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Assessment of the structural integrity of carbonate-rich rocks subjected to acidic brine strongly relies on the
understanding of the coupling between the chemical changes and the alteration of the mechanical properties of
rocks. This study aims at an integrated microscale chemo-mechanical and microstructural characterization of
carbonate mudstones exposed to CO»-rich brine under high pressure and high temperature conditions. Digital
image analysis was performed on X-ray micro-computed tomography (micro-CT) images to realize microstruc-
tural evolution and spatial distribution of pores and different material phases. This approach showed three
distinct regions of porosity and carbonate content (resulting from dissolution and precipitation of calcium car-
bonates), which are critical for understanding the mechanical alteration of the rocks being investigated. Detailed
analysis of the micro-CT images also revealed the preferred precipitation of calcium carbonates in pores parallel
to the flow/reaction direction. Microscale chemo-mechanical testing performed using coupled grid nano-
indentation and scanning electron microscopy-energy dispersive spectrometry (SEM-EDS) complemented the
micro-CT results: dissolution zones close to the reacted surface were found to have lower hardness and inden-
tation modulus while an increased values in adjacent precipitation zones was observed. Also, the thickness of the
precipitation zones was found to be considerably higher in the direction of the bedding planes, which needs
special attention in laminated rocks like shales and mudstones. The microstructural and mechanical properties of
the microscale regions and the layered structure are expected to influence the overall mechanical properties and
integrity of the rock. These results enhance our understanding of the microscale origin of the macroscopic
mechanical alteration of carbonate-rich mudstones subjected to acidic brine.

1. Introduction leakage or create zones of damage concentration (Gasda et al., 2004;

Nordbotten et al., 2005). Previous geochemical studies have shown

Understanding the effect of chemical reactions between carbonate
rocks and acidic brine on the mechanical and microstructural properties
of rocks is essential for many applications such as stability of geo-
structures, CO, storage, geothermal exploitation, and petroleum pro-
duction to just name a few. In all these applications, the altered equi-
librium between the injected fluid and the rock stimulates geochemical
responses, mainly when CO; exists as a supercritical phase or in the form
of aqueous CO; in the formation brine under high pressure and tem-
perature conditions. For many applications, the structural integrity of
the reacted formation is critical as it can lead to micro/macro cracks and
high/low porosity zones, which can be potential pathways of CO-

localized increasing and decreasing effects on rock permeability due to
CO, attacks (Burnside et al., 2013; Busch et al., 2014; Hangx et al., 2015;
Kampman et al., 2016; Minardi et al., 2021). A decrease in permeability
is expected when carbonates precipitation seals the fractures and pores,
while the dissolution of carbonate minerals, feldspar, iron oxides, and
phyllosilicate minerals increases the permeability (Garcia et al., 2012;
Gaus, 2010; Liu et al., 2012; Lu et al., 2012).

Aside from investigating the chemical responses, limited studies
have explored the coupling of chemical changes to the alteration of
mechanical properties of rocks after exposure to acidic brine, most of
which have been applied to limestones and sandstones (Gunter et al.,
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1997; Liu et al., 2012; Rosenbauer et al., 2005). Such chemo-mechanical
studies primarily focused the assessment of either the mechanical
properties of bulk-reacted rock by means of compression tests and ul-
trasonic velocity measurements (Castellanza and Nova, 2004; Ciantia
et al., 2015; Clark and Vanorio, 2016; Croizé et al., 2010; Fernandez-
Merodo et al., 2007; Vanorio, 2015) or the micro-mechanical response
of the reacted surface by means of small-scale measurements (Akono
et al., 2019; Fuchs et al., 2019; Ilgen et al., 2018). These bulk rock tests
and surface measurements do not account for the mechanical changes of
different reaction zones formed in the reacted material. Understanding
the mechanical properties of various material constituents in individual
reaction zones is required to predict alterations in the bulk mechanical
response and to assess the structural integrity of the rock following
exposure to an acidic environment.

When exposed to acidic brine such as CO-rich brine, in general,
dissolution and precipitation of carbonates, particularly calcite, are
some of the dominant geochemical reactions detected in mudstones and
shale rocks (Aman et al., 2018; Hangx et al., 2013, 2015; Ilgen and
Cygan, 2016; Kharaka et al., 2006; Lamy-Chappuis et al., 2016). Calcite
is prone to faster chemical reactions with CO5 in comparison to hematite
and silicate. Recent laboratory studies indicate that both the volume
fraction and spatial distribution of calcite within the rock matrix influ-
ence the manner in which calcite dissolution and precipitation affect
bulk mechanical properties (Arson and Vanorio, 2015; Hangx et al.,
2015; Lamy-Chappuis et al., 2016). Therefore, the local alteration of the
material caused by the geochemical reaction of calcite and the resulting
mechanical response merit further investigation.

