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Abstract: Carbon capture, utilization, and storage (CCUS) has been widely applied to enhance
oil recovery (CO2-EOR). A thorough investigation of the impact of injecting CO2 into a heteroge-
neous reservoir is critical to understanding the overall reservoir robustness and storage performance.
We conducted fifteen flow-through tests on Morrow B sandstone that allowed for chemical reactions
between a CO2-rich brackish solution and the sandstones, and four creep/flow-through tests that
simultaneously allowed for chemical reactions and stress monitoring. From fluid chemistry and
X-ray computed tomography, we found that the dissolution of disseminated cements and the precipi-
tation of iron-rich clays did not significantly affect the permeability and geomechanical properties.
Minor changes in mechanical properties from Brazilian and creep tests indicated that the matrix
structure was well-supported by early diagenetic quartz overgrowth cement and the reservoir’s com-
paction history at deep burial depths. However, one sample experienced a dissolution of poikilotopic
calcite, leading to a permeability increase and significant tensile strength degradation due to pore
opening, which overcame the effect of the early diagenetic cements. We concluded that the Morrow
B sandstone reservoir is robust for CO2 injection. Most importantly, cement timing, the abundance
and texture of reactive minerals, and the reservoir’s burial history are critical in predicting reservoir
robustness and storage capacity for CO2 injection.

Keywords: fluid–rock interaction; Morrow B sandstone; CO2-rich brackish solution; flow-through
experiment; creep test; cement diagenesis; tensile strength; elastic bulk modulus; reservoir robustness

1. Introduction

Injecting CO2 into the deep subsurface has been extensively studied because it is not
only a key technique in CO2-enhanced oil recovery (CO2-EOR) [1–4] but also an essential el-
ement in carbon capture, utilization, and storage (CCUS) to reduce the carbon footprint during
renewable and clean energy production (e.g., blue hydrogen production) [5–7]. The hydro-
chemo-mechanical (HCM) coupling process is a multiphysic phenomenon that involves
multiple phases and scales. The HCM process can significantly affect the CO2 storage
capacity and the reservoir quality [8–13]. Understanding the robustness of CO2 storage
sites is critical for research scientists and industry regulators when selecting injection for-
mations. The Morrow B sandstone in the Farnsworth Unit, TX, was actively utilized for
petroleum production and is currently a CO2-EOR demonstration site with the Southwest
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Partnership project and is supported by the Department of Energy [3,4,14–18]. Specifically,
HCM experiments associated with the SWP project were focused on the multiphysics
within carbonate-cemented sandstone in a single fluid phase at the core scale.

The HCM coupling process in porous media is complex because it causes two simulta-
neous, competing effects: pore opening and pore closure [13]. Previous studies revealed
different mechanisms behind these competing effects. Pore opening can be caused by
mineral dissolution, cement degradation, and crack propagation, while pore closure can
be caused by secondary precipitation, pressure solution, and stress compaction [19–22].
Previous works have examined the influence of numerous characteristics in controlling
pore space evolution, including the abundance of carbonate, clay, and quartz; mineral
surface area; migration of fines; injection rate; injection fluid concentrations, injection
fluid temperature, and stress conditions. For example, Rathnaweera et al., (2017) found
that carbonate-cemented sandstone experiences more dissolution and pore opening than
silicate-cemented sandstone [23]. Carrol et al. (2013) identified the critical role of iron-rich
clay minerals in a CO2 storage environment, and the dissolution of iron-rich clay minerals
can modify fracture and pore networks by clogging pores via secondary precipitation of
Fe carbonates, clays, hydroxides, and amorphous silica [24]. Research found that medium
to high reactive surface area minerals in CO2-EOR fields reduce the porosity and enhance
the CO2 trapping mechanism [25]. Tutolo et al. (2015) found that the precipitation of
aluminum-rich secondary minerals in feldspar-rich sandstone can significantly affect the
chemical kinetics and reduce permeability [26]. Pore throat blockage may be introduced
by fine migration to significantly decrease permeability, although it causes limited change
in porosity [22,27]. A slower injection rate (i.e., high Damköhler number) allows for a
longer reaction time and enhances wormhole-type dissolution [13]. Numerical models
indicate that the reaction rates are determined by the relevant abundance of elements in
the fluid and solid phase [28]. Furthermore, the temperature also controls the competing
mechanisms between dissolution and precipitation by affecting the solubility of the min-
erals [29,30]. As a result, the interplay of timing and rate of different mechanisms yields
changes in porosity, permeability, and strength. Tian et al. (2023) found that porosity and
permeability initially increase due to the chemical corrosion-dominant stage and then
decrease due to the stress-compaction-dominant stage [31]. Rinehart et al. (2016) concluded
that cement degradation is the primary mechanism of strength weakening of sandstone [21].
More studies on assessing the reservoir integrity found a reduction in stiffness, strength,
and brittleness in carbonate-cemented sandstones and negligible changes or an increase in
strength of silica-cemented sandstones and shales [23,32,33].

Among sedimentary rocks, carbonate-cemented sandstone experiences significant im-
pact/alteration from the HCM coupling process, but with a broad range of alterations [22,34].
Many studies in recent years have experimentally investigated the effect of HCM on
carbonate-cemented sedimentary rocks. Some studies indicate that the HCM coupling
process degrades the strength of carbonate-rich reservoirs [21,32,33,35]. However, Hangx
et al. (2013) found no risk of mechanical degradation in calcite-cemented sandstone during
the HCM coupling process [36]. It is unclear what caused the broad range of strength
alterations in carbonate-rich sandstone from the HCM coupling process, and the degree
of the alterations remains ambiguous in carbonate-cemented sandstone. These opposing
results imply that the current investigated factors are insufficient to infer the strength
sensitivity to CO2 injection, and hidden factors might be overlooked in the HCM cou-
pling process. We hypothesize that cement timing, mineralogy, and texture are controlling
factors in the mechanical responses that result from fluid–rock interactions. The effect of
diagenesis on HCM coupling requires clarification, and this highly interdisciplinary area
lacks a comprehensive assessment of a heterogenous geological formation. To fill this
gap, we characterized a series of lithofacies within one reservoir formation and focused
on reservoir-scale heterogeneity. Our work is the first to assess the heterogeneous HCM
coupling process in multiple rock facies within one geological formation.
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To determine if the Morrow B sandstone formation is resistant to HCM coupling
process and to examine if diagenesis is one of the primary controllers of the HCM coupling
process during CO2 injection, we studied the impact of cement timing, mineralogy, and
texture on the robustness and the quality of the heterogeneous sandstone reservoir in geo-
logical CO2 storage. Note that the reservoir robustness can be indicated by the strength, and
the reservoir quality is reflected by porosity and permeability. Specifically, we quantified
the change in porosity, permeability, and mechanical properties of carbonate-cemented
sandstones subjected to the HCM coupling process. Our goal was to assess the robustness
of the Morrow B sandstone reservoir and understand the resilience level in sedimentary
formations under various CO2 injection scenarios.

This paper synthesizes the experimental results for multiple rock facies in Morrow
B sandstone described in [37–40]. The HCM coupling experiments in the SWP project
were designed and performed in two stages. Stage I involved flow-through experiments
with CO2 under constant in situ stress and temperature. Stage II involved flow-through
experiments with CO2 under an elevated constant temperature and time-dependent and
increased creep stress to accelerate the HCM coupling dynamics. We used a consistent
method and equipment in the laboratory to study the hydraulic and mechanical responses
from CO2 injection. This synthesized study benefits field-scale reservoir model develop-
ment, providing sufficient and detailed input parameters to increase the fidelity of model
outputs by including critical and often missing physical processes.

