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ABSTRACT: Carbon capture and storage (CCS) is an effective mitigation strategy - /’\ -

to curb greenhouse gas emissions into the atmosphere. Although sandstone reservoirs S
have been widely used for CCS due to their favorable properties, their effectivenessis | cos | [ njectivity |
limited by slow mineral trapping. This review explores carbonate and basaltic :
formations as alternative CO, storage solutions. Basalt formations contain highly
reactive minerals that promote rapid CO, mineralization. Pilot studies have
demonstrated successful mineralization within 2 years. Carbonate formations also
show promise for efficient CO, trapping. However, several challenges must be
addressed. These include complex interactions between CO, and rock substrates,
difficulties characterizing carbonate formations, and variable behavior in basalt .
formations under different conditions. This review comprehensively reviews and '-\{'ominmm/f’ | Rseey)
analyzes the current state of the art on the dissolution and mineralization processes in " \/ .
carbonate and basalt formations. Key issues such as reservoir characterization,

changes in flow properties, and long-term CO, integrity are highlighted. Additionally, the review identifies critical challenges for
large-scale storage, including costs, CO, injectivity, storage integrity, and effective monitoring techniques. Addressing these
challenges is essential for realizing the potential of carbonate and basalt formations for efficient CO, storage. Successful
implementation of these strategies will significantly contribute to mitigating climate change by providing a secure and permanent
solution for greenhouse gas emissions.

.//

1. INTRODUCTION irreversible damage to both natural ecosystems and human
societies.

With the global energy demand on the rise, there is a risk of
further GHG emissions accumulating in the atmosphere, leading
to increased global temperatures and potentially catastrophic
consequences. In response, international initiatives have
emerged to mitigate CO, emissions through policy reforms.
At the 2015 United Nations Climate Change Conference in
Paris, 195 different countries committed to reducing GHG
emissions, aiming to limit global temperature increase to below 2
°C above preindustrial levels, with a target range of 1.5 to 2 °C.°
More recently, at the 2023 UN Climate Change Conference

The negative impacts of the increase in global surface
temperature have become severe and frequent.' Research data
from 1950 to 2022 shows that the global temperature has risen
by 0.89 °C, which can be attributed to the increasing
concentration of atmospheric greenhouse gases (GHGs),
including nitrous oxide (N,0), carbon dioxide (CO,), methane
(CH,), and water vapor (H,Oy)). Global warming is caused by
these gases primarily because they act as a thermal blanket that
traps a significant amount of heat. Although H,O(, plays a
substantial role in global warming, CO, concentration is the

controlling factor due to its significantly long atmospheric ] ) ]
residence time.” CO, is also abundant in the atmosphere due to (COP28), approximately 200 countries agreed to implement a

daily human activities, including deforestation, the combustion q1.11nquenn.1al global StOth?ke t.O assess worldwide progress on
of fossil fuels, industrial processes, and other various practices.3’4 climate action a.nd support, 1der?t1fy the SaPS:7 and (j.ouabor atively
The impacts of climate change due to the increase in develop strategies to enhance climate action.” To limit the global
anthropogenic GHGs are quantifiable and well-documented. temperature increase of 1.5 and 2 °C, the proposed solutions

For instance, in 2023 alone, the U.S.A. experienced 25

confirmed “billion-dollar” weather and climate disaster events.’ Received: September 11, 2024
At a broader time scale, the inflation-adjusted cost of climate- Revised: ~ December 19, 2024
change-related natural disasters amounted to over US$ 2.657 Accepted: December 20, 2024
trillion, resulting in approximately 16,340 fatalities.” These Published: January 6, 2025

disasters, such as droughts, floods, winter storms, and cyclones,
have grown in severity and frequency worldwide, resulting in
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include replacing the current fossil fuel-dominated energy
supply chain with renewable energy sources and increasing fuel
efficiency/conservation. One of the promising solutions
expected to make a significant contribution to GHG abatement
is carbon capture and sequestration (CCS), as illustrated in
Figure 1.%% CCS involves capturing CO, emissions from power
plants and industrial settings, transporting them to storage sites,
and permanently storing them. '’

[ JUnderground Water
I Caprock

[ bepleted Reservoir
I saline Aquifer

Figure 1. A schematic representation of CCS. CO, is captured from
plant-emitting sources, such as ethanol and coal plants, and then
injected into subsurface formations for storage. Reproduced with
permission from ref 10. Copyright 2023 Congressional Budget Office.

