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Abstract
Owing to their application in rock weathering concerning geostructural stability, enhanced geothermal systems, carbon 
sequestration, and enhanced oil recovery, the effect of rock–brine–CO2 interactions on the microstructural and mechanical 
properties of rocks has become a prevalent topic. Understanding the interplay among chemical, microstructural, and mechani-
cal processes is essential to comprehend how they affect rock mechanical alteration. In this study, we examined the effects 
of chemo-mechanical loading on the microstructural features and mechanical alterations of individual components within 
the rock. Experiments involved exposing the Permian rock samples to either CO2 or N2-rich brine (a control condition) at 
a temperature and pressure of 100 °C and 1800 Psi, respectively, for varying duration (14 and 28 days). The ionic strength 
of the solution was adjusted to 1 M using NaCl. Micro-CT image analysis showed the dissolution of clay- and quartz-rich 
phases followed by their precipitation. After 14 days, the depth of the outer reacted zone reached roughly 1100 µm, and 
after 28 days, the depth increased to 1500 µm. Microscale mechanical analysis showed decreased indentation modulus of 
the clay- and quartz-rich phases after reacting with CO2-rich brine. This decrease in indentation modulus was more than 
50% for quartz-rich phases for 28 days of reaction and was lower adjacent to the reacted surface. The decrease in mechani-
cal properties was more pronounced at a distance of 400–600 µm from the reacted surface after 14 days of reaction with 
CO2-rich brine due to the pore-size controlled solubility phenomenon. Experiments conducted at a greater distance from the 
reacted surface (approximately 5 mm) revealed a weaker clay–quartz interface, possibly due to the formation of microcracks 
induced by the swelling of clay particles. Results for the N2 condition show a superficial mechanical alteration of the rock 
constituents limited to a depth of 200 µm from the reacted surface.

Highlights

•	 Study investigates chemo-mechanical and microstructural alteration of silicate-rich shale rock by CO2/ N2-rich brines.
•	 Dissolution of clay and quartz-rich phases followed by the precipitation of clay and quartz from the transformation of 

feldspar grains in CO2 condition.
•	 The modulus of clay- and quartz-rich zones decreased in reacted areas but increased near the surface in CO2 samples.
•	 N2 condition causes superficial mechanical alteration, minimal dissolution.
•	 Pore-size-controlled solubility play an important role in the evolution of porosity in the context of rock-fluid interaction.
•	 Experiments conducted at a greater distance from the reacted surface indicated a weakened clay–quartz interface under 

CO2 conditions.
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1  Introduction

The impact of rock–brine–CO2 interaction on the micro-
structural and mechanical properties of rocks has become a 
prevailing subject because of their numerous applications. 
These applications include rock weathering concerning 
the stability of geostructures, enhanced geothermal sys-
tems, carbon sequestration, and enhanced oil recovery. 
Understanding the coupling between chemo-mechanical 
loading, and mechanical response is pivotal in these appli-
cations. Many conventional models consider the effect of 
rock-fluid interactions structurally uniform and at the bulk-
scale. However, recent studies have demonstrated that as 
a result of porous material and fluid interactions, different 
zones of reaction form and the alteration of macroscopic 
mechanical properties depend on the evolution of these 
reaction zones (Aman et al. 2018; Prakash et al. 2021, 
2022). This is due to the coupled and dynamic nature of 
the rock-fluid interaction, depending on the local pH, spa-
tially varying rock constituents, and chemical composition 
of the pore fluid. In addition, the reactivity of various rock 
components varies, and there is a limited understanding of 
how the rock–brine–CO2 interaction affects the mechani-
cal properties of each rock component within the outer and 
inner reaction zones.

Previous research has identified typical chemical reac-
tions that occur between rock and CO2-rich brine. These 
chemical reactions include the transformation of feldspar 
into diverse mineral assemblages, such as gibbsite, kaolin-
ite, illite, and quartz, depending on physical and chemical 
conditions (Giles and De Boer 1990; Yuan et al. 2019); the 
dissolution and formation of carbonates (Arson and Vano-
rio 2015; Clark and Vanorio 2016; Prakash et al. 2022; 
Vialle and Vanorio 2011); the oxidation of iron in miner-
als containing ferromagnesian silicate and sulfides (Earle 
2018; Ulmer-Scholle et al. 2014); and the dissolution and 
formation of silicate and phyllosilicate minerals (Kamp-
man et al. 2016). The chemical reactions mentioned above 
can result in changes in the microstructure of rock frames, 
which can cause short-term debonding (STD), long-term 
debonding (LTD) (Ciantia and Castellanza 2016), the 
development of microcracks, and alterations to carbon-
ate and silicate cement (Vanorio 2018). When combined 
with mechanical stress, these chemo-mechanical interac-
tions can lead to additional deformations caused by the 
compaction and pressure solution (Atkinson 1984; Dewers 
and Ortoleva 1990; He et al. 2002; Rutter 1983; Tada and 
Siever 1989; Wawersik et al. 2001).

The above-mentioned experimental studies have been 
instrumental in guiding investigations and establishing the 
necessary theoretical framework for modeling and ana-
lyzing changes in rock properties (Vanorio 2015). None-
theless, most of the current rock-physics experimental 
methods are inadequate for detecting the involved chemo-
mechanical interactions when it comes to creating models 
or interpreting monitoring data. These limitations arise 
from the nature of conventional measuring techniques, 
which cannot address the multiphysics and multiscale 
properties of phenomena that vary over time and space. 
Overcoming this challenge necessitates the identification 
of rock characteristics at the microscale where the reac-
tions occur and acknowledging rock heterogeneity as a 
varying condition.