The present work is motivated by the aforementioned knowledge
gaps. Specifically, the primary objective is to characterize the micro-
structural evolution and chemo-mechanical interactions of carbonate
mudstones when exposed to COa-rich brine at high temperature and
high pressure conditions. X-ray micro-computed tomography (micro-
CT) imaging is performed to identify the different reaction zones and the
spatial distribution of different minerals in these zones according to
their densities and texture before and after the reaction. Nano-
indentation coupled with scanning electron microscopy-energy disper-
sive spectrometry (SEM-EDS) is used to characterize the mechanical
properties (indentation modulus and hardness) of different mineral
constituents within individual reaction zones. The application of
microstructural and chemo-mechanical characterization methods high-
lights key chemical reactions and the resulting mechanical properties
changes across the depth of the reacted rock. The results of character-
ization techniques have the potential to provide instrumented data to
inform and validate reactive transport models as well as chemo-
mechanical models capable of simulating bulk mechanical response
based on local properties.

2. Experimental techniques
2.1. Material

The present study uses outcrop samples from the Eagle Ford For-
mation. Table 1 details mineral composition, TOC, and porosity of

Table 1

Mass percent composition of Eagle Ford samples.
Phase Proportion (wt %)

EF-1 EF-2

Calcite 94.4 65.1
Dolomite - 7
Quartz 3.6 25.6
Kaolinite 1.1 1.5
Orthoclase (Feldspar) 0.9 -
Hydrotalcite - 0.8
TOC 0.37 3.14
Porosity 5.2 8.99
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samples obtained by X-ray diffraction analysis (XRD), rock eval pyrol-
ysis, and pycnometer and dry bulk density measurements, respectively.
Calcite is the main mineral component in the samples studied. The EF-1
sample, in particular, contains very small amounts of quartz, clay, and
feldspar (Wang et al., 2017). The use of such a sample is justified by the
fact that the relatively homogeneous nature of this particular sample
enables us to study the effects of exposure to COx-rich brine on calcite
with minimal influence from other minerals.

Organic matter content was found to be 0.37% and 3.14% for EF-1
and EF-2 respectively. Interested readers are referred to (Donovan
et al., 2012) for more information on the lithological and geochemical
characteristics of EF-1 and EF-2 samples (which are referred to as Eagle
Ford E and Eagle Ford B in (Donovan et al., 2012)).

2.2. Sample preparation

Prior to exposing the rock to CO5, samples were cut from core plugs
by the diamond saw into pieces 1 cm thick and 0.5-1 cm in diameter.
The specimens were cut in directions parallel to bedding and normal to
bedding. In order to study the microstructural evolution of samples due
to chemical interactions, smaller samples (approximately 0.5 cm x 0.5
cm x 0.5 cm) were also prepared for micro-CT imaging. The surface of
the micro-CT samples was polished prior to reacting with the fluid. The
polishing consisted first of a coarse polishing with 400 grit hard perfo-
rated pads and then of an oil-based diamond suspension. Ultrasonic
cleaning was subsequently performed to remove debris from the surface
of the sample prior to dry polishing. In the next step, abrasive aluminum
oxide discs of 12, 9, 3, 1, and 0.3 pm were used successively to achieve a
smooth surface. A similar polishing procedure was followed prior to
performing nanoindentation on the cross-section of reacted samples. As
the intention was not to alter the microstructure, wettability, and pore
structure of the studied rocks, the samples were simply ultrasonically
cleaned in a n-decane solution that did not interact with the sample
constituents and no further cleaning process was performed.

2.3. High pressure and high temperature reaction

After preparation, the mudstone samples were altered in a batch type
Parr dissolution reactor made from titanium with a volume of 250 cm®,
Rock samples were submerged in 1 M (M) NaCl synthetic brine. The
liquid to solid ratio was 19 by weight. The experimental temperature
and pressure of 100 °C, 12.4 mPa (1800 psi) was used in this study. The
relatively high temperature and liquid-solid ratio were selected to allow
reasonable reaction rates for the batch type study. According to (Li et al.,
2018), these experimental conditions lead to brine pH of 3.2. The CO»
was injected into the reactor through a compressed gas cylinder. The
pressure was controlled by a syringe pump attached to the reactor and
the temperature was contained by a thermocouple, a heating jacket, and
a temperature controller. The reaction continued for two weeks, long
enough to allow rock samples to develop different reaction zones under
the aforementioned conditions. We adopted slow depressurization to
prevent rock spalling caused by fluid expansion. Batch reaction experi-
ments were carried out for EF-1 and EF-2 samples separately to avoid
any interaction between the reaction products of the two samples.

2.4. Pore-scale imaging of rock samples: image analysis and segmentation
procedure

The Phoenix Nanotom micro-CT scanner and Thermo-Fisher Heli-
scan micro-CT scanner were used to obtain high resolution (voxel size
ranging from 5 pm to 5.7 pm) images of mudstone samples before and
after the reaction to study the microstructural evolution of samples as a
result of chemical interaction.

Micro-CT imaging of the samples divides the representative volume
into numerous grayscale image slices depending on the acquired reso-
lution (Akhondzadeh et al., 2022). Each voxel in each image has a
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grayscale value that corresponds to X-ray attenuation and is a function
of density, atomic number and source energy (Hubbell and Seltzer,
1995). Fig. 1 shows a slice of micro-CT image of unreacted EF-1 sample
and its intensity histogram. The lower gray level values (dark pixels in
the image) represent the pores and background (air surrounding the
sample) while the higher gray level values (lighter pixels in the image)
represent calcite, quartz, clay and other dense inclusions.

