erode quickly and may jeopardize 
sealing integrity when hydrodynamic conditions promote fl ow of CO2-acidifi ed brine. However, 
changes to fracture permeability due to mineral dissolution may be offset by unaltered constrictions 
along the fl ow path and by increases in surface roughness. In this experiment, preferential dissolution 
of calcite over dolomite led to uneven erosion of the fracture surface and an increase in roughness. In 
areas with clay minerals, calcite dissolution left behind a silicate mineral-rich microporous coating 
along the fracture wall. Thus, the evolution of fracture permeability will depend in a complex way on the 
carbonate content, as well as the heterogeneity of the minerals and their spatial patterning.
© 2011 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction

S
ecure geologic carbon sequestration requires a 
caprock that is able to contain CO2 for long 
periods of time. Subsurface injection of large 

volumes of CO2 may lead to conditions that generate 
new fractures in the caprock or reopen existing 
fractures.1,2 Fractures, regardless of their origin, may 
serve as conduits for fl ow if they are hydraulically 
connected to an overlying aquifer.3 
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CO2 that dissolves in water will acidify formation 
brines.4 Carbonate minerals, such as calcite and 
dolomite, are known to be reactive when in contact 
with CO2-acidifi ed brines.5 Th erefore some degree of 
erosion is expected along fl ow paths where CO2-acidi-
fi ed brine contacts carbonate rock, such as in hydrau-
lically connected fractures in carbonate caprocks. 
Characterizing and modeling coupled fl uid fl ow and 
reaction in fractures is challenging due to the interre-
lationship of these processes and the eff ects of spatial 
heterogeneities in fracture geometry and mineral 
distributions.6−8 Reaction-induced changes in fracture 
geometry can alter intrinsic permeabilities and relative 
permeabilities in ways that are diffi  cult to predict. It is 
well known that fl ow permeability increases with 
fracture aperture,9 but fl ow is hindered with increas-
ing roughness of fracture surfaces.10,11 Furthermore, 
while mineral dissolution may enlarge the fl ow path, it 
is also possible that fracture permeability may de-
crease due to removal of the asperities holding the 
fracture open.12 Finally, mineral dissolution may lead 
to clogging of the fl ow path caused by particle decohe-
sion.13 Th erefore, predictions of long-term seal integ-
rity require an understanding of how the complex 
interplay of CO2-water-rock interactions and fl uid 
transport will impact fracture evolution. 

Th is paper presents results of an experimental study 
designed to investigate the micrometer- to centimeter-
scale evolution of fracture geometry in an artifi cially 
fractured limestone caprock exposed to fl ow of 
CO2-acidifi ed brine. Experiments conducted at this 
scale are needed to determine the importance of 
complexities, such as mineral spatial heterogeneity, in 
controlling fl ow along fracture pathways. To investi-
gate a relevant case, a caprock specimen was sampled 
from the drilling core of the injection well at one of 
the CO2 injection demonstration sites of the US 
Department of Energy. Th e site is the Midwest Re-
gional Carbon Sequestration Partnership’s project 
located in Otsego County, Michigan. Approximately 
60 000 tons of CO2 were injected into the Bass Islands 
Dolostone between 2008 and 2009. Th is formation is 
overlain by the Bois Blanc formation, a cherty carbon-
ate, and above that by the Amherstburg formation, a 
dense fossiliforous dolomitic limestone. Th e Amherst-
burg formation is considered the primary caprock for 
this injection site.14 Th is is one of three existing 
deep-saline formation CO2 injection projects that rely 
on a carbonate caprock as the primary seal for secur-
ing the injected CO2.15

A seven-day core-fl ooding experiment was con-
ducted in which CO2-acidifi ed brine fl owed through 
an artifi cially fractured Amherstburg core sample. 
Th e brine composition was selected to represent a 
brine that has had time to react with the injection 
formation minerals under CO2-saturated conditions 
prior to contact with the core. Temperature and 
pressure conditions were 27°C and 10 MPa. Under 
these conditions and at equilibrium with CO2, the 
brine had a pH of 4.4. Th e evolution of fracture 
aperture was monitored in real-time using an X-ray 
computed tomography (CT) scanner. Before and aft er 
the experiment, 3-D reconstructions of the fracture 
geometry, aperture, and surface roughness were 
examined at higher resolution via micro X-ray CT 
(μCT). Finally, the cores were sectioned and examined 
with scanning electron microscopy (SEM). Th e 
combination of high resolution μCT and SEM analysis 
provides valuable insight into the mineralogy-depen-
dent alterations of fracture geometry due to fl ow of 
reactive fl uids.13,16,17 