2. Geology Background of Morrow B Sandstone

The Morrow B sandstone is the reservoir interval in the Farnsworth Unit (FWU), lo-
cated on the northwest shelf of the Anadarko Basin, Ochiltree County, Texas [41]. The FWU
is an oil and gas production field and an active geological CO2 storage site for enhanced
oil recovery (CO2-EOR). Oil and gas production has occurred at the FWU since 1955, with
freshwater injection starting in 1964 for secondary oil recovery. Tertiary CO2-EOR with
injecting water alternating gas (WAG) cycles began in 2010 [15]. Since 2013, the Southwest
Regional Partnership (SWP) for Carbon Sequestration has injected over one million metric
tons of 100% anthropogenic CO2 into the reservoir to increase secondary oil production and
demonstrated the long-term effect of CO2 injection [42]. This diverse operational history
has caused a unique impact on the reservoir rock’s composition, structure, and strength.

Geologists use the regional incised valley model to explain the depositional history
of the Morrow B reservoir [43], which starts with marine mudstone and channel log
conglomerates followed by fluvial coarse-grained sandstone and estuarine fine-grained
sandstone and eventually back to marine mudstone [42]. This depositional sequence results
in fluvial coarse-grained and poorly sorted sandstone becoming the reservoir layer (Morrow
B sandstone) with an average thickness of 12.5 m [3], and marine mudstone becoming the
caprock layer (lower Morrow shale below, upper Morrow shale and Atokan Thirteen Finger
Limestone above) [42]. In addition, the Morrow B reservoir experienced multiple tectonic
events, resulting in a complex burial history. The maximum burial of the Morrow B reservoir
(approximately 3260 m depth) occurred in the Pennsylvanian [44]. At this time, the reservoir
reached its maximum lithostatic stress and the mean effective stress. Later, hydrocarbon
maturation increased the pore fluid pressure and thus decreased the reservoir’s mean
effective stress [45]. An uplift event during the Laramide Orogeny lifted the Morrow B
reservoir by 910 m and caused a release of lithostatic stress [46]. The uplift also decreased
the pore fluid pressure by 3–5 fold, attributed to groundwater discharge along a new surface
contact [44,45]. Therefore, the burial history, including overpressure and compaction at
maximum burial depth, may positively impact the mechanical properties of the Morrow
B sandstone.

3. Methods

A variety of core samples collected from the Morrow B sandstone were character-
ized in detail before and after flow-through and creep/flow-through experiments in order
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to quantify the changes in microstructure, petrophysics (lithology, porosity, permeabil-
ity), fluid chemistry, and mechanical properties resulting from CO2-induced fluid–rock
interactions under reservoir conditions.

3.1. Core Sample Selection and Preparation

Five rock facies within the Morrow B sandstone were selected from two wells,
13-10A (UTM 14 N, 319,387 m E, 4,015,233 m N) and 13-14 (UTM 14 N, 319,794.05 m E,
4,014,951.93 m N), based on the petrographic analysis [41], petrophysical measurements [42],
mercury porosimetry measurements [47], and visual inspection of the borehole core. A pre-
vious work divided the Morrow B sandstone into eight hydraulic flow units (HFUs),
indicating a porosity–permeability correlation based on the Winland R35 Method, which
accounts for the pore throat radius at 35% saturation in a mercury porosimetry test [42].
Among these eight HFUs, five HFUs were implemented in the current reservoir model.
Each HFU is dominated by a porosity–permeability correlation and a lithology facies.
However, large variations in pore type and lithology still exist within each HFU due to
the heterogeneity, causing the overlapping of petrophysical properties between adjacent
HFUs [38,41]. The reservoir storage capacity for geological CO2 storage increases with
porosity and permeability. Thus, we selected five facies with various HFUs from high
to low, indicating the CO2 storage capacity from high to low (Table 1). These five rock
facies are cementation-lacking sandstone (MP and Unc), siderite-chlorite-cemented sand-
stone (Chl), ankerite-siderite-cemented sandstone (ASCS), kaolinite-cemented sandstone
(Kao and Cal/Kao), and calcite-cemented sandstone (CCS). The pore type of these five
rock facies ranges from intergranular macroporosity-dominated (HFU5) to intergranular
microporosity-dominated (HFU3 and 4) to intragranular microporosity-dominated (HFU1).

Table 1. Sample sources and their hydraulic flow units (HFUs).

Morrow B Sandstone
Sample Well Depth (m) HFU Ave. Diameter

(cm)
Ave. Length

(cm)
Number of

Samples

(MP1, MP2, MP3, MP4) 13-14 2354.7–2355.8 5 3.71 7.20 4
(Unc1, Unc2, Unc3) 13-10A 2340.7–2341.1 5 2.55 5.51 3

Siderite-chlorite-cemented
(Chl1, Chl2, Chl3) 13-10A 2337.45–2338.33 4 2.54 5.24 3

Ankerite-siderite-
cemented

(ASCS1, ASCS2, ASCS3)
13-10A 2339.4–2339.5 4 2.61 5.42 3

Kaolinite-cemented
(Kao1, Cal/Kao2, Kao3) 13-10A 2342.28–2342.57 3 2.56 5.22 3

Calcite-cemented
(CCS1, CCS2, CCS3) 13-10A 2348.1–2348.2 1 2.60 5.20 3

Three to four core samples from each facies were drilled parallel-to-bedding from the
most homogeneous sections of the borehole core and were taken as close to each other as
possible. Then, nineteen core samples were trimmed and ground into cylinders with a
length-to-diameter ratio of 2:1 (Table 1).

3.2. Sample Characterizations

The rock samples were characterized using petrographic analysis to obtain the diage-
netic history and volumetric primary mineral phases and porosity; microprobe analysis
to accurately identify the carbonate mineral compositions; volumetric porosity tests to
measure porosity; and micro X-ray computed tomography (µCT) scanning to obtain the
three-dimensional microstructure, pore connectivity, and dissolution patterns. All character-
izations were performed before and after flow-through or creep/flow-through experiments
to detect and quantify the changes in petrophysical properties from chemo-mechanical
alterations.
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3.2.1. Petrography

Petrographic analyses were performed on pre- and post-test thin sections using an
Olympus CX31 (Tokyo, Japan) petrographic microscope with photomicrographs captured
with a Canon EOS Rebel T2i camera (Oita, Japan). From the photomicrographs, we identi-
fied the paragenetic sequence of diagenetic events using cross-cutting relationships and
the changes in porosity and mineral compositions (in vol.%) using 500-point count anal-
ysis. Pre-test thin sections were cut either from core ends or the rock material adjacent
to experimental cores. Post-test thin sections were cut from the post-experimental cores’
upstream and downstream ends. We performed a 500-point count analysis on each thin
section using a Pelcon (Ballerup, Denmark) automatic point counter to estimate volumetric
percentages of primary phases, such as framework minerals, cement, and porosity, at 1%
significance [48]. Each constituent is reported with an estimated proportion and 95% confi-
dence limits. The uncertainty of the 500-point count analysis was statistically quantified to
a 95% confidence level [49].

3.2.2. Microprobe Analysis

Qualitative and quantitative microprobe analyses were conducted using carbonate
standards on a Cameca SX100 (Madison, WI, USA) electron microprobe. Backscatter electron
images and elemental composition of carbonate cements were captured and analyzed under
the conditions described previously [38,40]. We used microprobe analysis to accurately
differentiate the species of carbonate minerals (calcite, ankerite, and siderite), and to confirm
that any chlorite present was iron-rich and thus more reactive. The textures observed in
carbonate minerals in the microprobe analysis were then translated to visual petrography
point counts.