The global status of CCS facilities has seen significant growth
in recent years (see Table 1). As of 2024, the number of

Table 1. Current Global Status of CCS Facilities'"

status of facility number
operational S0
in construction 44
advanced development 248
early development 287
total 629

operational facilities has reached a total of 50, marking a 22%
substantial increase from 2023. Moreover, the development
pipeline has expanded rapidly, with a 60% surge over recent
years, bringing the total number of facilities under development
to 629."" This growth reflects a global commitment to advancing
CCS technology to meet carbon reduction targets. The U.S.A.
leads in CCS implementation, as evidenced by its high capture
capacity (Figure 2) and the number of operational facilities
(Table 2 shows the capture capacity of 18 operational
facilities'”).

Despite this progress, the existing and planned facilities are
still insufficient to address the scale of CO, emissions from
various industries, especially in the U.S.A., highlighting the need
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Figure 2. Capture capacity of CO, operational facilities in Australia,
Canada, China, and the U.S.A. based on the storage codes."!

Table 2. CCS Facilities Operating in the U.S.A"'"""

year CO, capture
name of CCS capacity CO, storage
facility location begun (MMT /year) formation
Terrell Texas 1972 0.5 depleted oil/
gas
Enid Oklahoma 1982 0.2 sandstone
Fertilizer
Shute Creek ~ Wyoming 1986 7.0 sandstone
Great Plants ~ North 2000 3.0 carbonate
Dakota
Core Energy ~ Michigan 2003 0.35 shale
Arkalon Kansas 2009 0.5 sandstone
Century Plant  Texas 2010 5.0 carbonate
Bonanza Kansas 2012 0.1 sandstone/
BioEnergy shale
Air Products  Texas 2013 0.9 sandstone
Coffeyville Kansas 2013 0.9 fractured
sandstone
Lost Cabin ‘Wyoming 2013 0.9 sandstone
PCS Nitrogen Louisiana 2013 0.3 sandstone/
carbonate
Petra Nova Texas 2017 1.4 carbonate
Illinois llinois 2017 1.0 sandstone
Industrial
Red Trail North 2022 0.18 sandstone
Energy Dakota
Harvestone North 2023 0.2 sandstone
Blue Flint Dakota
Barnett Zero  Texas 2023 0.185 carbonate
Bantam DAC  Oklahoma 2024 0.005 carbonate

for a comprehensive review of CCS to inform future research,
development, and deployment efforts.

Three main types of geological formations are usually
considered for the geo-sequestration of CO,—coal beds, saline
aquifers, and depleted oil and gas reservoirs.'”” Among the three
types, saline aquifers possess the greatest storage capacity,
primarily due to their location within highly porous and
permeable sedimentary basins.'” The global storage capacity for
CO, in geological formations is estimated to be between 10,000
to 20,000 billion metric tons, with deep saline aquifers alone
potentially accommodating up to 12 billion metric tons of
CO,."* In the U.S.A,, deep saline aquifers have an estimated
storage capacity of 8000—12,000 gigatons of CO,."> These
aquifers require fewer injection wells, facilitating easier pressure
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Figure 3. CO, trapping mechanisms in saline aquifers. Reproduced with permission from ref 22. Copyright 2022 Elsevier.

dissipation due to their highly porous and permeable character-
istics.'"® Moreover, these aquifers are characterized by high
salinity, which makes them unusable for basic human activities,
further supporting their use in CO, sequestration.13

A suitable saline aquifer for CO, sequestration must have a
low permeable rock layer, known as a caprock (or seal), above
the aquifer.'” This caprock is crucial for preventing the injected
CO, from migrating into the atmosphere. Asillustrated in Figure
1, the route to deep saline aquifers passes through underground
freshwater sources, which could get contaminated due to a
potential leakage through the caprock. Therefore, evaluating the
integrity of caprocks is essential.'> Zhang and Song'® identified
different mechanisms by which a caprock could fail—diffusive
loss through the caprock, fault leakage, leakage through pore
spaces when capillary breakthrough pressure has been exceeded,
and leakage through injection wells when wells are degraded.

In saline aquifers, CO, can be stored as a supercritical fluid ata
specific temperature (304.2 K) and pressure (7.376 MPa)." As
a supercritical fluid, it exhibits the characteristics of both a liquid
and a gas. Storing CO, in its supercritical state offers the
advantage of reduced storage volume compared to gaseous
Cco,.”” During CO, injection into saline aquifers, the trapping
mechanisms are vital in ensuring long-term storage over
geologically significant time scales. Figure 3 illustrates the four
main CO, trapping mechanisms: physical trapping (including
structural and residual trapping) and geochemical trapping
(including solubility and mineral trapping).”'