Methods
Sample characterization and brine 
composition
Th e Amherstburg sample used in this study came 
from a 10-cm diameter core that had been collected at 
a depth of 928 m during the drilling of the injection 
well at the Otsego County project site. A similar 
specimen from the Bois Blanc was also obtained, and 
used to estimate mineralogy of that formation. A 
2.54-cm diameter vertical core was cut from the 
Amherstburg sample using a water-jet cutter to 
prevent unwanted mechanical degradation of the 
sample. Th e sample was artifi cially fractured prior to 
the experiment to enable fl ow. Th e fracture was 
induced under normal stress compression with dual 
knife-edge chisels perpendicular to the horizontal 
(XY) plane of the core. Prior to fracturing, the core 
was stabilized by coating the exterior with epoxy. Th is 
technique was successful in producing a fracture that 
propagated the length of the core. Aft er the core was 
fractured, another coat of epoxy was applied to the 
core exterior, leaving only the ends exposed, to ensure 
the integrity of the epoxy coating and prevent lateral 
fl ow along the outer boundary during brine fl ow.

Th e Amherstburg caprock specimen is primarily 
composed of calcite and dolomite, in roughly equal 
proportions. Together, these minerals comprise >90% 
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of the bulk sample, with the remaining rock contain-
ing a mixture of quartz, K-feldspar, clay minerals, and 
pyrite. Th e Bass Islands formation is predominately 
composed of dolomite with <10% other minerals 
including, in descending order of proportion, calcite, 
anhydrite, quartz, K-feldspar, and clay minerals. To 
determine these mineral compositions, X-ray diff rac-
tion was used to identify the primary minerals 
present. Th en, a section of each sample was cut and 
polished for SEM analysis. Back-scattered electron 
(BSE) microscopy was used to diff erentiate mineral 
material from pore space, and where possible, diff er-
entiate between minerals. Th ese BSE images were then 
combined with energy dispersive spectroscopy (EDS) 
elemental maps, such as those for calcium and mag-
nesium. Specifi c minerals and their percent contribu-
tion to the sample area were identifi ed using an 
algorithm that overlays the BSE gray-scale images 
with the EDS elemental maps. For example, the BSE 
images can be used to separate calcite from dolomite. 
Dolomite is assigned to regions of the EDS map where 
calcium and magnesium co-occur, with no other 
metals present, and where the BSE map has a gray-
scale intensity corresponding to the range assigned to 
dolomite. Th ese area estimates are used as a proxy for 
the percent volume contribution of each mineral and 
represent a semi-quantitative estimate of bulk miner-
alogy. Several 2-D images were taken at random 

locations on the polished section. Th e analysis of the 
BSE images builds upon the work of Peters.18 Th e 
samples were examined at the Image Analysis Center 
at Princeton University using a Bruker X-ray diff rac-
tometer and a Quanta environmental scanning 
electron microscope. 

Th e experimental brine composition shown in 
Table 1 was selected to represent CO2-saturated brine 
that had already reacted with minerals in the injection 
formation. Specifi cally, the composition mimicked a 
CO2-saturated 1 M NaCl brine reacted with dolomite, 
calcite, and anhydrite with saturation indices of 
approximately -2. Temperature and pressure condi-
tions of 40ºC and 10 MPa were chosen to represent 
those occurring at a depth of approximately 1 km, 
which is at the interface between the Amherstburg 
and the Bois Blanc formations. Brine pH and mineral 
saturation calculations were made using PHREEQC 
with the Pitzer.dat database.19 Aqueous activity 
coeffi  cients were estimated using the Pitzer model.20 
CO2 solubility was estimated to be 0.98 mol L−1 
following the work of Duan et al.21 Th ermodynamic 
constants shown in Table 2 were determined through 
the use of SUPCRT92 to account for system pressure 
and temperature conditions.22

Flow-through experiment
Figure 1 shows a simplifi ed depiction of the experi-
mental system that was constructed in the core-fl ow 
experimental facility at DOE NETL in Morgantown, 
WV. Th e fractured sample was placed in a rubber 
jacket that was inserted into a TEMCO triaxial 
carbon-fi ber core holder. A confi ning pressure of 14 
MPa was applied to the exterior of the rubber jacket 
to prevent lateral fl ow along the core exterior. 