This study is motivated by the knowledge gaps identi-
fied above. The main objective is to investigate how chemo-
mechanical loading affects the microstructural character-
istics and mechanical alteration of individual components 
within the rock. Because of the characteristic sizes of vari-
ous material phases present in rocks (e.g., clay and calcite 
phases), we employed small-scale testing methods in this 
study. Specifically, we used nanoindentation for mechani-
cal characterization, scanning electron microscopy-energy 
dispersive X-ray spectrometry (SEM–EDS) for chemical 
and compositional evaluation, and micro-CT for micro-
structural assessment before and after exposing the rocks to 
CO2-rich brine under high-pressure and temperature condi-
tions. We performed N2 (control condition) experiments for 
the same duration under the same conditions as the CO2 
experiments to distinguish the influence of the pH resulting 
from the CO2-saturated brine from that of brine. The use of 
micro-CT coupled with nanoindentation is complementary 
in this study. Although micro-CT is an effective technique 
for detecting the evolution of different phases resulting from 
interactions with reactive brine, it cannot be used to study 
the evolution of porosity because the average interparticle 
pore size in the shale rocks is significantly smaller than 
the micro-CT image resolution. However, at the scale of 
nanoindentation and EDS performed in this study, the micro-
volume probed by indentation comprised a porous mineral 
phase intermixed with organic matter (Abedi et al. 2016a, 
b; Abedi et al. 2016a, b; Prakash et al. 2021) suggesting that 
the mechanical responses are functions of the interparticle 
porosity not accessible by micro-CT imaging. Therefore, 
using these techniques enabled us to investigate the evolu-
tion of material phases and interparticle porosity due to rock 
and fluid interactions.
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2 � Experimental Methods

2.1 � Materials and Sample Preparation

We obtained the rock sample used for this analysis from a 
Permian Formation. The X-ray Diffraction (XRD) analysis 
provided the mass percentage composition of the Permian 
rock (Table 1). Major constituents of the samples were 
quartz, illite, and oligoclase feldspar. Rock eval pyrolysis 
of the sample revealed an organic content of 5.15%. Before 
the experiments, sample preparation steps, including cut-
ting, grinding, and polishing, were performed as detailed 
in Abedi et al. (2016a, b), Martogi and Abedi (2020) and 
Sharma et al. (2019).

We prepared the rock samples in cuboidal shapes, with 
two surfaces cut perpendicularly to their bedding direction 
(referred to as the X1 surface) and the remaining two slides 
aligned parallel to the bedding (X3 surface).

2.2 � High‑Temperature and High‑Pressure Reactions

After preparation, we placed the shale samples in a batch-
type Titanium-made Parr dissolution reactor under two 
conditions at 100 °C. The “CO2” denotes the experiments 
with CO2 attack, attained by injecting CO2 at 1800 Psi pres-
sure into the reactor. The “N2” denotes the control condition 
obtained by injecting N2 at 1800 Psi pressure into the reac-
tor. The control condition represents a system with mini-
mal chemical attacks, designed to separate the influences 
of temperature and pressure from the pH effects induced by 
CO2-saturated brine. Under each condition, we immersed 
three samples in brine containing 1 M NaCl and maintained 
the liquid-to-solid weight ratio at 19. The shale samples were 
subjected to high-temperature and high-pressure conditions 
while exposed to brine in the control condition. CO2 (or N2) 
was injected into the reactor from a pressurized gas cylinder. 
The pressure was regulated using a syringe pump connected 
to the reactor, while temperature was maintained via a ther-
mocouple, a temperature controller, and a heating jacket. 
We maintained the temperature and pressure of 100 °C and 

1800 Psi for 2 weeks under N2 and 2 and 4 weeks under CO2 
conditions. The reaction duration was long enough for shale 
samples under CO2 conditions to develop detectable outer 
reaction zones compared to the N2 samples, but it still had 
an inner center. After completion, we slowly depressurized 
the reactor to prevent spalling of the samples. We then cut 
these samples, grinded and polished the cross-sections for 
nanoindentation and SEM–EDS.

2.3 � Micro‑CT Imaging

The micro-CT image analysis aimed at observing the 
changes in the mineral and textural compositions of the 
CO2 and N2 samples. We used the GE Phoenix Nanotom M 
micro-CT system and operated the X-ray source at a voltage 
of 90 kV, and the corresponding electric current was 100 
µA. We obtained 2800 image slices, and the image reso-
lution achieved was 3 μm; that is, the voxel size is 3 μm. 
Every voxel of each image slice represents a mineral phase 
depending on its grayscale value which corresponds to X-ray 
attenuation coefficient of the mineral and is a function of 
mineral density, atomic numbers of constituent elements 
and energy source (Hubbell and Seltzer 1995). The varying 
X-ray attenuation coefficient is used to segment different 
constituent minerals. Avizo software package is used to per-
form image processing and image segmentation (Scientific 
2015, 2018; Westenberger 2008). Pre-processing of image 
stacks and background removal is done following the steps 
explained in Prakash et al. (2022). Image smoothing or noise 
removal is performed by applying a nonlocal means filtering 
algorithm (Buades et al. 2005) using an adaptive-manifold-
based approach (Gastal and Oliveira 2012). We used Otsu’s 
automatic segmentation (Otsu 1979) technique to remove 
the background from the images. Owing to the ultra-low 
porosity of the shales, the pores were not identifiable at this 
resolution.