Image segmentation is the process of providing threshold values to
grayscale images to uniquely identify the different material phases
(pores, clay minerals, quartz, calcite, and other dense minerals) and thus
identify the spatial locations of these phases within the sample. In this
study, noise removal and image segmentation take use of the Avizo
software package (Scientific, 2015, 2018; Westenberger, 2008). Image
segmentation is one of the most important steps in this analysis since all
future microstructural characterization is dependent on its accuracy.
Therefore, different segmentation methods at different stages and
different samples according to the quality of the scans and composition
of the rock samples were selected. The identification of pores and
background of the EF-1 sample was carried out by Otsu’s automatic
thresholding, while texture supervised classification was implemented
to identify other phases. For EF-2 sample, random forest machine
learning classification and watershed segmentation method were used
for the identification of pores and all other phases. Prior to imple-
menting these segmentation techniques, image filtering was used for
smoothening the images by removing the noise present in the form of
speckles. Non-local means filtering algorithm (Buades et al., 2005) using
an adaptive-manifolds (Gastal and Oliveira, 2012) based approach was
applied. Non-local means filtering determines the new value of a voxel
by comparing the neighborhood of all the voxels in a given search
window. The weights are determined by the similarity between the
neighborhoods. A small search window causes image because there is
not enough structural information of the mineral grains is within that
window and a large search window increases the processing time
exponentially. Hence a search window of 10 voxels was selected (Sci-
entific, 2018). The size of the local neighborhood of 3 voxels produced
good filtering results for our samples. Following filtration, an automatic
thresholding technique was implemented to identify the background
and pores of the EF-1 sample. Otsu’s segmentation method (Bostanabad
et al., 2018; Hubler et al., 2017; Saxena et al., 2017) is the most
commonly used technique for computing the automatic threshold on a
grayscale image/volume. This method separates the image into two
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classes of pixels by maximizing the between-class variance. Once the
pores and backgrounds were segmented, for the EF-1 sample, texture
supervised classification was implemented to segment other phases i.e.
calcite, quartz, clay, and pyrite. These different minerals can be easily
recognized by their texture and intensity (Fig. 2(a)). These easily iden-
tifiable minerals, defined using markers, serve as training data. Using
the similarity with the training data, each voxel was classified into
different minerals using texture supervised classification. First order
statistics (mean, variance, skewness, kurtosis, and variation) and his-
togram statistics were utilized to differentiate between light/dark, and
irregular/homogeneous textures, while co-occurrence based features
were utilized to differentiate between texture patterns. Fig. 2(b) shows
the different phase volumes for one slice of an image of reacted EF-1,
according to the above segmentation methodology. Since the X-ray
attenuation coefficients of clay, quartz, and Al-rich zones (more expla-
nation in Sec. 3.1) is very similar and the volumetric proportion of clay is
very small (1%), the intensities associated with these phases are ex-
pected to be very similar in the micro-CT images. As such, all these
phases have been combined for the segmentation.

For EF-2, the minerals in the scans were not very clearly identifiable
due to the artifacts associated with image acquisition and reconstruc-
tion, hence more powerful tools such as random forest machine learning
classification and watershed segmentation were used for the segmen-
tation. Simple segmentation methods can produce inaccurate results,
particularly in phase boundary regions. Unique threshold values cannot
precisely differentiate between the phases since the edges are blurred
due to the introduction of noise and partial volume effects during image
acquisition. Also during segmentation of more than two phases, an un-
desirable intermediate coating phase of intermediate intensity (transi-
tion from high to low intensity) can be introduced between the phases.
To address these issues in phase identification, watershed segmentation
was employed. Before using watershed segmentation, random forest
machine learning was used to generate accurate labels for individual
phases. Training data is provided by assigning phase labels (i.e. pores,
calcite, dolomite, quartz, Al-rich zones and pyrite) on grayscale input
volume. It is important that variability in mineral intensity is well rep-
resented in training labels. As a result, several labels of the same min-
erals were provided on several images. Using these training labels,
random forest multi-class identification was performed on a part of the
sample to preview the classification results. Once appropriate labels
were identified, the classification process could be launched to the full
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Fig. 1. (a) A slice of micro-CT image of unreacted EF-1 sample (b) Intensity histogram of the image.
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Fig. 2. One slice of reacted EF-1 sample, (a) post filtering (b) post segmentation, showing different mineral constituents.

volume. If this generated classification did not generate any false labels,
watershed segmentation was performed to identify all the phases. Fig. 3
shows an image slice of reacted EF-2 shale with different constituent
phases, segmented according to the aforementioned method.