A batch of the synthetic brine was prepared in the 
brine reservoir by mixing deionized water and salts: 
NaCl (extra pure, Acros Organics), CaCl2 (>96% pure, 
Acros Organics), MgCl2·4H2O (reagent grade ACS, 
Acros Organics), NaOH (>97% pure, Acros Organics), 
and Na2SO4 (>99% pure, Fisher). Th en, two separate 

Species (total) [mol L−1]

Na+ 1.0 × 100

Cl− 1.0 × 100

Ca2+ 6.4 × 10−3 to 3.5 × 10−2

Mg2+ 1.8 × 10−2

SO4
2− 1.1 × 10−2

CO2(aq) 9.8 × 10−1

pH 4.4 to 4.9

Table 1.  Inlet brine composition.

log(K) log(Ksp) SI log(k) [mol m−2 s−1]

Calcite 1.87 −8.39 −1.99 −4.1

Dolomite 2.54 −17.98 −2.29 −5.0

Table 2.  Thermodynamic constants (K) for acid-driven dissolution of calcite (Eqn 1) and dolomite (Eqn 2), 
and the solubility product constant (Ksp) for the dissolution of one mole of each mineral at 27 °C and 
10 MPa. Saturation indices (SI) correspond to the solution conditions in the inlet brine. Reaction rate 
constants (k) are estimated following the work of Chou et al.33 for ambient pressure, 25°C and pH = 4.4.
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high-pressure syringe pumps (Teledyne Isco, Inc., 
Lincoln, NE, USA) delivered CO2 (99.5% pure, Airgas) 
and brine to the high-pressure mixing vessel where 
they were allowed to equilibrate at 40°C and 10 MPa. 
Th e resulting CO2 saturation in the brine was checked 
by comparing the measured pH to the predicted 
equilibrium pH. Th e measured pH values were within 
the expected range of model pH values shown in 
Table 1. Inlet brine samples were taken at the begin-
ning of the experiment (higher calcium concentration, 
higher pH) and aft er three days (lower calcium 
concentration, lower pH). Precipitates, likely calcium-
bearing, were visible in the brine reservoir early on in 
the experiment. As such, the day-3 composition is 
believed to be most representative of the fl uid fl owed 
through the fracture over the course of the experi-
ment and is therefore used throughout this paper for 
the purpose of discussion. Th e pH measurements were 
made at system temperature and pressure conditions 
with use of high-pressure, high-temperature pH 
probes (Corr Instruments, LLC, San Antonio, TX, 
USA). Brine samples were treated with nitric acid and 
diluted before being analyzed via ICP-OES on a 
Perkin Elmer Optima 3000 XL. 

To start the fl ow experiment, the CO2 valve was 
closed and the brine pump was used to push the 
CO2-saturated brine through the core. Th e experi-
ment was designed to have a constant fl ow rate of 
10 mL hr−1, which was chosen such that the pumps 
would be refi lled once every two days. Th is corre-
sponded to an average initial fl uid velocity of 

110 cm hr−1, which was calculated as the volumetric 
fl ow rate divided by the average initial cross-sectional 
area of the fracture. Th e system pressure was con-
trolled at 10 MPa by a back-pressure regulator located 
near the outlet. Under the fl ow conditions of the 
experiment, there was no measureable pressure 
diff erential across the core and as such, there is no 
discussion of changes in core permeability presented 
in this paper. A temperature of 40 °C was successfully 
maintained in the mixing vessel; however, the average 
temperature measured at the core was 27 °C. Th is 
lower core temperature was due to safety limitations 
in heating of the core holder exterior coupled with 
heat losses along the upstream fl ow path and at the 
core-holder end caps. 