3.2.3. Porosity

Pre- and post-porosity were measured on all nineteen samples from the saturation
test according to the method described in [38]. Core samples were oven-dried at 45 ◦C
and then saturated with water using a Gast 1HAB-25-M100X (Benton Harbor, MI, USA)
vacuum pump. The pore volume was converted from the weight difference between
water-saturated and dry conditions (mw − md). Porosity, φ, was calculated according to

φ =
mw −md

VT ·ρw
,

where VT is the total volume of the core sample, and the ρw is the water density under
atmospheric conditions. The standard deviation associated with porosity measurements
was ±0.14%.

3.2.4. X-ray Micro-computed Tomography (X-ray µCT)

X-ray µCT imaging was conducted on seven samples (CCS2, CCS3, Chl1, Cal/Kao2,
Unc1, Unc2, and Unc3) before and after the CO2 flow-through experiment. The equipment
and image post-processing software applied in our study are described in [38–40]. Samples
CCS2 and CCS3 were scanned along their entire length and diameter at 15 µm voxel
resolution. Samples Chl1, Cal/Kao2, Unc1, Unc2, and Unc3 were scanned over their
entire length at a 27 µm voxel resolution, with an 11 µm voxel subvolume scans at the
upstream end of these samples. Three-dimensional visualizations of the CCS2 and CCS3
core plugs were reconstructed from image stacks using the median filter algorithm to
improve the delineation of phase boundaries; the segmentation algorithm to determine
porosity; and comparisons of the pre- and post-scans to quantify the change in pore space
due to dissolution, precipitation, or clay particle migration. Major image processing steps
for Ch1, Cal/Kao2, Unc1, Unc2, and Unc3 included co-registering pre and post datasets
for the two imaging resolutions, masking to plug sample or scan boundaries, histogram
matching of the pre and post datasets, and comparing pre- and post-test processed images
to identify changes in pore structure.
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3.3. Hydro-chemo-mechanical (HCM) Coupling Experiments
3.3.1. Flow-through Experiment

CO2 flow-through experiments at in situ reservoir conditions were conducted using a
flow-through experimental system (Figure 1) in the Petroleum Recovery Research Center at
New Mexico Tech, and the detailed testing procedures are outlined in [38–40]. The physical
conditions of all flow-through experiments were maintained at 71 ◦C by ceramic heating
bands, with a confining pressure of 35 MPa, pore pressure of 29 Mpa, and constant fluid
injection rate by three Teledyne ISCO syringe pumps. The core sample was jacketed with
a Buna-N sleeve, wrapped in stainless steel foil to prevent CO2 diffusion, and assembled
into a pressure vessel. The injection fluid was a CO2-rich brackish solution (pH = 4.3–4.5).
The brackish solution was filtered with 0.45 µm filters, except in experiments of all ASCS
samples and two CCS samples (CCS1 and CCS2). The CO2-rich brackish solution was
maintained as a single phase by keeping the CO2 concentration below the saturation
concentration of 1.279 mol/kg [50]. It was 73–77% saturated with CO2 in experiments with
the ASCS and CCS samples and 66–75% saturated with CO2 in experiments with the Chl,
Kao, and Unc samples. The confining fluid was silicone oil due to its non-reactive property.
To simulate an oxygen-free environment in the deep subsurface, we purged oxygen in all
fluids and the experimental system with ultra-pure nitrogen. To study the effect of flow
rate on the HCM coupling process, we included a variety of flow rates (0.01–0.1 mL/min)
in the design of the experiments (Table 2). Each rock facies was separated into two groups:
CO2-treated and control. The CO2-treated group contained two flow-through tests that
used the CO2-rich brackish solution and varied flow rates, while the control group used
the brackish solution without CO2 as the injection fluid.
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Table 2. Flow-through experiments. Data from [38,40].

Sample ID Fluid Flow Rate
(mL/min)

Duration
(Days)

Depth
(m)

Diameter
(cm)

Length
(cm)

Fluid Volume
(mL)

Pore
Volume

Chl1 Brackish + CO2 0.01 35
2337.5–
2338.3

2.57 5.32 500
130–260Chl2 Brackish + CO2 0.1 3.5 2.49 5.21 500

Chl3 Brackish 0.01 35 2.55 5.20 500

ASCS1 Brackish + CO2 0.01 35
2339.4–
2339.5

2.61 5.48 500 267
ASCS2 Brackish + CO2 0.1 3.5 2.61 5.32 500 176
ASCS3 Brackish 0.01 35 2.61 5.45 500 147

Unc1 Brackish + CO2 0.01 35
2340.7–
2341.1

2.55 5.42 500 176
Unc2 Brackish + CO2 0.1 3.5 2.56 5.54 500 166
Unc3 Brackish 0.01 35 2.55 5.57 500 172

Kao1 Brackish + CO2 0.01 35
2342.3–
2342.6

2.58 5.11 500
130–260Cal/Kao2 Brackish + CO2 0.1 3.5 2.57 5.11 500

Kao3 Brackish 0.01 35 2.54 5.44 500

CCS1 Brackish + CO2 0.01 35
2348.1–
2348.2

2.61 5.30 500 499
CCS2 Brackish + CO2 0.02 + 0.01 32 2.59 5.09 500 675
CCS3 Brackish 0.01 35 2.59 5.20 500 597

Permeability was measured before and after the CO2-rich brackish solution injection.
Permeability tests were performed as described by [38–40]. A series of flow rates (higher
than experimental flow rates in Table 2) was designed for each sample to obtain more
accurate permeability measurements. High-precision pressure transducers were installed
upstream and downstream of the flow-through system, and differential pressure was
recorded to calculate permeability using Darcy’s law [51]:

k = −QvµL
A·∆P

,

where Qv is the volumetric flow rate (m3/s), µ is the fluid dynamic viscosity (Pa·s), L
is the core length (m), A is the cross-sectional area (m2) of the core sample, and ∆P is
the differential pressure between the upstream and downstream portions of the flow-
through system.

Fluid chemistry was collected and analyzed throughout the CO2 flow-through exper-
iment according to the methods in [38–40]. A Hoke metering valve was used to collect
fluid samples from the downstream line of the system. Major element concentrations of the
injection fluid and outlet fluid were analyzed using inductively coupled plasma-optical
emission spectrometry (ICP-EOS). The aqueous CO2 concentration was measured using
the manometric method. Eventually, the saturation index (SI) was calculated using a cus-
tomized thermodynamic database (https://doi.org/10.18141/2221813) and Geochemist’s
Workbench (GWB; [52]):

SI = log
Q
K

,

where Q is the ion activity product, and K is the equilibrium constant.

3.3.2. Geomechanical Tests

Pre- and post-ultrasonic velocity (UV) tests were conducted on fifteen core samples
that experienced the flow-through experiment under ambient conditions using the method
described initially in [21]. This test design aimed to detect changes in dynamic mechanical
properties from the HCM coupling process. Specifically, P-wave and S-wave time-of-arrival
(TOA) were manually picked and combined with core dimensions to calculate P-wave
and S-wave velocities [53]. According to the data analysis in [38,40], some S-wave TOAs
were picked incorrectly, and thus we focused on presenting and discussing the changes in
P-wave velocity. The uncertainty associated with TOA was obtained by performing a UV
test twice on one pristine Morrow B sandstone sample.

https://doi.org/10.18141/2221813
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The indirect tensile strength test (i.e., Brazilian test) was conducted after the flow-
through test on fifteen core samples using the detailed method described in [38,40], where
a justification of test choice can also be found. To detect the spatial changes within the
core samples during the HCM coupling process, we cut each core sample into four to five
specimens along the sample length, where two ends were saved for post-test thin sections.
The others were prepared for testing for the American Society for Testing and Materials
(ASTM D3967-95a) [54] requirement. Indirect tensile strength tests were conducted follow-
ing the specification in [54] using an MTS 858 Mini Bionix II Tabletop Test System with a
displacement rate of 0.001 mm/s using an MTS TestStar IIs controller and MTS SimpleWare
software. After the test, the displacement, the peak force (F, N), and the sample dimensions
were used to calculate the indirect tensile strength, σT (mPa), according to [54]:

σT =
2F

πdD
,

where d is the thickness of the specimen (mm) and D is the diameter of the specimen (m).
By doing this, the spatial effect of the HCM coupling process to the injection point can be
detected and quantified.