Because mudstones have the majority of their pores at the nano-scale
level and the voxel dimensions are 5 pm and 5.7 pm for EF-1 and EF-2
scans, respectively, not all the pores can be captured in our images.
Therefore, unidentified pores were assumed to be evenly distributed
throughout the phases. Table 2 compares the volume percentage of
different material phases segmented by the aforementioned procedure
in the unreacted portion of the samples (the middle portion) and the
volume percentage acheived by analyzing XRD results. In calculating the
volume percentages from the XRD results, we considered a uniform
distribution of organic matter across all material phases. Densities of the
main mineral constituents are accounted for according to Mashhadian
et al. (2018b).

2.5. Chemo-mechanical analysis of rock samples

2.5.1. Nanoindentation test

To measure the mechanical properties of different microstructural
regions within the reacted rock samples, indentation modulus and
hardness were obtained by grid nanoindentation testing performed on
polished cross-sections (Hysitron TI 950). Cross-section samples were
prepared by cutting and polishing reacted rock samples perpendicular to
the exposed surface. In the indentation test, a diamond Berkovich tip
was used to probe the samples at a loading rate of 0.48 mN/s to a
maximum load of 4.8 mN, holding it for 10 s, and then unloading from
the surface at the same rate (Abedi et al., 2016a; Martogi and Abedi,
2019, 2020; Mashhadian et al., 2018b). The indentation modulus (M)
and Hardness (H) were then calculated by

1 mm

(@)

Table 2

Volume percent composition of Eagle Ford samples obtained from segmentation
of micro-CT images and the comparison with the volume percent composition
obtained from XRD analysis. It should be mentioned that the porosity identified
by segmentation of micro-CT images is micro-porosity (with dimensions bigger
than voxels’ size).

Phase EF-1 EF-2
XRD (vol Micro-CT (vol XRD (vol Micro-CT (vol
%) %) %) %)
Calcite 89.4 93.2 59.0 53.8
Dolomite - - 6.0 14.9
Quartz/ 4.6 4.3 25.1 25.2
Clay
T S
M= 6y}
2 VA,
PmﬂX
H= 2
IS @

where, S = % represents the experimentally measured contact stiffness
(initial unloading stiffness) measured at the maximum load Py, and A,
is the projected area of the elastic contact (Abedi et al.,, 2016b; Mash-
hadian et al., 2018a; Memon et al., 2021). The latter is a function of the
contact depth, h. and the indenter shape. Due to the heterogeneous
nature of different microstructural regions of the reacted sample, we
implemented grid indentation technique which consists of performing a
large (620 and 400 indents for EF-1 and EF-2 sample, respectively) set of
indentation tests on the material surface.

[] Pores+micro-cracks
M Calcite

B Quartz/Clay /Al-rich
B Pyrite

] Dolomite

B Background

(b)

Fig. 3. One slice of reacted EF-2 sample, (a) post filtering (b) post segmentation, showing different mineral constituents.
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2.5.2. SEM-EDS and multispectral clustering analysis

The compositional analysis in this study made use of the SEM-EDS
method. This analysis was intended to produce a cluster map by iden-
tifying the main mineral constituents of the sample. Thereafter, these
cluster maps were used to identify the overall change and, more
importantly, the variation in mechanical properties, i.e. indentation
modulus and hardness of different phases along with the reaction depth.
To achieve this, the elemental composition of each indentation point
needed to be distinctly identified. For this purpose, EDS maps were ac-
quired over the same area of the indentation grid (Abedi et al., 2016a;
Sharma et al., 2019; Slim et al., 2018). A sequence of image analysis
(refinment, noise removal, and thresholding) was performed on the EDS
elemental maps using the freeware software ImageJ (Schindelin et al.,
2012). These EDS images were then superimposed using different color
channels to form a multispectral image. The aforementioned series of
analyses were performed on the main constituent elements namely Si,
Ca and Al. These elemental maps were mathematically merged using

(a)
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RGB color channels. At once, only three elemental maps were used to
produce a multispectral image. Following Lydon’s unsupervised clus-
tering procedure (Chancey et al., 2010; Lydon, 2005), using the clus-
tering analyzer in the Multispec program, a cluster map was produced
having multiple phases (Prakash et al., 2021). Fig. 4 shows the cluster
map for the EF-1 sample showing distinct phases based on multispectral
analysis. Locating the indentation points on the EDS map is very crucial
for identifying the minerals at those points and is therefore done with
great precision. Several images of the sample were taken under an op-
tical microscope before and after performing the indentation. These
optical images were then compared with backscattered SEM images to
accurately locate the indentation points. Once the pixel locations of the
indentation points are determined on the cluster map, the material
phase at each indentation point was known. The above analysis required
high resolution EDS images. To achieve that, EDS was configured to
acquire elemental maps with a resolution of 1024x768 pixels covering
the width of 800-900 pm and a minimum of 15 frames was collected for

B Calcite

[ Clay

B Pyric

[] Background/Others

(b)

Fig. 4. (a) Indentation grid pattern on multispectral image of reacted EF-1 sample showing different material phases. (b) SEM image of the same location.
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each sample. Also, the samples were coated with a 25 nm thin
conductive layer of Platinum-Palladium to minimize charging.