X-ray computed tomography
Tomographic imaging of the core 
X-ray computed tomography was used in two ways to 
perform non-destructive imaging of the fractured 
core before, during, and aft er the experiment. X-ray 
attenuation at beam energies greater than 100 keV 
corresponds to material density with a characteristic 
CT number that can distinguish mineral and void 
space.23,24 Th e fl ow-through experiment was con-
ducted within a Universal Systems HD-350E medical 
CT scanner. Th is allowed for real-time scans to be 
taken without disturbing the experiment. Scans were 
taken twice daily with a beam energy of 140 keV for 
the duration of the experiment providing information 
on fracture evolution. Th e medical scanner produces a 
series of 2-D slices with a voxel resolution of 250 μm 
in the plane of the slice and a thickness of 2 mm. Th is 
leads to data being averaged over the 2 mm depth of a 
single slice causing some blurring along areas where 
the fracture aperture changes within this length. It 
also means that a fracture aperture of less than 
250 μm will only be positively identifi ed as a void 
space due to a reduction in the CT number for the 
voxel that captures the fracture. 

Th e fractured core was also imaged prior to and 
aft er completion of the experiment with a Mi-
croXCT-400 scanner (Xradia, Inc., Pleasanton, CA, 
USA). Th e core was scanned dry and under ambient 
temperature and pressure conditions. Unlike the 
medical CT that scans a stationary sample while 
rotating the X-ray source and detector array, the μCT 
obtains a series of 2-D images with the sample 
rotating in a stepwise fashion between a stationary 

Figure 1. Simplifi ed schematic of experimental design.
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source and detector. Xradia utilizes a proprietary 
arrangement of scintillators, optics, and high-resolu-
tion detector to achieve high-resolution, high-contrast 
X-ray images.25 Th e large size of the core required that 
the sample be imaged in three sections of approxi-
mately 27 mm in length, allowing for some overlap 
between consecutive sections. Th e sample was 
scanned with an X-ray beam energy and power of 
150 keV and 10 W, respectively, at rotational incre-
ments of 0.06° for the top section and 0.14° for the 
bottom two sections. Th e selected optics provided a 
3-D reconstructed image with a voxel resolution of 
27 μm, representing an order of magnitude improve-
ment in resolution when compared to that achieved 
by the medical scanner. 

Image analysis and aperture measurement
Th e medical CT scans were adjusted using the image 
processing Java application, ImageJ, in order to 
provide a uniform gray-scale image for the given 
range of CT numbers generated in the reconstruction. 
Th is also allowed for balancing of the contrast be-
tween consecutive scans, which then made it possible 
for cross-scan comparison of single 2-mm slices.

Two-dimensional slices of the reconstructed μCT 
scans were exported as jpeg fi les and ImageJ was again 
used to align and uniformly contrast these images. 
Each 2-D slice contained square pixels (27 μm × 
27 μm) and represented a thickness (z-direction) 
of 27 μm. Th e fi eld-of-view for these images was 27 × 
27 mm, which is slightly larger than the core diam-
eter. At these settings, the angle of the cone-beam of 
the μCT X-ray source introduces a wedge-shaped 
artefact at the top and bottom of the reconstructed 
images. Th is artefact can be seen at the top of Fig. 5(a), 
the bottom of which was cropped for this fi gure. If 
detailed whole-core information was required, more 
sections could have been scanned to provide suffi  cient 
overlap between sections to enable elimination of the 
wedge-shaped artefacts during stitching of the stacked 
sections. Th is was not necessary for the purposes of 
the research reported here. Th e three sections that 
were scanned of the 7.06-cm core still yielded ~6.5 cm 
(92%) of good μCT data for image analysis.

Prior to fracture aperture analysis, the fracture area 
of the entire set of 2-D images was isolated and the 
gray-scale contrast enhanced. Th e gray-scale images 
were then segmented using a thresholding algorithm 
in ImageJ based on a normalized histogram of the 
entire set of images. Fracture aperture was measured 

as the width of the fracture at every pixel column 
spanning the fracture. In areas where there were 
multiple fractures, a volumetric average was calcu-
lated to estimate an eff ective fracture aperture.

Sectioning and SEM imaging
To examine mineralogical alterations of the fracture 
surface, the core was sectioned and prepared for SEM 
imaging. Aft er the experiment was fi nished and the 
core had been scanned, the core was dried and 
fl ooded with epoxy to allow for sectioning and further 
analysis with the SEM. To do this, the core was fi rst 
fl ushed with ethanol and then dried via continuous 
fl ow of desiccated air. Th e core was fl ooded with 
epoxy with vacuum-assisted fl ow. 