Once we removed the background, the remaining images 
were segmented based on the sample’s mineralogical com-
position and X-ray attenuation coefficient. At X-ray source 
voltage of 90 kV, the maximum mineral attenuation coef-
ficient is for pyrite, followed by siderite, dolomite, illite, 
quartz and oligoclase in descending order. Hence, the 
highest-intensity (brightest) voxels corresponded to pyrite, 
whereas the low-intensity (darkest) voxels corresponded 
to feldspar in the grayscale micro-CT images. Siderite 
and pyrite had very high mineral attenuation coefficients 
compared with the other minerals; hence, we clubbed them 
together during segmentation. Dolomite has a similar attenu-
ation coefficient to quartz, illite, and feldspar and has a small 
mineral percentage (~ 2.5%). Further, the grain size of dolo-
mite mineral is small; hence it is not possible to identify 
dolomite grains on micro-CT images with a resolution of 
3 μm. Therefore, attempts have not been made to identify 

Table 1   Mass percent composition of Permian shale before reactions

Minerals Proportion (wt %)
Unreacted

Quartz 54.59
Illite 23.31
Feldspar (Albite) 16.61
Dolomite 2.54
Pyrite 1.67
Siderite 1.27
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dolomite considering its small grain size, small mineral per-
centage, and similar attenuation coefficients to other major 
mineral constituents. In this study, we performed the micro-
CT analysis parallel to the bedding direction, consistent with 
the coupled nanoindentation and SEM–EDS analysis, as 
explained in the following sections.

2.4 � Coupled Nanoindentation and SEM–EDS

Nanoindentation is utilized to measure the mechanical prop-
erties i.e. indentation modulus and hardness following the 
procedure detailed in Abedi et al. (2016a, b) and Prakash 
et al. (2021). We performed grid indentation with 400 inden-
tation points (20 × 20 grid for unreacted and 10 × 40 grid for 
reacted samples) on a polished cross-section of the reacted 
sample with a maximum load of 4.8 mN. Performing inden-
tation on the cross-section allowed us to observe the varia-
tion in mechanical properties with the depth of the reaction. 
We obtained the indentation modulus (M) and hardness (H) 
from Oliver and Pharr (2004).

where S =
dP

dh
 represents the experimentally measured con-

tact stiffness (initial unloading stiffness) at the maximum 
load Pmax , and Ac is the projected area of the elastic contact 
(Abedi et al. 2016a, b; Mashhadian et al. 2018). The latter 
is a function of the contact depth, hc and indenter shape. We 
conducted three sets of indentation grids on the CO2 sample 
after 14 days of reaction: two were in close proximity to the 
reacted surface (X1 surface), and one was positioned at a 
distance of 5 mm from the reacted surface. In addition, we 
performed two grids after 28 days of reaction with CO2, with 
one near the reacted surface (X1 surface) and the other at 
a distance of 5 mm from the reacted surface. One grid was 
conducted on the N2 sample, and another on the unreacted 
sample.

EDS scanning aimed to identify the rock surface’s ele-
mental map and the chemical composition at each inden-
tation point. We performed EDS microanalysis over the 
indentation area. We took 30 frames to facilitate the accurate 
identification of minerals and maintained the dwell time at 
3 m.

2.5 � Multispectral Image Analysis

This analysis aims to obtain a mineralogical map of the rock 
surface. Once this map represents different minerals (quartz, 
clay, feldspar, dolomite, and pyrite), we can determine the 

(1)M =

√

�

2

S

Ac

,

(2)H =
Pmax

Ac

,

mineral phase present at each indentation point and the 
mechanical properties of different minerals at different reac-
tion depths.

The multispectral image analysis performed in this study 
follows the steps developed by Prakash et al. (2021) and 
Chancey et al. (2010). We pre-processed individual elemen-
tal scans, including removing noise by applying a Gaussian 
filter and faint signals by applying a threshold. Subsequently, 
we mathematically merged the three elemental maps using 
RGB color channels to form a new composite image. Next, 
we performed unsupervised clustering analysis on this com-
posite image to determine the statistically definable mutually 
exclusive phases following the steps given by Lydon (2005).

In this study, we obtained multispectral images of quartz-, 
clay-, and feldspar-rich areas using Si, Al, and Na elemental 
maps. Using the Ca and S elemental maps, we identified 
the next multispectral image with dolomite- and pyrite-rich 
areas. Later, these two images were superimposed to show 
all minerals together in a single image.

3 � Results and Discussions

3.1 � 14‑Day Rock–Brine–CO2 Interaction

3.1.1 � Phase Changes in CO2 Condition After 14 Days 
of Reaction

Micro-CT imaging was done on a sample post exposure to 
CO2-rich brine. Micro-CT images were analyzed to study the 
changes in volume fraction of mineral phases with the depth 
of reaction. As mentioned, all analyses were performed par-
allel to the bedding plane to maintain consistency with the 
nanoindentation and multispectral image analyses. Figure 1 
shows one of the grayscale images and its corresponding 
segmented image, showing clay-, quartz-, feldspar-, and 
pyrite-rich zones. From the segmented image, clay-rich 
zones were more abundant close to the reacted surface, 
confirming the precipitation of clay minerals. In addition, 
feldspar grains were greatly reduced or absent close to the 
surface owing to their dissolution, explained by the geo-
chemical reactions of feldspar grains with CO2-rich brine at 
elevated temperatures and pressures and formation of clay 
and quartz. Figure 2 shows the volume fractions of the clay-
rich, quartz-rich, and feldspar-rich phases as a function of 
the distance from the exposed surface. Feldspar dissolution 
and clay precipitation were evident up to 1100 μm. There 
was also the dissolution of quartz grains near the reacted 
surface. Quartz has the highest stability against weathering 
and weathers only after all other silicate minerals have been 
dissolved. However, increased solubility of quartz minerals 
has been observed in the presence of organic matter (Ben-
nett and Siegel 1987). Quartz grain dissolution is followed 
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by quartz precipitation, resulting from the transformation 
of feldspar grains in an acidic medium. Feldspar alteration 
may aid in the sequestration of CO2 by utilizing H+ ions, 
generating HCO−

3
 , and buffering the pH of the brine (Yuan 

et al. 2019).
In summary, the following chemical reactions occur 

between CO2, brine, and the studied shale sample: First, the 
dissolution of CO2 in water results in the formation of car-
bonic acid:

(3)CO2(g) ⇌ CO2(aq),

(4)CO2(aq) + H2O ⇌ H2CO3.