3.3.3. Creep/Flow-through Experiment

The creep/flow-through experiment is a flow-through experiment with simultaneous
deformation monitoring (Figure 2). Otu et al. (2023) described the detailed apparatus and
testing procedures [37]. The physical conditions of all creep/flow-through experiments
were maintained at a temperature of 100 ◦C by ceramic heating bands, hydrostatically
loaded to a confining pressure of 55 MPa, with an average pore pressure of 16.5 MPa, and
subjected to a constant fluid injection rate. Therefore, an effective stress of 38.5 MPa was
applied from all directions. The creep/flow-through system is very similar to the flow-
through system described in Section 3.3.1, except two modifications were made. The first
was adding a TE MHR100 (Schaffhausen, Switzerland) linear variable differential trans-
former (LVDT) to monitor the axial displacement. The second was that the entire apparatus
was enclosed in an insulated box to reduce the effect of ambient temperature fluctuations
on measurement noise. In this elevated temperature and pressure environment, we main-
tained the CO2-rich brackish solution as a single phase by using a CO2 concentration of
80% of the saturation concentration of 1.003 mol/kg [50]. The experimental design of the
creep/flow-through tests is demonstrated in Table 3.

The net effect of CO2 can be detected by comparing the experiments on samples MP1
and MP2, where the same flow rate of 0.01 mL/min was injected with (MP1) and without
(MP2) dissolved CO2. Samples MP3 and MP4 were subjected to different flow rates (0.02 vs.
0.1 mL/min), and each experiment had two stages, with the initial phase being the control
and the second containing dissolved CO2. These two experiments were compared to detect
the net effect of flow rate, while the two stages in a single experiment were compared to
detect the net effect of CO2.

During MP1 and MP2 testing, quasistatic elastic moduli were measured with an
unload–reload loop 13 and 15 times throughout the experiments, respectively. For MP3
and MP4, the quasistatic elastic moduli were measured three times: once before the control
experiment, once after the control or the beginning of the CO2-treated experiment, and
the last time after the CO2 treatment experiment. This operation was to control for small
steps in strain observed during MP1 and MP2. Unload–reload loops were performed by
hydrostatically unloading the sample confining pressure from 55 MPa to 30 MPa, cycling
the effective stress from 38.5 MPa to 13.5 MPa and back to 38.5 MPa. In addition, the
permeability and outlet fluid chemistry were periodically monitored throughout each
creep/flow-through test, following the same procedures described in the flow-through
test [37].
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Figure 2. Schematic drawing of hydrostatic pressure vessel in creep/flow-through apparatus. Com-
pared to the pressure vessel in flow-through apparatus, the hydrostatic pressure vessel has an
additional linear variable differential transformer (LVDT) for measuring axial displacement from
changing the confining pressure. Reprinted with permission from SSRN [37].

Table 3. Creep/flow-through experiments. Data from [37,39].

Sample
ID Fluid Flow Rate

(mL/min)
Duration

(Days)
Depth

(m)
Diameter

(cm) Length (cm) Fluid Volume
(mL)

Pore
Volume

MP1 Brackish + CO2 0.01 24
2354.7–
2355.8

3.63 7.12 272 24.4
MP2 Brackish 0.01 28 3.67 7.14 388 38.0

MP3 * Brackish|Brackish + CO2 0.02 38 3.72 7.52 509|508 42.1|42.0
MP4 * Brackish|Brackish + CO2 0.1 8 3.82 7.05 509|513 48.2|48.6

* Note: A brackish solution flowed through samples MP3 and MP4 for the first half of the experiment, followed by
the flow of a CO2-enriched brackish solution for the second half of the experiment.

4. Results

We first present the paragenetic sequence of the Morrow B sandstone based on the
diagenetic analysis of thin sections from the five most representative lithofacies in the
formation. Then, we present the changes in hydraulic properties and geomechanical prop-
erties from the HCM coupling process by analyzing the fluid chemistry, microprobe data,
and petrography data. In addition, we tied the X-ray µCT observations to changes in
porosity, permeability, dynamic mechanical properties, and strength. Finally, we represent
new petrographical analysis results.

4.1. Paragenetic Sequence

For the Morrow B sandstone, the events from early to late diagenesis include quartz
overgrowths, feldspar overgrowths, siderite cementation, ankerite and calcite cementa-
tion/replacement, compaction, some calcite cementation, feldspar dissolution, clay cemen-
tation, and hydrocarbon emplacement (Figure 3). The paragenetic sequence was determined
by observing the micrograph evidence of mineral textures (Table 4). Note that the timings
of feldspar overgrowth with quartz overgrowth and ankerite and calcite cement are am-
biguous. Ankerite and calcite replacement and compaction events can be overlapped in
some locations within the formation.
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Table 4. Paragenetic events, accompanied with the description of evidence and photomicrographs.

Paragenetic Event Evidence Photomicrographs

Quartz (Qtz) overgrowths occurred
before carbonate

cementation/replacement

Siderite cement always surrounds
quartz overgrowths

1 
 

 
 
 

 
 

 
 

 
 

 
 

Siderite cementation occurred before
ankerite cementation

Ankerite always surrounds siderite
cement when both minerals are

present

1 
 

 
 
 

 
 

 
 

 
 

 
 

Siderite cementation occurred before
calcite cementation

Calcite always surrounds siderite
cement

1 
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Table 4. Cont.

Paragenetic Event Evidence Photomicrographs

Carbonate cementation occurred before
compaction

Ankerite stops compaction by
forming long contacts with

framework grains in areas where
loss of intergranular volume (IGV)

is apparent

1 
 

 
 
 

 
 

 
 

 
 

 
 

Carbonate replacement occurred before
feldspar dissolution

Feldspar relics are observed within
undissolved calcite that occurs

inside dissolved feldspar grains

1 
 

 
 
 

 
 

 
 

 
 

 
 

Compaction
Numerous low IGV areas and long,
sutured, and concavo-convex grain

contacts

 

2 

 
 

 
 

 
 

 
 

 
 

Some calcite cementation occurred
during/after compaction

Calcite cement is sometimes found
outside heavily compacted low IGV

areas and formed a poikilotopic
texture

 

2 

 
 

 
 

 
 

 
 

 
 

Feldspar dissolution primarily occurred
after compaction but before clay

cementation

Intragranular porosity in dissolved
feldspar is well preserved in low
IGV areas while being filled with

secondary clays

 

2 
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Table 4. Cont.