Figure 2 depicts the fracture orientation and identi-
fi es where samples were taken for SEM analysis. Th e 
core was sectioned along three planes. Section 1 was 
taken approximately 15 mm from the core inlet. 
Section 2 was taken approximately 8 mm from the 
outlet end of the core. Th e 15 mm section (core inlet 
to section 1) was then cut in the fl ow (Z) direction to 

Figure 2. Diagram of 
fractured core with 
core dimensions and 
location of sections 
used for SEM 
analysis.
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bisect the fracture perpendicular to its propagation in 
the XY plane. Th e sections were then polished and 
analyzed using the BSE/EDS image analysis technique 
previously described to identify the minerals adjacent 
to the fracture.

Results
Results from both the medical and μCT scans show 
evidence of an increase in fracture aperture through-
out the core. Figure 3 shows a series of scans taken 
near section 1 with the medical CT scanner over the 
duration of the experiment. Even with the relatively 
low resolution of the medical CT images, an increase 
in fracture aperture is observed. 

Figure 4 contains aperture maps for the fracture 
before (a) and aft er (b) fl ow of the CO2-acidifi ed brine. 
Th e diff erence in aperture is shown in Fig. 4(c). 
Figure 4(f) shows the average fracture aperture along 
the length of the core from the core inlet to the outlet. 
Initially, the fracture aperture was largest near the 
inlet with an average aperture of 480 μm and smallest 
near the outlet with an average aperture of 160 μm. 
Th e largest increase in aperture occurred in the 
one-third of the core near the outlet. Th is section of 
the core represents not only the area of largest abso-
lute change in aperture but also the area with the 
largest average fi nal aperture of 1100 μm. Figures 4(d) 
and 4(e) show the distribution of fracture apertures 
before and aft er fl ow, respectively. Initially, the 
median aperture of the fracture was 270 μm. Th e 
distribution of fracture apertures changed signifi -
cantly aft er fl ow of the CO2-acidifi ed brine, resulting 
in a median aperture of 860 μm. 

Along the 6.5 cm length, fracture void volume prior 
to fl ow of CO2-acidifi ed brine was ~0.6 ml and the 
average cross-sectional area was 0.09 cm2. Aft er seven 

days of exposure to the fl owing CO2-acidifi ed brine, 
the fracture had a void volume of ~1.6 ml and average 
cross-sectional area of 0.24 cm2. Th is represents an 
increase in fl ow area of ~2.7 times, resulting in a 
reduction in average fl ow velocity from 110 to 42 cm 
hr−1, and a reduction in fl ushing from ~17 to ~6 
fracture pore volumes hr−1. In the fi eld, a constant 
pressure gradient is more likely to exist, in which case 
the increase in fl ow area would increase the volumet-
ric fl ow rate.

Close examination of the μCT images shows evi-
dence that the fracture wall was eroding in a non-
uniform manner. Figure 5 focuses on the one third of 
the core near the fl uid inlet. Figure 5(a) shows the 
fracture aft er the experiment overlain with the initial 
fracture void shown in white. Th e μCT images show 
intermittent regions adjacent to the fracture void 
space that are slightly blurred. Th ese are partially 
degraded zones. Th e zone highlighted by Box 1 in 
Fig. 5(a) is focused upon in Fig. 5(b), and is on the 
order of 300–400 μm in thickness. It appears to be of 
a fairly uniform thickness, suggesting that transport 
in this degraded zone may have been a limiting factor 
controlling the continued dissolution of the fracture 
surface.  

Th e BSE and EDS analysis of sectioned segments of 
the core shed light on the mineralogical content of the 
fracture boundary and within the degraded zones 
observed in the μCT images. Along the fracture, 
calcite dissolved to a much greater extent than the 
other minerals present in the sample. Th e non-uni-
form degradation along the fracture wall is a result of 
the mineral spatial heterogeneity of the rock. Figures 
6(a) and 6(c) show that the largest increases in frac-
ture aperture occurred at points where calcite is in 
direct contact with the fl owing brine. Figure 6(a) is 
the BSE image corresponding to Box 2 shown in 