Subsequently, the generated carbonic acid undergoes dis-
sociation into HCO−

3
 and CO2−

3
 , leading to a decrease in the 

pH of the solution system:

The chemical interaction between the solution system and 
the minerals within the studied shale sample is characterized 
by the following processes:

Dissolution of Na-Feldspar occurs according to Eq. 7. As 
the reaction progresses with time, the concentration of Al3+ , 
Na+ and SiO2(aq) increases, resulting in the precipitation 
of secondary minerals. Due to variations in the solute con-
centrations necessary for saturation (Yuan et al. 2019), sec-
ondary minerals have a tendency to form and subsequently 
dissolve successively within a closed water-feldspar system 
under a static condition or with low flow rate (Bjorkum and 
Gjelsvik 1988; Bjørlykke and Aagaard 1992; Bjørlykke and 
Jahren 2012; Glasmann 1992; Helgeson 1978). Within the 
diagenetic zone (T < 200 °C), as water–rock interactions 

(5)H2CO3 ⇌ H+ + HCO−
3
,

(6)HCO−
3
⇌ H+ + CO2−

3
.

(7)
NaAlSi3O8(Albite,Na − Feldspar) + 4H+

⇌ 2H2O + Na+ + Al3+ + 3SiO2(aq),

(8)
CaMg

(

CO3

)

2
(Dolomite) + 2H+

⇌ Mg2+ + Ca2+ + 2HCO−
3
,

(9)SiO2 + 2H2O ⇌ H4SiO4(aq).

Fig. 1   A grayscale micro-CT image of Permian shale after exposure to CO2-rich brine (left) along with segmentation results (right)

Clay-rich

Quartz-rich

Feldspar-rich

P
h
as
e
co
n
ce
n
tr
at
io
n
(%

)

0

20

40

60

80

Distance from the reacted surface (µm)

0 500 1000 1500 2000

Fig. 2   Volumetric phase concentration of different mineral phases as 
a function of distance from reacted surface for Permian shale exposed 
to CO2-rich brine after 14 days of reaction
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progress in a closed Na-feldspar-water system, the probable 
sequence of secondary minerals is expected to be gibbsite, 
kaolinite clay, kaolinite + quartz, paragonite + quartz, and 
finally albite (Bjørlykke and Aagaard 1992). Once the tem-
perature surpasses 200 °C, boehmite can be generated in the 
initial stage, replacing gibbsite (Fu et al. 2009). However, 
it’s important to clarify that this study did not observe this 
transition, primarily because the temperature remained at 
100 °C. During the 14-day reaction under CO2 condition, 
our primary observation pertained to the conversion of Na-
feldspar into kaolinite clay and kaolinite + quartz.

3.1.2 � Chemo‑mechanical Changes in CO2 Condition 
after 14 days of Reaction

Following the procedure explained in Sect. 2.4, grid nanoin-
dentation and SEM–EDS were performed on the cross-sec-
tions of the CO2 samples. We performed multispectral image 
analysis on the EDS elemental maps to obtain a mineralogi-
cal map over the indentation grid and determine the min-
eralogical composition at each indentation point. Figure 3 
shows multispectral images of all the major minerals in one 
of the CO2-reacted Permian shale samples. Evidently, not all 
indented areas were captured in a single EDS scan. Hence, 
two multispectral images covered the grid. Using SEM-Back 
scattered imaging, indentation points were located on clus-
tered mineral maps (black points).

For the CO2 samples, five distinct mineral zones—
quartz-, clay-, feldspar-, dolomite-, and pyrite-rich zones—
were identified by multispectral image analysis (Fig. 3). 
The left edge of the first (left) image is the exposed surface, 
and moving to the right indicates moving away from the 
reacted surface. We kept the spacing between the indentation 
columns at 10 μm to a depth of 210 μm from the exposed 
surface, after which we increased the spacing to 25 μm. We 
maintained a smaller spacing close to the reacted surface to 

capture more points in the reacted zone and better under-
stand the changes in the mechanical properties. We created 
two indentation grids at different locations on the rock, 
close to the reacted surface, to obtain more confidence in 
the results. The indentation grids covered the reacted region 
of the sample till the depth of 710 μm, which according to 
micro-CT results, is less than the observed reaction depth 
of 1100 μm.

As shown in Fig. 3, dolomite-rich zones are absent on 
the left image showing the complete dissolution of dolo-
mite (Eq. 8). Very little or no dolomite was present in the 
second image until almost half of the image depth. We 
also performed EDS to capture a larger area and observe 
the dolomite dissolution in a single image (Fig. 4). As 
shown in Fig. 4, the dolomite dissolution reaction reaches a 
depth of ~ 500 μm, after which its concentration gradually 
increases to reach its value in the unreacted region. In shale 
rocks with a higher carbonate content, the dissolution of 
carbonates is followed by precipitation when the concentra-
tion of dissolved cations and carbonate anions in the aque-
ous solution increases (Soong et al. 2002). However, for the 
present sample, the mass percentage of dolomite was only 
2.54%. Therefore, it was not anticipated that the dissolution 
reaction would result in a sufficiently high concentration of 
Ca in the solution to trigger the precipitation of carbonate 
minerals, especially within the 14-day reaction period.