3. Results and discussion

3.1. Microstructural evolution of reacted samples: results from micro-CT
image analysis

3.1.1. Pore statistics

Following the procedure outlined in 2.4, micro-CT images of both
EF-1 and EF-2 samples were segmented to identify different material
phases of the sample volume (Figs. 2 and 3). The smaller peak in the
intensity histogram (Fig. 1) corresponds to the pores and background
and the larger peak represents the rest of the minerals present in the
sample. In order to calculate the volume of pores due to dissolution on
the surface of the reacted sample, a convex hull i.e. smallest convex
polygon encapsulating the binary image was created. The volume
encapsulated by this convex polygon on the reacted surface was
considered to be the surface dissolution volume. This assumption should
be accurate as the rock sample used was well polished before the reac-
tion. To obtain the pores in a volume, all the abovementioned analyses
were automated on individual images.

Fig. 5 shows the variation of porosity with respect to distance from
the reacted surface for both parallel to bedding and normal to bedding
directions for both the samples. These values were obtained by aver-
aging the porosities from the stack of 1300 and 700 images for EF-1 and
EF-2 samples, respectively. It should be noted that the porosity identi-
fied by segmentation of micro-CT images represents the micro-porosity
with dimensions larger than the voxel size, however we refer to them as
porosity for brevity.

For EF-1, parallel to the bedding plane, the trend shows dissolution at
the surface (increase in porosity) up to a depth of 80 pm. It also suggests
precipitation (reduction in porosity) follwoing dissolution depth i.e.
from 80 to 600 pm. After the precipitation depth, constant porosity is
observed that indicates that there is no reaction in the sample. The
dissolution depth is found to be identical in the direction perpendicular
to the bedding plane, whereas the reach of the precipitation zone is
limited to 300 pm. Therefore, the total reaction depth is 600 pm and 300
pm in parallel to bedding and normal to bedding directions, respec-
tively. This data implies that the depth of reaction is a function of the
orientation of the bedding plane and at the time scale of our experi-
ments, the depth of penetration is almost doubled when the reaction
front is parallel to the bedding plane as compared to perpendicular flow.
For sample EF-2, Fig. 5 (b) shows that in the direction parallel to the
bedding plane, the porosity is constant after a 120 pm dissolution region.
This constant porosity can be the result of the formation of depth-long
micro-cracks (Fig. 3) that contaminate the results of micro-CT. These
micro-cracks were not present in the micro-CT volume of the same
sample before the reaction. However, perpendicular to the bedding

(a)-EF-1
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plane, there is a decrease in the dissolution depth (up to 60 pm) while a
precipitation zone from 60 to 450 pm can be seen. Also from the micro-
CT images, it is evident that micro-cracks are absent in the precipitation
region in perpendicular to bedding direction. This filling of micro-cracks
can be attributed to the precipitation of calcium carbonates in this re-
gion. These micro-cracks were absent in EF-1 sample and were present
in EF-2 sample with a higher concentration of both micro-porosity
(Fig. 5 and Table 1) and total porosity and higher quartz concentra-
tion (25.6%). Micro-cracks might form near regions with large pores due
to intense redistribution of stress within the adjacent rock frame (Clark
and Vanorio, 2016; Grgic, 2011) or they might emerge at the boundaries
between different phases due to the presence of defects or elastic
mismatch. It is also apparent from the segmented image (Fig. 3) that
micro-cracks are formed in the vicinity of areas with high quartz con-
centration in the EF-2 sample. It should be noted that the boundary
between the micro-cracks and the solid phase is blurred and cannot be
identified with great precision. Although watershed segmentation was
has been performed to resolve this issue, some regions surrounding the
micro-cracks were identified as quartz due to the imprecision of the
segmentation procedure. The formation of micro-cracks cannot be
attributed to the swelling nature of clay particles due to the very small
amount and comparatively similar amount of clay particles in both
samples.

Rock samples used in this study were cuboidal in shape with their top
surfaces cut perpendicular to bedding direction (called X1 surface in this
study) with two sides of the samples in the direction parallel to the
bedding (X3 surface). For both reacted EF-1 and EF-2 samples the
orientation and aspect ratio of the pores were calculated by fitting an
ellipse that has the same second-moments as the pore region. The
calculation of pore orientation is shown in Fig. 6. The horizontal dashed
line indicates direction parallel to the bedding plane. Therefore, 8 = 90°
represents pores aligned perpendicular to the bedding planes and 6 = 0°
represents pores arranged parallel to the bedding plane. As much as
39.5% of pores in EF-1 sample and 33.6% in EF-2 sample were found to
have an aspect ratio of one (i.e. circular pores) which implies no
preferred orientation for these pores. Therefore, to achieve the preferred
orientation of the remaining pores, all pores with an aspect ratio of 1
were eliminated.

Fig. 7 shows the histogram of the pore orientation for the reacted EF-
1 sample in the dissolution, precipitation, and no reaction zones for both
X1 (a) and X3 (b) surfaces. As mentioned earlier, zero degrees of
orientation corresponds to pores aligned parallel to the bedding plane,
while 90° corresponds to the pores aligned perpendicular to the bedding
plane. For no reaction zone in the EF-1 sample and the X1 surface, no
preferred porosity orientation is observed (an almost equal number of
pores are detected in both parallel and perpendicular to the bedding
plane). While in the dissolution and precipitation zones, more pores are
seen to be in the direction perpendicular to the bedding plane, which is
perpendicular to the direction of the reaction/flow. This suggests the

(b)-EF-2
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Variation of porosity versus distance from the exposed surface, parallel and normal to bedding plane. (a) EF-1 (b) EF-2.