Figure 3. Six-day time series of medical CT scans of 2-mm section taken approximately 2 cm from core 
inlet. Scans from days 2 through 7 are shown, left to right. Consecutive scans are not precisely 24 hours 
apart, but show general progression of fracture erosion.
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Fig. 5(a). Th e smallest increases in fracture aperture 
correspond to areas where there are silicate minerals. 
In areas where calcite is intermixed with dolomite and 
other silicate minerals the dissolution of calcite leads 
to the formation of degraded zones along the fracture 
boundary as observed in the μCT images. Figure 6(b) 
provides a good example of preferential calcite disso-
lution in an area with homogenous mineral distribu-
tion. Figure 6(d), which is a close-up of the clay-rich 
zone in Fig. 6(c) highlighted within the box, demon-

strates how calcite dissolution in an area of higher 
clay content can leave behind a continuous micropo-
rous silicate matrix. 

Th e non-uniform change in average aperture along 
the length of the core, as shown in Fig. 4(f), is most 
consistent with an uneven distribution of calcite along 
the length of the core. Figure 6(c) is from section 2 
(Fig. 2), which is the segment of the core that experi-
enced the largest increase in aperture. Large grains of 
calcite are observed adjacent to the fracture wall. 

Figure 4. Fracture aperture maps of the fracture before (a) and after brine fl ow (b). The total change in aperture 
between the initial and fi nal aperture measurements is shown in (c). Aperture width distributions are shown for the 
fracture before (d) and after brine fl ow (e). The average measured aperture along the length of the core is shown in (f). 
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Here, there was erosion at a much faster rate than the 
surrounding rock of mixed calcite, dolomite, and clay 
mineral composition. Th ere appears to be a distinct 
dissolution front along these calcite grains, which 
suggests the large increases in fracture aperture in 
this section are due to extensive dissolution and not 
grain plucking.

Discussion
Th e results of this experimental study demonstrate 
that for a carbonate caprock signifi cant fracture 
erosion is possible when CO2-acidifi ed brine is able to 
fl ow continuously through the fracture. In the context 
of geologic carbon sequestration, this would increase 
the likelihood of leakage of CO2 through the caprock, 
but predicting the extent and timeframe of this 
increased risk is complicated by how the fracture 
geometry evolves. In this discussion section, we put 
the fi ndings from this experiment in context with 
comparable studies, and we use the collective fi ndings 
of these studies to frame a discussion on how fl ow 
through caprock fractures may be infl uenced by 
geochemical alteration of fracture geometry. We also 
interpret the fi nding of the disproportionate dissolu-
tion rates of calcite and dolomite.

Th e rate and extent of geochemically driven evolu-
tion of caprock fractures will depend in a coupled way 
on fl uid transport conditions (advective and diff usive 

mass transport), fl uid composition (pH and mineral 
saturation conditions), caprock mineralogy (carbon-
ates and silicates), and mineral spatial heterogeneity 
(mixed or banded). In this experiment, advective fl ow 
was dominant over diff usion. If mass transport in the 
fracture is diff usion-limited, then the erosion of the 
fracture surface will occur at a signifi cantly reduced 
rate, as dissolution kinetics would be limited by the 
rate of diff usion of species away from reactive mineral 
surfaces. Diff usion of CO2-acidifi ed brines into the 
higher pH native fl uids within the caprock may 
produce conditions that favor carbonate mineral 
precipitation, and thereby enhance the sealing capac-
ity of the caprock.26 In laboratory experiments 
involving reactive fl ow in fractured carbonate rocks, it 
was found that dissolution was favored in advection-
dominated fractures and precipitation (of sulfates) was 
favored in diff usion-limited fractures.27 Another 
relevant scenario is the coupled fl ow of acidifi ed brine 
with advection- and buoyancy-driven fl ow of super-
critical CO2.28 Andreani et al.17 studied the impact of 
alternating brine and CO2 gas fl ow through a frac-
tured claystone caprock. Th ey observed calcite disso-
lution during CO2-acidifed brine fl ow and an increase 
in fracture aperture which was attributed to a cyclic 
process of clay decohesion during CO2 gas fl ow 
followed by clay removal during subsequent brine 
fl ow. Upon further investigation of these results, Pèpe 
et al.29 suggested that during CO2 gas fl ow, the 

Figure 5. (a) µCT scan of 2-cm section near the core inlet after brine fl ow. The initial 
fracture void is shown in white overlying the fracture after dissolution to highlight the 
changes in fracture aperture. Box 1 in (a) is enlarged and shown in (b) to emphasize the 
development of a degraded zone along the fracture surface.
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interstitial fl uids within the microporous clay matrix 
become highly acidifi ed, leading to clay particle 
decohesion. 