The multispectral image shows that the clay concentra-
tion increased close to the reacted surface, as demonstrated 
by the analysis of the micro-CT images. The clay concen-
tration decreased as we move away from the reacted sur-
face, accompanied by fewer feldspar-rich grains closer to 
the reacted surface. Another observation is the microstruc-
tural change in the pyrite grains close to the reacted surface 
(Fig. 5). The carbonate mineral siderite has been observed 
to co-exist with pyrite (Zheng et al. 2017), and the change in 

Fig. 3   Indentation grid pattern superimposed on the multispectral image showing different mineral phases for Permian shale after exposure to 
CO2-rich brine at high pressure and temperature conditions for 14 days. The left edge of the left image is the exposed surface
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the interparticle spaces between pyrite grains might be the 
result of the dissolution of siderite.

Figure 6 shows the variation in the indentation modu-
lus of the clay- and quartz-rich phases with the depth of 
the reaction. Each point on the plot represents the average 
indentation modulus of a particular mineral within a given 
column of indentation grid. The solid colored lines represent 
the data’s local polynomial regression fit (Loess fit). The 
dotted lines indicate the average indentation modulus of the 
unreacted phases.

As mentioned previously, at the scale of nanoindenta-
tion performed in this study, the probed rock microvolume 

consists of a mineral phase intertwined with porosity and 
organic matter (Prakash et al. 2021). Consequently, the 
nanoindentation results were interdependent with respect 
to the small pore spaces between the mineral grains. For 
both the clay-rich and quartz-rich zones, we observed a 
reduction in the modulus in the reacted region concerning 
the unreacted clay-rich and quartz-rich phases suggesting 
an increase in the porosity of these phases due to dissolu-
tion. This occurred despite the increased concentration of 
clay-rich zones close to the reacted surface, indicating the 
high porosity of the precipitated clay particles. However, the 
modulus of the clay particles increased close to the reacted 
surface up to a depth of 200 μm compared to the rest of 
the reacted region. This increased modulus for the clay-rich 
zones resulted from the excess precipitation of clay miner-
als, filling up the pores and stiffening the sample close to the 
reacted surface. We also observe an increase in the modulus 
of quartz-rich zones in one of the grids near 400 microns of 
the reacted surface. This increased modulus could be the 
result from forming amorphous silica (Shao et al. 2010), 
which has a higher modulus than the reacted quartz grains 
close to the reacted surface. Presence of amorphous silica 
cannot be confirmed in EDS maps since it can be confused 
with quartz. However, for most of the indentation points 
within the clay-rich and quartz-rich phases, the increased 
modulus near the reacted surface was still lower than that of 
the unreacted phases.

For both clay- and quartz-rich phases, the indenta-
tion modulus becomes relatively lower at a distance of 
400–600 μm away from the reacted surface. The phenom-
enon known as pore-size-controlled solubility (PCS) (Liu 
and Jacques 2017; Varzina et al. 2020) can account for this 
observation, as it often leads to the selective precipitation 
of minerals in larger pores owing to their lower solubility 
compared to smaller pores. From a thermodynamic perspec-
tive, the PCS follows the same concept as the crystallization 
pressure in the pores, indicating that the level of supersatu-
ration required for crystal growth increases with increasing 
confinement pressure. The PCS mechanism can result in the 
dissolution of minerals in small pores and precipitation into 
larger pores, similar to Ostwald ripening, a process in which 
large crystals develop to the detriment of smaller and more 
soluble crystals (Nabika et al. 2019). The well-known Ost-
wald–Freundlich equation can also provide an explanation 
for this mechanism (Correns 1949):

where R is the ideal gas constant, T  is the temperature, vs 
represents the molar volume of crystals, S denotes the super-
saturation index associated with the radius of curvature, r, 
at the crystal–liquid interface, and � is the surface energy of 

(10)
RT

v
s

lnS =
2�

r
,

Fig. 4   Map of Ca in CO2 sample after 14 days of reaction. The left 
edge is the reacted surface

Fig. 5   SEM image of the Permian sample exposed to CO2-rich brine 
for 14 days, showing interparticle spaces between grains inside fram-
boidal pyrite
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the crystal. Equation 10 indicates that crystal solubility rises 
inversely with crystal size, meaning smaller crystals are less 
stable compared to larger ones. Consequently, crystal pre-
cipitation is more likely to initiate within the largest pores. 
During the initial stages of the reaction, the dissolution of 
silicate minerals was the dominant interaction mechanism, 
which led to the increased porosity of the clay- and quartz-
rich phases and the formation of secondary clay and quartz 
minerals resulting from the alteration of feldspar. A portion 
of the porosity of these phases was occupied by secondary 
mineral precipitation closer to the reacted surface, thereby 
increasing the modulus of these phases close to the exposed 
surface. As the degree of supersaturation decreases with 
increasing distance from the reacted surface, the precipi-
tation in smaller pores between mineral grains decreases, 
reaching a minimum at 400–600 μm away from the surface 
(Fig. 6). This observation is consistent with the PCS mecha-
nism, resulting in a lower modulus of the clay- and quartz-
rich phases at a specified distance.

The existence of a softer zone following a stiffer zone in 
the reacted regions was observed in our previous experi-
ments on different types of shale rocks (Prakash and Abedi 
2022; Prakash et al. 2019, 2022), highlighting the significant 
role that PCS can play in the evolution of porosity in the 
context of rock-fluid interaction emphasizing the need for 
further investigation in this area.

In addition to the two indentation grids conducted near 
the reacted surface, we established an additional indentation 
grid positioned 5 mm away from the reacted surface. This 
was done to examine the impact of mechanical damage at a 
greater distance from the reacted surface. During the 14-day 
reaction experiment, there was no discernible distinction 
between the indentation results obtained at a 5 mm distance 
and those for the unreacted sample. Nevertheless, a notice-
able difference emerges in the inner portion of the sample 

following a 28-day reaction period, which will be explored 
in greater detail in Sect. 3.3.2.