Paragenetic Event Evidence Photomicrographs

Clay cementation occurred before
hydrocarbon emplacement

Clays are oil stained, as shown by
the dark coatings

 

2 

 
 

 
 

 
 

 
 

 
 

The impact of paragenesis on geomechanics could be reflected by the observations
that early digenetic minerals (quartz overgrowths, feldspar overgrowths, and carbonate
cementation) are likely to provide intergranular support whereas late diagenetic minerals
(clays and post-compaction calcite cement) are not. Although a mostly early diagenetic
event, carbonate replacement of feldspar provides negligible structural support due to its
occurrence only within detrital feldspar and/or rock fragments. Additionally, poikilotopic
calcite provides more structural support than carbonate cements that are disseminated or
sparsely present across all lithofacies. In general, quartz overgrowths provide the most
stable structural support, especially in unstable conditions that involve chemical reactions.

4.2. Changes in Hydraulic Properties

Table 5 summarizes the pre- and post-test changes in porosity and permeability for
all experiments. Overall, the presence of CO2 in the brackish solution increased porosity
and permeability during the reservoir condition flow-through experiments. The porosity
changes were mostly small with a < 1% absolute change. Permeability mostly increased
with exposure to CO2. In some cases, permeability decreased; this seems to happen in
samples where iron oxide-rich films or other secondary phases precipitated, clogging pore
throats. Increases in permeability were generally on the order of one order of magnitude,
while decreases were within the same order of magnitude as the pre-test measurement.

Table 5. Pre- and post-test porosity and permeability measurements.

Sample ID Pre/Post Porosity (%) Abs. Change (%) Permeability (m2) Abs. Change (m2)

Chl1 pre 10.48 0.06 6.54 × 10−15 4.25 × 10−15

post 10.54 1.08 × 10−14

Chl2 pre 15.12 0.33 5.96 × 10−15 4.84 × 10−15

post 15.45 1.08 × 10−14

Chl3 (control) pre 14.16 0.06 3.48 × 10−15 −1.13 × 10−15

post 14.22 2.36 × 10−15

ASCS1 pre 6.20 * 0.30 * 5.62 × 10−14 −1.27 × 10−14

post 6.50 4.35 × 10−14

ASCS2 pre 9.82 * 0.28 * 4.47 × 10−14 1.00 × 10−16

post 10.10 4.48 × 10−14

ASCS3 (control) pre 10.00 1.80 4.92 × 10−14 −1.08 × 10−14

post 11.80 3.84 × 10−14

Unc1 pre 10.37 −0.04 6.12 × 10−16 2.97 × 10−15

post 10.33 3.58 × 10−15

Unc2 pre 10.71 0.24 7.60 × 10−16 1.88 × 10−15

post 10.95 2.64 × 10−15

Unc3 (control) pre 10.43 −0.26 6.61 × 10−16 5.13 × 10−16

post 10.17 1.17 × 10−15
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Table 5. Cont.

Sample ID Pre/Post Porosity (%) Abs. Change (%) Permeability (m2) Abs. Change (m2)

Kao1 pre 8.50 −0.17 3.85 × 10−16 −9.87 × 10−18

post 8.33 3.75 × 10−16

Cal/Kao2 pre 7.36 1.26 1.68 × 10−16 1.04 × 10−15

post 8.62 1.20 × 10−15

Kao3 (control) pre 12.61 0.14 5.34 × 10−15 −7.99 × 10−16

post 12.75 4.54 × 10−15

CCS1 pre 2.71 * 0.89 * 3.35 × 10−18 7.47 × 10−17

post 3.60 7.80 × 10−17

CCS2 pre 2.90 −0.10 4.29 × 10−18 −1.85 × 10−18

post 2.80 2.44 × 10−18

CCS3 (control) pre 3.20 −0.10 4.50 × 10−18 −3.13× 10−18

post 3.10 1.37 × 10−18

MP1 pre 15.05 - 9.00 × 10−14 −3.00 × 10−14

post - 6.00 × 10−14

MP2 pre 12.50 0.17 3.00 × 10−14 −9.97 × 10−15

post 12.67 2.00 × 10−14

MP3 pre 15.95 0.33 1.98 × 10−13 −1.38 × 10−13

post 16.28 6.00 × 10−14

MP4 pre 13.01 −3.95 1.00 × 10−14 1.00 × 10−14

post 9.06 2.00 × 10−14

* Note that these values are estimated from mass balance calculations of dominant carbonate mineral phases and
could contain large uncertainties.

During the higher temperature and higher effective stress consolidation experiments
that mimic the long-term reservoir response to injection (MP1–MP4), the porosity and
permeability varied in opposite directions. In MP1 through 3, modest increases in porosity
were met with decreases in permeability. In MP4, a short-term experiment with little
variation in static moduli, the porosity decreased while permeability increased. Decreases
in permeability appeared to be related to the formation of iron oxide and other precipitates.

4.3. Changes in Mineralogy and Fluid Composition

A series of petrographic analyses of pre- and post-test thin sections show alterations
in the Morrow B sandstone for the five rock facies in terms of cement abundance and
texture [38–40]. For all experiments, early diagenetic quartz and K-feldspar overgrowths
had an unchanged abundance and texture compared to pre-test samples. In samples
cemented with calcite, we found a decrease in abundance and a heterogeneous dissolution
pattern of complete dissolution in the upstream section and partial dissolution in the
downstream section of the core samples (Table 6; CCS2 and Cal/Kao2). This result indicates
that variable dissolution degrees can occur along the core length—from high dissolved
volumes upstream to low dissolved volumes downstream. In samples cemented with
ankerite, we found a lower abundance of ankerite (Table 6; Chl1, Chl2, ASCS1, and ASCS2)
and dissolved edges (Unc1 and Unc2). In siderite-cemented samples, there was a greater
abundance of siderite and new iron oxide coatings in the post-test thin sections of Chl1,
Chl2, Cal/Kao2, Unc1, and Unc2 (Table 6). In samples cemented with chlorite, we found
little difference in the abundance of chlorite and new iron oxide precipitation (Table 6;
Chl1 and Chl2). In kaolinite-cemented samples, the textures were unchanged (Kao1,
Unc1, and Unc2); we believe that the variable kaolinite abundance in pre- and post-test
samples can only be due to heterogeneity because the saturation index of kaolinite (https:
//doi.org/10.18141/2221813) indicates favorable precipitation rather than dissolution for
the full length of all experiments [38–40].

https://doi.org/10.18141/2221813
https://doi.org/10.18141/2221813
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Table 6. Mineralogy degradation/deformation observed in post-test thin sections.

Alteration Photomicrograph of Evidence

Siderite alteration occurred as noted by the
precipitation of new iron oxide (Fe oxide)

coatings

 

2 

 
 

 
 

 
 

 
 

 
 

Ankerite dissolution indicated by crystal
deterioration and dissolved edges

 

3 

 
 

 
 

 
 

 
 

 

Calcite was often completely dissolved, but
sometimes only partially dissolved

 

3 

 
 

 
 

 
 

 
 

 

Chlorite dissolution resulted in the release of
iron which quickly reprecipitated as iron oxide

 

3 

 
 

 
 

 
 

 
 

 

Microcracking occurred along the bottom
length of sample MP2 resulting in a large zone

of highly deformed framework grains

 

3 
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Table 6. Cont.

Alteration Photomicrograph of Evidence

Higher resolution of the shattered quartz grain
from the image above

 

3 

 
 

 
 

 
 

 
 

 

The above petrographic observations are consistent with the changes in fluid chem-
istry, but not necessarily irrefutably proven stoichiometrically because the reacting phases
contain the same cations. Compared to the control experiments, the fluid chemistry in the
experiments reacted with dissolved CO2 showed significant increases in Ca2+, Mg2+, and
Fe2+ concentrations, which gradually stabilized at lower concentrations over time. This
phenomenon indicates that significant dissolution occurred at the beginning of the exper-
iment, followed by a decrease in concentrations while remaining above the background
levels. We believe that the decrease in concentrations indicates the loss of reactive surface
area along flow paths and secondary precipitation. Three potential chemical reactions that
contributed to the increase in Ca2+, Mg2+, and Fe2+ concentrations are listed below, where
the ankerite composition is based on the microprobe analysis [40].