Th e evolution of caprock fractures will also depend 
strongly on the mineralogy of the caprock. In this 
study, there was substantial erosion of the fracture 
wall where there was calcite, and to a lesser but 
measurable extent where there was dolomite. Th e clay 
minerals, which are less reactive, remained, and 

possibly inhibited the dissolution of the carbonate 
minerals by slowing the transport of reaction prod-
ucts to the bulk brine phase. Th e slower rate of 
aperture growth in clay-rich regions of the fracture 
surface is particularly evident in Fig. 6(d). Th is implies 
that the presence of clay minerals may reduce the 
concomitant fracture aperture growth in a carbonate 
rock. Th is observation also suggests that weathered 
fracture surfaces, which can have signifi cant clay 

Figure 6. BSE images of (a) area highlighted by box 2 in Fig. 5(a) showing preferential dissolution of calcite leading to 
non-uniform aperture increases, (b) area of section 2 showing homogenous mineral distribution and development of 
degraded zone along fracture wall, (c) area of section 2 showing non-uniform aperture increases, and (d) close-up view of 
clay-rich microporous zone highlighted by box in Fig. 6(c).
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near the top of Fig. 6(a). Th e fl ow resistance through 
this unaltered silicate band may ultimately dominate 
the system fl ow, even though it is only a small por-
tion of the total fracture geometry. According to the 
principles of critical path analysis in percolation 
theory, fl ow rate is largely dominated by the most 
resistive paths.32 

In summary, for reactive fl ow through fractures in 
mineralogically heterogeneous rocks, the eff ect of 
increased fracture aperture may be off set by the eff ect 
of increased fracture roughness, and may even be 
negated if unaltered narrow restrictions remain.

In the remainder of the discussion section, we seek 
to explain the observed preferential dissolution of 
calcite over dolomite. Th ree factors are considered: 
mineral solubility, thermodynamic driving forces, and 
dissolution kinetics. Th e acid-driven mineral dissolu-
tion reactions for calcite and dolomite are, 
respectively, 

CaCO3(s) + H+ ⇔ Ca2+ + HCO3
− (1)

CaMgCO3(s) + 2H+ ⇔ Ca2+ + Mg2+ + 2HCO3
− (2)

Table 2 contains the temperature- and pressure-ad-
justed equilibrium constants, K, for these reactions, 
along with the solubility product (Ksp) for the dissolu-
tion of one mole of each mineral. Although calcite is 
slightly more soluble than dolomite, the diff erences in 
solubility alone are unlikely to account for the ob-
served preferential dissolution of calcite in this 
experiment. Values of the saturation index (SI), the 
logarithm of the ratio of the ion activity product to K, 
for each of the reactions shown above are given in 
Table 2. Th ese minerals were at nearly equal satura-
tion states, and in fact dolomite was slightly further 
from thermodynamic equilibrium. Th us thermody-
namic forces were not the determining factor leading 
to preferential calcite dissolution. 

Th e preferential dissolution of calcite over dolomite 
in these experiments is therefore attributed primarily 
to the diff erences in the reaction rate kinetics. Reac-
tion rate constants for each mineral are also given in 
Table 2, based on literature-reported values for 
ambient pressure, 25 °C and pH=4.4.33 Th e reaction 
rate constant for calcite dissolution is nearly one order 
of magnitude greater than that of dolomite, and 
therefore, dissolution kinetics was likely the primary 
driving force of the observed preferential calcite 
dissolution.

mineral deposits, may experience lower aperture 
growth rates relative to freshly created fracture 
surfaces.  In a similar study, Noiriel et al.13 investi-
gated acidic water fl ow through an existing fracture in 
an argillaceous limestone, and reported that the 
preferential dissolution of calcite led to the develop-
ment of a microporous clay coating along the fracture 
wall. Formation of the microporous clay coating was 
correlated with an increase in surface roughness, and 
an overall reduction in fracture permeability was 
primarily attributed to clay particle transport and 
accumulation within the fracture.