3.2 � 14‑Day Rock‑Brine‑N2 Interaction

The effect of brine (without CO2) on Permian shale at high 
temperatures and pressures was studied by injecting N2 into 
the sample chamber instead of CO2. The brine composition 
for this reaction was identical to that used for the CO2 injec-
tion reaction. After exposing the samples to N2 and brine, 
micro-CT, nanoindentation, and EDS were performed on the 
cross-section of the sample, following the same procedure.

3.2.1 � Phase Changes in the N2 Condition

We similarly performed the micro-CT imaging and segmen-
tation analysis in the X1 direction as explained in the CO2 
sample. Figure 7 shows one of a micro-CT images and its 
corresponding segmented image of the N2 sample. We iden-
tified quartz-, clay-, feldspar-, and pyrite-rich phases and 
the microcracks parallel to the bedding plane. An impor-
tant observation in the N2 samples is the presence of Al-
rich zones close to the reacted surface. We have provided 
more evidence and explanations for these Al-rich zones 
in Sect. 3.2.2. These zones were combined with clay-rich 
phases when analyzing the micro-CT images. Figure 7 
shows some deposition/precipitation of clay minerals or 
Al-rich zones along the X3 surface, which was not visu-
ally seen along the X1 surface. Figure 8 shows the volume 
fraction of the different material phases as a function of the 
distance from the exposed surface along the X1 surface. We 
can observe Feldspar and quartz grains dissolution and clay/
Al-rich phase precipitation until around 1100 μm. Another 
noteworthy feature is the gradual transition of the phase 
concentration in the N2 sample compared to that in the CO2 

Fig. 6   Variation of indentation modulus with a depth of reaction 
for clay- and quartz-rich phases after exposure to CO2-rich brine for 
14 days. Each data point represents the average indentation modulus 
of the clay-rich or quartz-rich phase within a given column of the 

indentation grid. The solid-colored lines indicate the overall trend, 
while the dotted lines display the average indentation modulus of the 
unreacted phases (color figure online)
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sample. This may be due to the higher reactivity near the 
exposed surface in an acidic environment than in a neutral 
environment.

Figure 9 shows the normalized phase concentrations 
in CO2 and N2 samples as a function of distance from the 
reacted surface. We normalized the concentration of each 
mineral phase concerning their concentration in the unre-
acted region under the same condition (CO2 or N2 condi-
tion). The mineral phase evolution in both N2 and CO2 sam-
ples exhibits a similar trend. However, it’s essential to note 
that in the N2 condition, Fig. 9 (dashed blue line) combines 
phase concentrations of clay-rich and Al-rich zones, while 
the CO2 condition (solid blue line) represents the phase 
concentration of clay-rich phases exclusively. Figure 9 also 
illustrates quartz precipitation on top of its dissolution in 

the CO2 sample. Moreover, quartz and clay precipitation in 
CO2-reacted samples shows a Liesegang pattern (periodic 
precipitation) (Nabika et al. 2019).

3.2.2 � Chemo‑mechanical Changes in the N2 Condition

Figure 10 shows two multispectral images of the sample 
cross-section, with the left edge of the left image being the 
reacted surface. In addition to the five minerals, we observed 
Al-rich zones in the sample. No such zones were present 
in the unreacted samples. Such Al-rich zones are observed 
under neutral and mildly acidic pH conditions and can be a 
result of the preferential leaching of Si from feldspar, leav-
ing Al-rich zones in the feldspars (Huang and Keller 1970; 
Huang and Kiang 1972; Kawano and Tomita 1996; Prakash 

Fig. 7   A grayscale micro-CT 
image of Permian shale after 
exposure to N2-rich brine (left) 
along with segmentation results 
(right)
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et al. 2021; Reesman and Keller 1965, 1968). As explained 
in Sect. 3.1.1, these Al-rich zones can be either gibbsite, 
a weathering product of feldspar, or amorphous Al(OH)3, 
formed during the early stages of feldspar weathering. Most 
of these Al-rich zones were very close to the reacted sur-
face. We observed very few grains of feldspar in the vicinity 
of the areas enriched with Al-rich zones. In the CO2 sam-
ples, feldspar dissolution resulted in clay and quartz miner-
als forming, while in the N2 sample, feldspar weathering 
resulted in the formation of Al-rich zones very close to the 
reacted surface and clay minerals (mostly kaolinite). Similar 
to CO2-reacted sample, this sample also showed dolomite 
dissolution; however, the depth of the reaction was limited 
to 200 μm. Figure 11 shows an EDS map of Ca, which rep-
resents the dissolution of dolomite. It appears that the impact 
of the reaction on the mineralogical and compositional prop-
erties decreases beyond a depth of 200 μm.

Fig. 10   Indentation grid pattern superimposed on the multispectral image showing different mineral phases for Permian shale after exposure to 
N2-rich brine at high pressure and temperature conditions for 14 days. The left edge of the left image is the exposed surface

Fig. 11   Map of Ca in N2 sample after 14 days of reaction. The left 
edge is the reacted surface

Fig. 12   Variation of indentation modulus with a depth of reaction 
for clay- and quartz-rich phases after exposure to N2-rich brine for 
14  days. Each data point represents the average indentation modu-
lus of the clay-rich or quartz-rich phase within a given column of the 