R. Prakash et al.
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X1 surface

J/f%‘ Nl

Bedding planes
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Fig. 6. (a) Illustrating the calculation of orientation of pores. Orientation is the angle between the horizontal dotted line which represents bedding orientation and
major axis of the ellipse. (b) cuboidal shaped samples with X1 surface (cut perpendicular to bedding direction) on top and X3 surfaces (cut parallel to the bedding

direction) on sides.
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Fig. 7. Histograms showing the orientation of pores for reacted EF-1 sample in dissolution, precipitation and no reaction zone. (a) X1 surface, bedding parallel to
flow direction (b) X3 surface, bedding normal to flow direction. Zero degrees orientation corresponds to pores aligned parallel to the bedding plane while 90°

corresponds to the pores aligned perpendicular to the bedding plane.

preferred precipitation of calcium carbonates into pores parallel to the
bedding plane or the direction of the reaction. The dissolution process
creates pores in both the direction of reaction and perpendicular to it;
however, the pores in the direction of the reaction filled up faster during
the precipitation process. The same is also the case for the X3 surface;
while there is no preferred orientation of pores in the no reaction zone,
more pores are observed in the direction parallel to the bedding plane,
which is perpendicular to the direction of the reaction in the dissolution
and precipitation zones. This observation supports our argument con-
cerning the preferred precipitation of calcium carbonates in pores
aligned with the direction of the reaction.

(a)-EF-2-X1 surface-Bedding parallel to flow direction
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The preferred orientation of pores is even more evident in the reacted
EF-2 sample. As can be seen in the segmented micro-CT image of EF-2
shown in Fig. 3, parallel to the bedding plane, numerous vertical
micro-cracks are formed that run throughout the thickness of the sample
while there are no cracks normal to the bedding plane. This difference in
the orientation of pores and micro-cracks may lead to the difference in
permeability in parallel and perpendicular to the bedding directions
(transverse isotropic permeability). Fig. 8 shows the histogram of the
orientation of pores for the reacted EF-2 sample in different reaction

zones for both X1 (a) and X3 (b) surfaces. For the reaction from the X1
surface, we divided the volume of the sample into two regions of

(b)- EF-2-X3 surface-Bedding normal to flow direction
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Fig. 8. Histograms showing the orientation of pores for reacted EF-2 sample in dissolution, precipitation and reacted zone. (a) X1 surface, bedding parallel to flow
direction (b) X3 surface, bedding normal to flow direction. Zero degrees orientation corresponds to pores aligned parallel to the bedding plane while 90° corresponds

to the pores aligned perpendicular to the bedding plane.
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dissolution and reacted zones (without precipitation and no reaction
zones). This is due to contamination of the reaction depth due to the
formation of micro-cracks for this side of the sample. It should be noted
that the porosity associated with micro-cracks is separated and is not
considered in this calculation by the way of considering the size or area
of the cracks. Any pore with a surface in excess of 50 voxels is considered
as a micro-crack. The threshold of 50 voxels for pores to be considered as
micro-cracks is achieved through multiple trials and errors and manual
image verification.

For the X1 surface, similar to the EF-1 sample, in the dissolution
zone, more pores are observed in the direction perpendicular to the
direction of flow/reaction compared to the reacted zone. In the reacted
zone, most of the pores are aligned in the direction of the bedding plane.
Given that the sample has reacted throughout the depth, these pores
could be the pores that allow the flow of fluid in the parallel to bedding
direction. It should be emphasized again that these pores do not include
micro-cracks. For the X3 surface, still similar to the X3 surface of the EF-
1 sample, more pores are observed in the direction perpendicular to the
reaction in the dissolution and precipitation zones. These observations
corroborate the previous remark concerning the preferred precipitation
of calcium carbonates in pores aligned with the flow direction.

3.1.2. Phases of reacted samples

To recognize the dissolving and precipitating phases in different
zones, the variation of different material phases in EF-1 and EF-2 sam-
ples is also studied. Fig. 9 (a) and (b) show the volume fraction of
different material phases as a function of distance from the reacted
surface for the EF-1 sample in the direction parallel to the bedding plane
and for the EF-2 sample in the direction normal to the bedding plane,
respectively. It is evident that the dissolution of calcite is the dominant
reaction at the surface according to the following equations.

C0,(g) © CO;(aq) (3
CO,(aq) + H,0 - H,CO;4 4)
H,COs + CaCOy < Ca** + 2HCO; (5)

Reaction 3 is the dissolution of CO; in water and is dependent on
temperature and pressure conditions, which further initiates the for-
mation of carbonic acid (reaction 4). Calcite dissolves into the resultant
solution according to reaction 5. The high aqueous concentration of
dissolved calcium and carbonate ions leads to an increase in the rate of
precipitation. Calcium carbonate is deposited within the precipitation
zone according to the following reactions (Bachu et al.,, 1994; Gunter
et al., 1997; Le Gallo et al., 2002; Rosenbauer et al., 2005).