Calcite + H+ = Ca2+ + HCO−3 ,Ankerite + H+ = 0.57Ca2+ + 0.20Fe2+ + 0.23Mg2+ + HCO−3 ,

Siderite + H+ = Fe2+ + HCO−3 .

Furthermore, the saturation indices (SIs) of carbonates and clays (https://doi.org/10
.18141/2221813) calculated with GWB [52] suggest that the dissolution of calcite, ankerite,
siderite, and chlorite, and precipitation of iron oxide, illite, and smectite are dominant
chemical reactions in the Morrow B sandstone under CO2-enriched conditions. Episodes of
dissolution and precipitation of these mineral phases resulted in porosity and permeability
changes (Table 4). Detailed petrographic analyses are included in the Supplementary
Materials of published literature [38–40].

4.4. Changes in Geomechanical Properties

The geochemical changes summarized in Section 4.3 led to a range of mechanical
alterations, from negligible to significant, with most samples showing minor mechanical
alterations. CO2-enriched chemical conditions introduced two alteration mechanisms: min-
eral dissolution and precipitation. Specifically, localized and disseminated dissolution were
two common dissolution patterns observed in these experiments. Localized dissolution
was often observed in poikilotopic calcite, where a large continuous pore space was created
after reaction with the experimental solution (e.g., CCS2) and was more likely to cause
strength degradation. Disseminated dissolution tended to occur in siderite, ankerite, and
chlorite (disseminated carbonates and clay), where the dissolution occurred in individual
sparse mineral crystals (e.g., ASCS, Chl, and Unc) and did not significantly affect the pore
structure by creating large continuous segments as observed in concentratively dissolved
calcite cement. Although calcite dissolution was associated with strength degradation in
samples CCS1 and CCS2, an exception can occur when the diagenetic heterogeneity is
locally complex and overshadows the dissolution of the most reactive grain supporting ce-
ment as occurred in sample Cal/Kao2. As for mineral precipitation, iron oxide/hydroxide

https://doi.org/10.18141/2221813
https://doi.org/10.18141/2221813
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and iron-rich clay precipitates (illite and smectite) were two common secondary products
in Morrow B sandstone. Iron-rich precipitates surrounding siderite strengthened the grain
contacts and thus provide structural support. In contrast, clay precipitation did not affect
the matrix structure support, and forming illite and smectite could decrease permeability.
This evidence is supported by previous studies [22,27].

Negligible tensile strength weakening was observed in the samples that experienced
the minimal and disseminated dissolution of chlorite, ankerite, or siderite (i.e., ASCS, Chl,
Kao, and Unc) (Figure 4). The depositional and diagenetic history are the primary factors
regulating the geomechanical alterations in these samples, where framework grains and
early diagenetic cement, such as quartz and K-feldspar overgrowths, maintained the matrix
structure. Significant tensile strength weakening was observed in sample CCS2 [40], while
a negligible change in tensile strength was detected in sample Cal/Kao2 [38] (Figure 4).
Both samples experienced excessive calcite dissolution. Therefore, we summarize three
factors that control the degree of strength degradation for calcite-cemented samples: (1) the
presence of additional, less reactive, early diagenetic cement (siderite), which forms new
iron precipitates and is a key component of rock stability; (2) the dissolved calcite which
precipitated after compaction since it is not fully supportive; and (3) the formation of quartz
overgrowths (3–4%), which are consistently stable and unaffected where calcite cement
is removed.
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Figure 4. Indirect tensile strength of fifteen post-experimental samples as a function of the distance
from the upstream end. Note that CO2-treated samples CCS1-2 show a prominent decrease in strength
towards the upstream end of the sample, while all other sample show negligible differences in tensile
strength across the sample length.

Changes in ultrasonic wave velocities were also observed during the HCM coupling
process. The decrease in wave velocities reflects the creation of new dissolution-driven
macropores, while the increase in wave velocities reflects the precipitation of crystalline
iron-rich phases. In the Chl and Kao samples, slight increases in wave velocities occurred in
samples that experienced a slower flow rate (0.01 mL/min) due to secondary mineralization
of grain coating crystalline iron oxides (Figure 5). In contrast, a slight decrease in wave
velocities occurred in samples that experienced a faster flow rate (0.1 mL/min) due to more
penetrative dissolution of grain-bridging minerals, less precipitation of crystalline iron
oxide coatings, and precipitation of new amorphous clay minerals (Figure 5). Thus, the flow
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rate could control the HCM coupling process by affecting the dissolution/precipitation
mechanisms through chemical kinetics.
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Figure 5. Post-test vs. pre-test P-wave velocity. In most samples, the pre-test P-wave velocity is
slightly higher than or similar to the post-test P-wave velocity, except for two samples (Chl1 and Kao1).

The experiments presented in [37] used a classic geochemical and geomechanical
strategy of replacing time with temperature and stress in order to mimic the deformation
in HFU5 of the Morrow B sandstone over operational (decades) time spans rather than
laboratory time spans (days to months). Identical to the experiments on HFU5 in [37,39],
we found an approximately 10% decrease in P-wave and S-wave velocities after the flow-
through tests were completed. This is consistent with increasing porosity and permeability
in samples MP1 through MP3. Sample MP4 show the lowest decrease (non-significant)
in velocities.

Overall, little net inelastic time-dependent (i.e., creep) strain was accrued beyond
the initial, largely elastic deformation during loading. During the experiments on MP1
and MP2, where the samples were unloaded and reloaded to estimate static bulk modu-
lus changes while continuing flow-through, a small (~10−4 strain) step-like deformation
was observed, which was thought to be related to the movement of fines. During the
experiments on MP3 and MP4, almost no creep strain was accumulated beyond the initial
deformation related to loading.

The evolution of the bulk modulus for the experiments in [37,39] revealed that the
samples show the largest variation in bulk modulus during the brackish solution-only
experiments, with variations of up to 35%, while the CO2-enhanced brackish solution
experiments had little variation (~5%). To understand the mechanism of variation, the bulk
modulus was measured before testing, at the end of brackish solution-only testing, and at
the end of the whole experiment in the two-stage tests at the same flow-through volumes
but at different absolute times (1 month and 2 months, vs. 2 and 4 days). The longer-term
tests reveal more variation over time, with an increase in bulk modulus after 1 month that
nearly returned to the initial bulk modulus after CO2-enhanced brackish solution flow in the
MP3 experiment. The bulk modulus was nearly constant throughout the MP4 experiment.