indentation grid. The solid-colored lines indicate the overall trend, 
while the dotted lines display the average indentation modulus of the 
unreacted phase  (color figure online)
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Figure 12 shows the variation in the indentation modu-
lus of the clay- and quartz-rich phases with the depth of 
the reaction. The solid colored lines represent the data’s 
local polynomial regression fit (Loess fit). The dotted lines 
indicate the average indentation modulus of the unreacted 
phases. Unlike the CO2-reacted sample, for this sample, 
there was a sharp decrease in the modulus close to the 
exposed surface in both clay-rich and quartz-rich zones. 
This reduced modulus still has a depth of 200–300 μm, 
similar to the dissolution depth of dolomite. We can 
explain this decrease in the modulus by the weathering and 
washing of grains close to the reacted surface, which made 
the sample more porous and softer. The decreased moduli 
of the clay-rich and quartz-rich phases indicate a complete 
weakening of the sample close to the reacted surface. After 
this depth of 200–300 μm, the indentation modulus of both 
quart-rich and clay-rich samples match the unreacted sam-
ple. This observation is despite the micro-CT results show-
ing gradual quartz dissolution till the depth of 1100 μm. 
As mentioned previously, the indentation results were 
affected by the interparticle pores between the mineral 
grains. Micro-CT images could not detect these interparti-
cle pores because of their nano- and sub-microscale sizes; 
however, they affected the indentation results. The shallow 
depth of alteration of mechanical results may indicate the 
low intensity of dissolution beyond 200 μm such that the 
interparticle porosity between grains has not been affected.

A few indentation points were also present in the 
Al-rich zones. The average indentation modulus was 
12.80 GPa, indicating a very weak zone due to feldspar 
weathering.

3.3 � 28‑Day Rock–Brine–CO2 Interaction

We performed rock-fluid interaction experiments on Per-
mian samples exposed to CO2-rich brine for 28 days. After 

removing the samples from the reactor, all experiments 
remained the same as 14-day reaction.

3.3.1 � Phase Changes in CO2 Condition After 28 days 
of Reaction

Figure 13 shows the volume fractions of the different min-
eral phases as a function of the distance from the exposed 
surface. We observed feldspar dissolution up to a depth 
of 1500 μm. This depth is higher compared to that of the 
14-day reacted sample, which was 1100 μm. These reac-
tion depth values suggest that the reaction depth follows 
Fick’s second law, which correlates the depth of the reaction 
with the square root of time under a constant concentration 
boundary condition (Fick 1855; Kutchko et al. 2009).

Figure 14 shows the normalized phase concentrations in 
CO2 samples after 14 and 28 days of reaction as a function 
of distance from the reacted surface. The concentration of 
each mineral phase was normalized concerning their con-
centration in the unreacted region under the same condition 
(14- or 28-day reaction). The mineral phase evolution of 
CO2-reacted samples of both 14 and 28 days follows the 
same trend. However, less clay precipitation is observed on 
the reacted surface after 28 days of reaction, which aligns 
with the information provided in Sect. 3.3.1. As delineated 
by Eq. 7, as the reaction progresses over time, there is an 
increase in the concentrations of Al3+ , Na+ and SiO2(aq) , 
resulting in the precipitation of secondary minerals. Within 
the diagenetic zone (T < 200 °C), as water–rock interactions 
unfold within a closed Na-feldspar-water system, it is antici-
pated that the sequence of secondary minerals will likely 
include gibbsite, kaolinite clay, kaolinite + quartz, parago-
nite + quartz, and ultimately albite, as documented by Bjør-
lykke and Aagaard (1992). Consequently, there is a notable 
increase in the dissolution of secondary clay minerals and 
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the precipitation of quartz after 28 days of reaction com-
pared to 14-day reaction.

3.3.2 � Chemo‑mechanical Changes in CO2 Condition After 
28 days of Reaction

Figure 15 shows two multispectral images of different miner-
als μwith different color codes positioned close to the reacted 
surface. The reacted/exposed surface is situated along the 
left edge of the left image. This sample had a large strip 
of pyrite-rich zones towards the end of the reaction zone. 
This zone did not appear to affect the reactions. Siderite 
was found in small quantities in this sample. Dolomite-rich 

zones were completely absent in both images, indicating the 
dissolution zone to be greater than image sizes of 800 μm 
combined. We performed a zoomed-out EDS scan at this 
location to determine the total depth of dolomite dissolu-
tion. Figure 16 shows the Ca map, the left edge is the reacted 
surface, and the field of view for the image is 1200 μm. The 
EDS scan found the average depth of dolomite dissolution 
to be approximately 900 μm. For CO2 14-day and N2 14-day 
reactions, the dolomite dissolution depths were 500 μm and 
200 μm, respectively (Figs. 4 and 11).

Figure 17 shows variation in the indentation modulus of 
clay-rich and quartz-rich minerals along the depth of reac-
tion. As with previous indentation graphs, each point on the 
plot represents the average modulus of each indentation col-
umn lying on that particular mineral. The solid colored lines 
represent the local polynomial regression fit (Loess fit) to the 
data. The dotted lines show the average of the indentation 
modulus of the unreacted phases. As expected, for 28 days of 
reaction, there is a decrease in the modulus of both quartz-
rich and clay-rich phases. The trend is similar to 14-day CO2 
sample, but this sample is even weaker. The modulus of the 
quartz-rich phase has decreased by more than 50% except for 
the first 200 μm, where the modulus is higher than the rest 
of reacted zone. Clay-rich phases have also shown reduced 
modulus throughout the indentation grid.

Apart from the indentation grid carried out in close prox-
imity to the reacted surface, we also implemented an addi-
tional coupled indentation grid/EDS positioned 5 mm away 
from the reacted surface. Figure 18 presents the outcomes 
of the indentation modulus versus indentation hardness for 
the aforementioned grid, contrasting them with the results 
acquired from the unreacted sample.

Fig. 15   Clustered mineral map showing different mineral phases for Permian shale after exposure to CO2-rich brine at high pressure and tem-
perature for 28 days. The left edge of the left image is the exposed surface

Fig. 16   Map of Ca in CO2 sample after 28 days of reaction. The left 
edge is the reacted surface
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While the majority of indentation points overlap in the 
M vs. H plot, however, it’s evident that within the 28-day 
reacted sample, certain indentation points exhibit remark-
ably low indentation results (modulus < 13 GPa), character-
istics not found in the unreacted sample. Figure 19 illustrates 
a multispectral image of the grid, while Fig. 20 displays 
color-coded indentation points superimposed on a grayscale 
multispectral image of the same grid. The colors of the 
indentation points correspond to the range of their modulus 
values as indicated by the color bar in the figure. As can be 
inferred from the Fig. 20, the majority of points exhibiting 
low modulus values (red dots) are situated at the interface 
between clay and quartz particles.