H,CO, & H' + HCO, (6)

HCO, < H' + CO* (@)

(a)- EF-1-X1 surface-Bedding parallel to flow dicretion
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Ca** +CO} < CaCOsl 8)

Reactions 6 and 7 represent the formation of carbonate ions through
the liberation of protons from the carbonic acid. These carbonate ions
then react with the dissolved Ca%" (formed through dissolution) in the
brine to form the precipitate of calcium carbonate.

An important observation is the formation of Al-rich zones and Al-
precipitates (e.g., gibbsite) in the two samples. These Al-rich zones are
formed as a result of weathering of Al-bearing minerals in the rocks at a
slightly acidic pH (Lee et al., 2019; Prakash et al., 2021; Shvartsev,
2012). Al-bearing minerals such as phyllosilicate clays are often the
source of Al for the formation of aluminum hydroxide phases. The for-
mation of these Al-rich zones are found in both EF-1 and EF-2 samples
(Fig. 9). As explained in Sec. 2.4, since the X-ray attenuation coefficients
of the Al-rich zones, clay, and quartz are very similar, these phases are
combined for the segmentation of the two samples.

For both samples, there is an increased concentration of quartz/clay/
Al-rich zones in the dissolution zone. This increase is caused by the
deposition of clay minerals and the formation of Al-rich zones close to
the exposed surface. The decrease in the concentration of quartz/clay/
Al-rich zones in the precipitation zone is the result of the clay dissolu-
tion and micro-crack formation in quartz grains and the precipitation of
carbonates in those micro-cracks which remove the quartz particles (see
Fig. 10).

3.2. Changes in microscale mechanical properties

By employing nanoindentation coupled with EDS (Prakash et al.,
2021), the hardness and indentation modulus of individual material
phases located in different reaction regions on the polished cross-section
of samples can be obtained and compared with similar phases in the
unreacted region.

Changes in the mechanical properties of rocks following a CO; attack
under a variety of environmental conditions have been reported earlier
(Akono et al.,, 2019; Ciantia and Hueckel, 2013; Fernandez-Merodo
et al.,, 2007; Fuchs et al., 2019; Ilgen et al., 2018; Vanorio, 2015).
However, much less attention has been paid to the formation of different
reaction zones in the reacted sample and their associated mechanical
alterations due to dissolution and precipitation of new material phases.
This new information is an important link to the altered mechanical
properties of bulk samples. To study these variations, grid indentations
with 600-800 indentation points were performed on the polished
cross-sections of Eagle Ford samples exposed to COz-rich brine. These
indent points start as close as 15 pm from the reacted surface (dissolu-
tion zone) traversing the precipitation zone, and reaching the unreacted
zone of the sample. Adjacent to the exposed surface, a relatively smaller
spacing of 10 pm was preferred on EF-1 sample in order to adequately
capture the variation in mechanical properties in the dissolution zone.
The indentation spacing was then increased to 25 pm to examine the

(b)- EF-2-X3 surface-Bedding normal to flow dicretion
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Fig. 9. Volume fraction of different material phases as a function of distance from the reacted surface for (a) EF-1 sample in the direction parallel to the bedding

plane (b) EF-2 sample in the direction normal to the bedding plane.
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Fig. 10. Raw EDS combined map (Ca + Si + Al in the top map) and single elemental map (bottom maps) of reacted EF-2 sample showing the formation of Al-

rich zones.

extent or depth of the reaction. For the EF-2 sample, the 25 pm spacing
was used on the cross-sectional area of the sample. Fig. 4(a) displays the
location of one of the indentation grids over the multispectral image in
the EF-1 sample. Indentation measurement coupled with EDS were
performed close to the reacted surface and in the direction parallel and
perpendicular to the bedding plane for EF-1 and EF-2 samples
respectively.

Making use of the multispectral image, the indentation points over
the calcium carbonate phase are identified. Fig. 11(a) shows the average
(over each indentation column) mechanical properties of the calcium
carbonate phase in sample EF-1 along the depth of reaction for one of the
grids. A similar trend in mechanical properties was observed in all other
indentation grids performed. The observed trend clearly shows the
presence of dissolution, precipitation, and no reaction zones, despite
some scatter in the indentation results within each zone due to the local
porosity variations within the calcium carbonate phase in different re-
action regions.

As expected, modulus and hardness are found to be lower close to the
exposed surface. These low values are consistent with the observed high
porosity zone from micro-CT analysis. This indicates the formation of a
dissolution zone where the specimen is weakened due to the partial
dissolution of the calcium carbonate phase. After this region, we find a
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= 704 B Indentation Modulus (M) 5
5 D Indentation Hardness (/) g
= = Ed
= wl ° N, 50 £
2 N 05 e | =]
% 3 D-O N B = 2.0 =
-g o =] o L] =] ,F_i
> v ° N 7
g 504 Du 2 = j
Y B il sLis3
= 40-° &

T T T T T
0 100 200 300 400 500

Distance from the reacted surface (ym)

harder region which is established by the increase in hardness and
modulus values. This increase in mechanical properties can be explained
by the precipitation of calcium carbonate in this zone. Micro-CT results
confirm this precipitation of calcium carbonate by displaying a decrease
in porosity and an increase in the percentage of calcium carbonate in this
region (Fig. 9). Beyond the precipitation zone, the modulus and hard-
ness curves decrease and converge to a constant value, which indicates
the end of the reaction front or the onset of no reaction zone.