Th e mineralogical composition of the rocks used in 
the current study diff ered signifi cantly from the rocks 
used in the studies by Noiriel et al.13 and Andreani 
et al.17 All three studies observed preferential dissolu-
tion of calcite within fractures of carbonate and 
carbonate-rich rocks; however, the clay mineral 
content of the three rock samples varied considerably. 
Noiriel et al.13 used a limestone containing roughly 
25% clay minerals, and Andreani et al.17 used a 
carbonate-rich shale containing 45% clay minerals. 
Th e Amherstburg core used in the current study 
contained less than 10% non-carbonate minerals with 
an estimated clay mineral content of 2 to 5% of the 
bulk rock. Th e low percentage of clay minerals within 
the Amherstburg rock core, in addition to the fact 
that the fracture was fresh and not weathered, meant 
that the fracture surfaces would provide substantial 
contact with carbonate minerals. 

Finally, the evolution of caprock fracture geometry 
is strongly dependent on the mineral spatial heteroge-
neity and confi guration, as evidenced in Figs 6(a)–
6(c), particularly as it relates to the fracture surfaces. 
Th e preferential dissolution of calcite, coupled with 
non-uniform mineral distribution along the fracture, 
led to increases in fracture surface roughness. Th is 
uneven fracture erosion is similar to that found by 
Gouze et al.16 for a fractured limestone containing 
15% dolomite. It is well known that fracture rough-
ness can substantially reduce hydraulic fl ow through a 
fracture relative to what would be predicted from the 
average fracture aperture.30 Additionally, the non-
uniform dissolution of the fracture surface may lead 
to conditions that promote the development of 
preferential fl ow paths and possible wormhole forma-
tion along the fracture pathway.31

In this experiment, it was also observed that frac-
ture aperture growth was negligible where the 
fracture intersected a silicate-rich band, as shown 
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Conclusion
Th e experimental results from this study suggest that 
if hydraulically connected fractures exist in carbonate 
caprocks, fl ow of CO2-acidifi ed brine may lead to 
rapid dissolution along fracture pathways. Th e dete-
rioration of the fracture in this experiment was due 
primarily to calcite dissolution and resulted in an 
increase in fracture cross-sectional area of ~2.7 times. 
Th is fi nding is not unexpected scientifi cally, but in the 
context of geologic sequestration of CO2 it highlights 
the vulnerability of carbonate formations as caprocks 
for securing CO2 underground, and it underscores the 
need to carefully evaluate their suitability during site 
selection. Th is study also demonstrates the complex 
manner in which fracture geometry can evolve under 
reactive fl ow conditions, making it diffi  cult to predict 
the actual impact on fracture permeability. Th e 
diff erential dissolution rates of calcite and dolomite 
led to an uneven erosion of the fracture surface, 
which caused a substantial increase in surface rough-
ness. Th e existence of unaltered silicate-rich bands 
along the fracture fl ow path and the increase in 
surface roughness may off set the eff ect of increases in 
average fracture aperture. Th is fi nding highlights the 
importance of understanding mineral spatial hetero-
geneity when trying to predict fracture evolution and 
ultimately, caprock seal integrity, when in contact 
with CO2-acidifi ed brine.

Because of the extreme degree and rate of fracture 
deterioration in this experiment, it is important to 
summarize the extent to which the scenario is 
plausible and representative. Several factors make 
this a plausible scenario including that the fractured 
specimen is from a real caprock from an actual CO2 
injection site, one that presumably satisfi ed numer-
ous site selection criteria. In addition, the brine 
composition and experimental temperature and 
pressure conditions are representative of typical 
subsurface conditions. Finally, fractures in sedimen-
tary rocks can exist, there is uncertainty in their 
detection, and fracture propagation can result from 
perturbations in fl uid pressures, rapid expansions, 
and thermal gradients. Th e co-existence of several 
unique conditions also contributed to the observed 
rapid fracture deterioration. First, the carbonate 
caprock used contained only a small amount of 
non-carbonate minerals and was therefore quite 
susceptible to acid-driven dissolution. Second, the 
mineral surfaces along the fracture wall were not 

weathered since the fracture was fresh. Th ird, the 
brine was under-saturated with respect to calcium. 
Fourth, the fl ow rate may be high relative to what 
might occur in the fi eld (although we have no basis 
for comparison). Th erefore, this fi nding is represen-
tative of what could happen if several plausible 
events co-occurred.
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