This observation could be attributed to the emergence 
of microcracks at the interface between clay and quartz 

(Fig. 21), a phenomenon potentially induced by the swelling 
of clay particles. Prior research has associated the swelling 
of clay particles with the creation of microcracks result-
ing from strain incompatibility with non-swelling minerals 
(Naik Parrikar et al. 2022; Wang et al. 2015, 2017). The 
coalescence of these microcracks has the potential to give 
rise to larger cracks, which are noticeable across the depth 
of the 28-day reacted sample (see Fig. 22). Indeed, a well-
defined reaction zone has formed near the reacted surface 
in the 28-day reacted sample, extending up to a distance of 
1500 μm. This zone is marked by significant alterations in 
mineral composition and micro-mechanical properties. Con-
currently, the inner portion of the sample has experienced 
transformations, including the development of a weakened 
clay–quartz interface and the appearance of microcracks, 
which can be attributed to the swelling of clay particles.

4 � Conclusion

This study investigated shale rock’s chemo-mechanical and 
microstructural alteration due to interaction with CO2- and 
N2-rich brines under high-pressure and high-temperature 
conditions. The batch-type dissolution reaction, micro-CT 
imaging, coupled nanoindentation and EDS, and multispec-
tral image analysis were adapted to measure the samples’ 
physical, mineralogical, and micro-scale chemo-mechanical 
alterations before and after the reactions. The findings are 
summarized as follows:

•	 Results from both coupled nanoindentation and SEM–
EDS showed that the reaction under CO2 condition 
resulted in the dissolution of clay and quartz-rich phases, 
followed by the precipitation of clay and quartz resulting 
from the transformation of feldspar grains in an acidic 

Fig. 17   Variation of indentation modulus with a depth of reaction 
for clay- and quartz-rich phases after exposure to CO2-rich brine for 
28 days. Each data point represents the average indentation modulus 
of the clay-rich or quartz-rich phase within a given column of the 

indentation grid. The solid-colored lines indicate the overall trend, 
while the dotted lines display the average indentation modulus of the 
unreacted phases (color figure online)
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Fig. 18   Indentation modulus (M) versus hardness (H) derived from 
nanoindentation grids conducted on the unreacted and 28-day reacted 
samples, positioned 5 mm away from the reacted surface. The inset 
provides a closer look at the indentation points within the 28-day 
reacted sample, exhibiting lower indentation modulus than the unre-
acted sample
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Fig. 19   Indentation grid 
pattern superimposed on the 
multispectral image showing 
different mineral phases for 
Permian shale after exposure to 
CO2-rich brine at high pressure 
and temperature conditions for 
28 days. The indentation grid 
was positioned 5 mm away from 
the reacted surface

Fig. 20   Color-coded indentation 
points superimposed on a gray-
scale multispectral image shown 
in Fig. 19 (color figure online)

Fig. 21   SEM images showing 
the formation of microcracks 
(indicated by the red arrow) 
at the grains interface within 
the 28-day reacted sample, 
positioned 5 mm away from the 
reaction surface (color figure 
online)
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medium. The depth of reaction was about 1100 μm after 
14 days of reaction under CO2 condition and increased to 
1500 after 28 days of reaction in agreement with Fick’s 
second law relationship.

•	 In both clay- and quartz-rich zones, a decrease in modu-
lus was evident in the reacted region (more than 50% for 
quartz-rich phases after 28 days of reaction) compared 
to the unreacted phases rich in clay and quartz. Although 
the modulus of the reacted clay- and quartz-rich zones 
was lower than that of the unreacted phases, the forma-
tion of amorphous silica and a high concentration of 
precipitated clay near the reacted surface contributed to 
an increased modulus in the immediate vicinity of the 
exposed surface.

•	 After 14 days of reaction under CO2 conditions, the 
indentation modulus of both clay- and quartz-rich phases 
was relatively lower at a distance of 400–600 μm from 
the reacted surface compared to the rest of the reacted 
region. This decrease is attributed to the PCS phenom-
enon, resulting in the selective precipitation of minerals 
in larger pores owing to their lower solubility compared 
to smaller pores.

•	 The samples under CO2 exhibited the creation of clay 
and quartz minerals owing to the transformation of feld-
spar grains. Conversely, in the samples under N2, feld-
spar weathering resulted in the development of Al-rich 

zones very close to the reacted surface and clay minerals 
(mostly kaolinite).

•	 The results of the indentation tests under 14 days of N2 
condition indicate that both the clay-rich and quartz-rich 
phases experienced a superficial mechanical alteration, 
with a depth of only 200 μm. This implies that there 
was minimal dissolution beyond this depth such that the 
porosity between particles remained unaffected.

•	 Under CO2 conditions, at a greater distance to the reacted 
surface, the 28-day reacted sample exhibited a weaker 
interface between clay and quartz particles, which could 
be attributed to the formation of microcracks in those 
areas induced by the expansion of clay particles. These 
microcracks can coalesce and form larger cracks through-
out the depth of the sample.

We obtained the findings above by considering pore-scale 
mechanical and microstructural alterations. They enhanced 
our understanding of the interaction between rock and reac-
tive brine at the scale of chemical reactions. Further inves-
tigation is required to study the effects of changes in the 
mineralogy, pressure solution, and longer reaction duration 
on the resulting mechanical alterations of rocks.
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