The lack of variation in static moduli during the short-term experiment (MP4) con-
trasted with the variation in the brackish solution-only long-term experiment (MP2), which
argues for a time-dependent mechanism driving the evolution of bulk modulus indepen-
dent of dissolution-driven changes in velocity.
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4.5. Changes in X-ray µCT Images

The X-ray µCT images show two types of dissolution patterns: disseminated ankerite/
siderite dissolution (Figure 6a) and poikilotopic calcite dissolution (Figure 6b). The first
dissolution type forms unconnected open pores and results in a smaller increase in porosity
(Figure 6a). The secondary dissolution type forms significant wormholing and a con-
comitant increase in porosity. Higher resolution CT images revealed fine clay particle
migration or potentially clay precipitation as the third mechanism that can affect the pore
structure/space evolution (Figure 6c).
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Figure 6. (a,b) The 3D rendering of the pre- and post-test difference with 27 µm resolution in
samples Chl1 (a) and Cal/Kao2 (b) showing minor dissolution with unconnected porosity in Chl1
and significant dissolution with connected porosity in Cal/Kao2. The color scale bar is a quantitative
representation of the pre- and post-test difference. (c) Pre- and post-test data, and the subtraction
of the post-test from the pre-test values of 11 µm resolution images for a slice of sample Unc3
showing clay migration and/or precipitation at multiple locations. The color scalebar indicates
change reliability where positive is dissolution (white) and negative is precipitation or movement of
clays (dark browns). Black is the most negative and generally represents an artifact in imaging and
post-processing of the brightest phase. Reproduced with permission from [38].
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4.6. Additional Analyses

A thorough petrographic analysis including 1000 (pre) and 2000 (post) point counts
was performed on samples MP1-4 of the macroporous-dominated lithofacies studied in [37]
to verify the volumetric estimates of framework grains, cement, and porosity and to docu-
ment changes in the mineralogical textures and formation damage (microfracturing) from
fluid–rock interactions during testing. The point count analysis indicated that, on average,
these samples from the macroporous-dominated lithofacies of the Morrow B sandstone
had 70% framework minerals, 10% cement, and 17% porosity. The cement minerals were
composed of 3% quartz overgrowths, 1% ankerite, 2% kaolinite, and 3% undifferentiated
clay. The porosity consisted of 11% macroporosity, 3% dissolution porosity, 3% undif-
ferentiated clay and kaolinite microporosity, and 1% other microporosity. The samples
also contained 1% ankerite replacement and 2% matrix (Figure 7). All samples contained
trace quantities of calcite in the pre-test thin sections; however, only MP2 had enough to
constitute 1% volumetrically (Figure 7). The uncertainty ranged from ±0.10 to ±1.9% for
all phases (Figure 7).
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shown as error bars for each phase. Kao Micro is kaolinite microporosity, Dissolved is dissolution
porosity, Macro is macroporosity, and Micro is clay microporosity and other microporosities.
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Pre-test thin sections were taken from the same interval as samples MP1-3, but not
from the plugs themselves. No pre-test thin section exists for MP4. Post-test thin sections
were cut as a plane lying along the long axis of all plugs.

In the post-test thin sections of samples MP1-3, there were no volumetric differences
from pre-test observations in quartz overgrowths, but there was 2–3% less undifferentiated
clays and 1–3% more kaolinite. The volumetric quantity of ankerite was similar in pre- and
post-test thin sections of all samples; however, there was extensive evidence of alteration in
MP1 and MP3, which interacted with the CO2-rich brackish solution, and some evidence
in the brackish solution-only control experiment MP2 which was noted due to crystal
deterioration and iron oxide precipitate coatings (Figure 8a). Although below 1% in the
pre-test thin sections, calcite did not exist in the post-test thin sections of MP1 and MP3,
but remained volumetrically unchanged in MP2. For MP4, no pre-test thin section exists,
and the post-test thin section has only one crystal of ankerite (Figure 8b), no calcite, about
1% less quartz overgrowths, 1% more kaolinite, and similar percentages of clays compared
to post-test thin sections for MP1-3.
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For porosity, there was no measurable change in MP1, and 1% and 3% increases in
porosity in MP2 and MP3, respectively. The 3% increase in MP3 occurred as roughly 2%
more macroporosity and 1% more each of kaolinite microporosity and dissolution porosity
in feldspar grains and rock fragments (Figure 7). The 1% increase in control experiment
(MP2) occurred as roughly 2% and 1% more macroporosity and microporosity, respectively,
and 2% less clay microporosity. The post-test thin section of MP4 had approximately 1%
(MP1) and 3% (MP2 and MP3) less total porosity than the other post-test thin sections.
The lower abundance typically occurred due to lower macroporosity or microporosity
compared to samples in other experiments.

The pre-test thin sections indicated that all samples of the macroporous-dominated
lithofacies studied in [37] were fractured to some extent during burial. Deformation was the
most extensive in the sample MP3 and was less apparent in samples MP1-2. The microfrac-
tures were typically intragranular, with a low intensity and thin aperture and porosity
can be visualized within them (Figure 9a). Macroporosity was common around low inter-
granular volume (IGV) areas where grains were fractured (Figure 9a). Damage was the
most abundant in the thin section from MP2, which was performed only with reservoir
brackish solution. The deformed zones had a high fracture intensity with numerous events
occurring within individual framework grains (Figure 9b–d). The offset of fractured pieces
of individual grains often occurred (Figure 9d). Intergranular fracturing was sometimes
apparent (Figure 9c), and grain consolidation seemed to have occurred in severely damaged
zones indicated by a loss of macroporosity (Figure 9b,c). The other experiments typically
had scattered instances of microfractures, which likely occurred during testing. How-
ever, because no large zones of deformation existed in those thin sections, this attribution
remains uncertain.
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Figure 9. Microfractures that occur during burial usually have a low intensity and aperture, and
deformed grains are in macroporous regions (a). Post-test, new microfractures exist with much
greater intensities (b–d), and are sometimes intergranular (b,c). Grain consolidation appears to occur
in highly deformed zones noted by the loss of macroporosity (b,c). Offset of newly fractured zones
within grains also occurs (d). Intergranular in (b,c) is an intergranular microfracture.

We do not recommend comparing the volumetric mineral changes from sample to sam-
ple because of heterogeneity. Instead, we summarized the general changes in volumetric
mineral phases.

5. Discussion

In general, the porosity and permeability increase after the HCM coupling process
(Figure 10). Two exceptions are Chl3 and Kao3 (control samples), whose permeability
decreased after the HCM coupling process. This observation might be solely impacted by
compaction processes, since no CO2 was present in the flow-through environment in these
two control samples. Although the core sample was too small compared to the reservoir
heterogeneity, the shifting of core samples to a new HFU still indicates the possibility
of the same shifting behavior of portions throughout the entire geological formation as
CO2 migrates into new areas and CO2-saturated solutions with dissolved salts convect
downward into the formation, exposing fresh waters to the CO2.

The complete results indicate that the interaction of the texture and reactivity of
diagenetic minerals with CO2-induced chemical reactions determines the hydro-chemo-
mechanical degradation of the different HFUs of the Morrow B sandstone. In particular,
the degree of pore-filling carbonate or chlorite cements vs. interconnected open pores
control the sensitivity of hydraulic properties to exposure to CO2, while the location and
degree of grain-supporting textures of carbonate vs. quartz cements controls the impacts
on strength. The samples of HFU1-2 (CCS1-3; Cal/Kao2) are dominated by intragranular
microporosity within calcite and carbonate cements and some clay cements that filled
the primary porosities, and feldspars and rock fragments. Calcite cement filled most
porosities around quartz and other disseminated carbonates, occurring before significant
consolidation could occur. In the CO2-exposed samples, we observed more than an order
of magnitude increases in permeability with mild increases in porosity. The XRCT imaging
reveal the formation of ‘wormhole’-like textures, with the greatest dissolution near the
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upstream end of the sample. Mild (<10%) velocity changes were observed, consistent with
an increase in porosity. These samples were also the only samples to show significant
tensile strength degradation. We believe that these hydraulic and mechanical changes are
almost entirely due to the early and extensive cementation of the samples. Reactive cements
(calcite) are in a primary load-bearing texture and also controlled the permeability, so the
dissolution of these cements will have a major effect on the properties of the formation.
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Figure 10. Change in porosity-permeability correlation or HFU of all 19 samples from flow-through
and creep/flow-through experiments. CO2-reacted samples with disseminate carbonate (Dissemi-
nated Carb) include ten samples, CO2-reacted samples with poikilotopic calcite (Poikilotopic Calcite)
include three samples, and control samples (Control) include six samples. Pre-test results are hollow
markers and post-test results are solid markers. Note large deviations of permeability and porosity in
some samples of Poikilotopic Calcite (red rhombi) and Disseminated Carb (blue triangles).