A similar trend is observed for the EF-2 sample. Fig. 11 (b) shows the
plot of the indentation modulus across the depth of the reaction for the
calcium carbonate phase. Each point in the Figure represents the
average of indentation results of points belonging to the calcium car-
bonate phase within each column of the indentation grid. Three
different regions of mechanical properties can be differentiated: First, a
region of low mechanical properties (~30 GPa of indentation modulus)
confined to approximately 120 pm. This region represents the dissolu-
tion zone where calcium carbonate partially dissolves, leaving the re-
gion more porous with subsequent lower mechanical properties. The
dissolution region is followed by the precipitation zone exhibiting
enhanced mechanical properties compared to the remainder of the
sample to a depth of about 350 pm. For both EF-1 and EF-2 samples, the
results from micro-CT complement nanoindentation results and reveal

(b)-EF-2
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Fig. 11. Variation of Indentation modulus across reaction depth of the carbonate phase for (a) EF-1 sample and (b) EF-2 sample.
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that a change in the porosity of the reactive constituents is the domi-
nating factor for the observed changes in microscale mechanical
properties.

4. Conclusions

Linking small-scale mechanical and microstructural properties to
macroscale mechanical performance.

The multidisciplinary approach presented in this study managed, for
the first time, to obtain the alteration of microstructural and mechanical
properties of individual material phases in individual reaction zones
developing in CO,-exposed mudstone samples. Specifically, the results
stressed the importance of investigating the role of different reaction
zones (dissolution and precipitation regions) on macroscale mechanical
properties. Earlier studies have shown the deteriorating role of CO;
attack on rock samples. For example, Vialle and Vanorio (2011) reported
a noticeable reduction in elastic properties of carbonate rocks upon
interaction with CO,-rich brine. However, local variations in micro-
structural features and mechanical properties of individual material
constituents in different reaction regions and their implication on the
overall mechanical properties of the rock has not been studied before.
This study revealed the changes in the rock microstructure that led to
variations in the mechanical properties of carbonate mudstones. In the
specific case of this study, our results show that alteration of the porosity
of the reactive material phases is the dominating factor for the change in
the multiscale mechanical properties.

Our results showed three distinct regions of porosity and carbonate
content that are critical for understanding the mechanical alteration of
the rocks under study. Micro-scale chemo-mechanical tests carried out
by coupled grid nanoindentation and SEM-EDS complements the results
of micro-CT: dissolution zones near to the reacted surface were found to
have lower hardness and indentation modulus while we observed an
increased value in the adjacent precipitation zones. The thickness of the
dissolution zone is found to be the same in direction parallel and
perpendicular to the bedding plane (in EF-1 sample) while the extent of
the precipitation zone indicates directional bias. Detailed analysis of
micro-CT images also revealed the preferred precipitation of calcium
carbonates in pores parallel to the direction of flow/reaction. At the
large scale, the mechanical properties of bulk materials are affected by
changes in hardness and modulus at smaller scales. The arrangement of
how strong and weak small-scale components are compiled might lead
to the weakening or strengthening of the bulk material. Further studies
is required to link the effect of microscale mechanical alteration on the
resulting macroscopic mechanical properties.

Although for samples with very high (~90%) carbonate content,
micro-cracks have not been observed following chemical reactions in
our study, the mechanical weakness of the dissolution region can facil-
itate the formation of fractures, channels, and gaps between the disso-
lution and precipitation regions. This phenomenon has been observed in
other geomaterials subjected to reactive brine (Li et al., 2015). It is
therefore very important to track the development of the dissolution
region as it could reduce the integrity of the rock. Rocks like EF-2, with a
relatively higher amount of micro-porosity and higher volume of quartz
and lesser carbonates, might be subjected to a higher risk of instability as
several cracks are observed throughout the sample.

As demonstrated by the results of this study, an important way to
understand rock alteration is within a combination of chemical, micro-
structural, and mechanical analysis performed at multiple scales. We
obtained the mechanical properties of the minerals in each region of
attacked samples. This type of analysis can be used to calibrate reactive
transport models as well as chemo-mechanical models capable of
simulating bulk mechanical response based on local properties. Through
model calibration, we can enhance our understanding of the mecha-
nisms involved in rock/reactive fluid interaction and the role of
microscale mechanical properties on bulk material response. This
enhanced understanding of the mechanisms involved will translate into
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a more robust prediction based on different thermodynamics involved
for systems under different environmental and geological conditions.
The experimental methodology developed in this work presents a step-
ping stone for future investigations on the coupling of chemical and
mechanical effects.
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