The HFU3-4 samples were dominated by intergranular microporosity with a broad
range of dispersed pore-filling cements including siderite, ankerite, kaolinite and chlorite.
Most importantly, quartz overgrowths formed early during the formation burial history
and continued to grow throughout burial. These samples experienced complex patterns of
dissolution and precipitation. Iron-rich minerals (chlorite, siderite, and ankerite) dissolved,
opening new pathways through the now open macropores and opening microporosity, but
the dissolved iron then rapidly precipitated. Overall, the primarily carbonate-cemented
samples experienced greater increases in permeability than chlorite-cemented samples, and
neither set experienced a large increase or decrease in porosity. The XRCT imaging and
visual petrography revealed that dissolution is disseminated, consistent with the original
cementation texture, but appears to visually create new fast paths through the samples.
This indicates that the position and relative abundance of reactive minerals control—and
may improve—reservoir performance.
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Mechanically, no significant change in tensile strength was observed and the velocities
were found to increase and decrease by between 2 and 14%, with the largest decreases ob-
served in the carbonate-cemented facies of HFU3-4. The lack of change in tensile strength is
allowed by the early, non-reactive, and load-bearing quartz overgrowth textures combined
with more extensive long to sutured grain contacts. Reactive cements mostly filled large
primary pores and are not volumetrically substantial to be load bearing. This means that
volumetrically minor but early—and thus load-bearing—non-reactive cements play an
outsized role in controlling the strength of these sandstones. Decreases in P- and S-wave
velocities did not correspond to a decrease in strength. Rather, velocity decreases reflected
modest increases in porosity and, possibly longer, well-connected open pores along the
axis of velocity measurements. They may also be a good indicator of fine migration or new
clay precipitation in the samples that are not reacted with CO2.

We studied HFU5 extensively. It is the primary injection and storage unit of the
Morrow B sandstone reservoir [47]. We conducted both flow-through experiments under
reservoir conditions to understand the immediate changes and creep deformation experi-
ments with flow-through at a higher temperature and effective stress to understand the
changes during long-term CO2 injection. The unit has a well-connected intergranular
porosity with limited pore-filling, reactive cements, but does have early quartz cementation
and long to sutured grain contacts. Modest (factor of 2) increases in permeability and
little change in porosity were observed after both the flow-through and creep experiments.
Prior and the new petrographic observations of flow-through samples revealed minor,
disseminated dissolution of reactive cements for both sets of samples. Local fractured zones
were newly observed in one of the creep experiments. Additionally, XRCT imaging of
the flow-through experiments confirmed the minor and disseminated dissolution pattern.
Thus, again, the diagenetically controlled location of carbonate cements appears to control
changes in permeability and porosity in HFU5.

No significant strength degradation and little to no long-term creep deformation was
observed in these samples. The velocities decreased, with the greatest decreases observed
in samples with newly formed cracks. The static bulk modulus varied more through the
control (brackish solution-only period) experiments and there was less (3% or less) variation
in bulk modulus during the CO2-exposed periods. This behavior of the bulk modulus
could be explained by the stress corrosion in quartz and calcite that was dominated by
hydrolysis, i.e., surface reactions where OH− from dissociated water break bonds between
Ca and CO3 or Si and O preferentially at stress concentrations [55–57]. This process causes
the propagation of fractures at subcritical stresses—below the yield, or ‘first-cracking’
stress in quasistatic tests. Relatively little work has been performed to systematically
evaluate what competing effects control the rate of stress corrosion cracking. However,
the authors of [58,59] conducted a series of experiments focused on chemical controls of
the strain accumulation of relatively pure quartz sand at high (10 to 30 MPa), mean, and
differential stresses. Cumulatively, their work showed that stress corrosion increases with
stress and temperature but also, vitally, happens even when the solution is saturated with
quartz. Ref. [59] documented a decrease in micro-cracking and strain accumulation in
solutions with CO2. The mechanism proposed is a reduction in available OH− given the
acidification of the solution; however, the authors of [58] showed that large increases in
pH had some but not a major effect. We believe the mechanism is more likely due to
CO2

′s tendency to replace or disrupt OH− and structured water on silicate and carbonate
surfaces. However, this is not explicitly documented for quartz or feldspar minerals [60].
Just as in the other HFUs, the velocity decreases appear to be controlled primarily by
increases in porosity, but also possibly by the addition of zones of cracking. The early
quartz-overgrowth cements—which, again, are non-reactive—limit strength degradation.

We believe that the variability of the static bulk modulus reflects episodic fracturing
and subsequent ‘healing’ of subcritical fractures. Direct evidence of localized fracturing
was observed in thin sections. Importantly, this variability and fracturing was observed in
brackish solution-only samples. It appears that CO2 inhibits the formation of subcritical



Energies 2023, 16, 7949 24 of 27

fractures and other surface-chemistry-driven deformation mechanisms, consistent with the
observations in [59].

There have been extensive studies on the impact of the acidification of formation
waters by CO2 on the geochemistry and hydraulic and mechanical properties of formation
rocks [23,33,35,36]. However, very few have examined intra-formation heterogeneity [21].
Moreover, intra-formation heterogeneity is common in many sandstones, particularly
fluvial sandstones and sandstones that have undergone extensive diagenesis [61]; poor
or complex reservoir behavior is often attributed to this heterogeneity, but without care-
ful analysis.

6. Conclusions

We concluded that most of the Morrow B sandstone (HFU3-5) was tested to be a highly
robust reservoir with a low risk of mechanical degradation. CO2 injection improves the
reservoir storage capacity by increasing the porosity and permeability without significantly
damaging the geomechanical properties. However, CO2 injection to the basal layer of the
Morrow B sandstone formation should be avoided since the dissolution of poikilotopic
calcite might overcome the effect of diagenesis and lead to problematic outcomes in the
reservoir’s geomechanical properties. When considering reservoir selection and monitoring,
our results suggest that the following heuristics should be considered:

• Primary mineralogy of sandstones should be dominated by felsic minerals to limit
reactivity.

• Preference should be given to early-stage, non-reactive cements such as quartz over-
growths. Given its limited solubility in CO2-enriched saline waters, anhydrite may
also be a reasonable early cement.

• If reactive cements (i.e., carbonate and Fe-rich chlorite cements) are present, it is best if
they formed late in the diagenetic sequence and are not load-bearing.

• If non-reactive, load-bearing cements and late-stage, reactive cements are present,
reservoir performance (injectivity) may significantly improve without losing reservoir
mechanical integrity.

• For long-term injection programs, it appears that CO2 will inhibit subcritical fractures
and, thus, mechanical weakening of the reservoir.

• Minor dissolution of cements decreases ultrasonic velocities by up to 300 m/s, which
may create ambiguity in monitoring the plume of supercritical CO2.

• Degradation of seismic velocities during injection may suggest a loss of strength but is
not a strong indicator; local rock texture controls whether changes in velocities will
correspond to changes in strength.

These suggestions appear common sense—sedimentologists have been recommending
heuristics like these for decades without extensive quantitative data. By carefully studying
the performance of a well-characterized and heterogeneous reservoir, integrating petrog-
raphy, geochemistry, hydraulic properties, and mechanical properties, we have been able
to reveal an integrated understanding of where a reservoir will be sensitive and, perhaps
more importantly, where a reservoir will not be sensitive to CO2 injection.
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