Upon injection into the aquifers, CO, moves upward to the
top of the reservoir and gets trapped by caprocks (Figure 3a)."”
This is known as the structural trapping mechanism, and it
initially traps the maximum fraction of the injected CO, in the
aquifer.”” In response to the injection of CO,, the saturation of
water in the pores decreases while the CO, saturation increases,
causing the CO, to be trapped in the pore and pore throat spaces
between the rock grains (as shown in Figure 3b).>*** This
process leads to the immobilization of CO,, preventing it from
migratin§ further and ensuring its long-term storage in the saline
aquifer.”” Figure 3c shows the solubility trapping mechanism,
which occurs when a fraction of the injected CO, dissolves in the

1228

brine during migration.”® Bachu®® highlighted that depending
on the brine’s salinity, this migration of CO, occurs by diffusion
of molecules, which takes place away from the boundary
between the gas-aqueous two-phase zone, where there is
dissolution into the underlying aqueous phase, ultimately raising
the aqueous phase’s density by 0.1—1%.”” The denser phase
sinks to the bottom of the aquifer, allowing the less dense CO,-
brine mixture to rise to the top.”® This creates a loop ensuring
the CO, is trapped as a dissolved phase, making solubility
trapping the most important method for trapping CO,.””

The solubility of CO, in brine not only plays a role in this
trapping process but also serves as a precursor to mineral
trapping. Mineral trapping involves geochemical reactions
where stable, solid compounds like carbonates are formed
when CO, interacts with the host formation’s minerals (as
shown in Figure 3d).”" It is slower than the other trapping
mechanisms; therefore, it may take hundreds to thousands of
years, depending on the reservoir mineralogy, to see its full
impact.'”"® However, it is the only recognized permanent
method of CO, storage, free from concerns related to CO,
leakage.”'

To effectively utilize mineral trapping, it is crucial to identify
and characterize suitable storage reservoirs. This is particularly
important for achieving climate goals, as vast volumes of CO,
need to be stored. Carbonate and basalt formations are
characterized by very reactive minerals, providing an attractive
avenue for CO, sequestration through enhanced mineraliza-
tion.”* Studies demonstrate that the speed of mineralization of
injected CO, can be significantly increased in basalt formations
so that complete mineralization is observed in a minimum of 2—
10 years.33_35 However, the factors affecting the mineralization
of CO, in these rock types are not yet fully understood. Over the
past decade, numerous researchers have investigated and
reviewed the reactions between these rock types and CO,. For
instance, Zevenhoven et al.*® outlined the developments and
trends since the IPCC special report on CCS®” and discussed the
developments toward large-scale application in basalts. Another
review by Geerlings and Zevenhoven discussed experimental
studies on the interactions between basalts and CO,. They

https://doi.org/10.1021/acs.energyfuels.4c04424
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Figure 4. Comparison of CO, trapping mechanisms in (a) sedimentary basins and (b) basalts after injection of CO, into the reservoir. (a) is
reproduced with permission from ref 56. Copyright 2022 International Energy Agency. (b) is reproduced with permission from ref 57. Copyright 2017
Elsevier.

highlighted heat-activated serpentine and magnesium silicates as o Identify knowledge gaps and areas for future research.
methods for rapid carbon mineralization. Siqueira et al.*”
reviewed experimental and numerical studies employed for
studying CO,-water-rock interactions in carbonates. Bonto et
al.® highlighted the challenges and enablers of large-scale CO,
storage in carbonate formations. Some challenges were 2. CO, STORAGE IN BASALTIC FORMATIONS

formation weakening, the integrity of the caprock, reactlvatlon

By addressing these knowledge gaps and challenges, the
findings of this review are not only timely, but essential for
advancing CO, storage solutions.

of faults in the formation, and injectivity. Raza et a0 presented Basaltic rocks present an ideal target for CO, storage due to their
a screening criterion for the selection of suitable basalt composition and structure. They are the most prevalent igneous
formations for the geological storage of CO,. Eyinla et al.*' rocks on Earth, with 45-53% SiO, content.”” The mineral
reviewed the petrophysical alterations in carbonate formations composition of basallt.s, contingent on magma composition and
during the injection of CO, for storage and Enhanced oil solidification conditions, may include olivine, pyroxenes,
Recovery (EOR) purposes. In the review of Kim et al,** they plagioclase feldspars, iron titanium (Fe—Ti) oxides, wollaston-

ite, forsterite, serpentine/chrysotile, and anorthite.”® These

focused on the carbon mineralization process in carbonates and
minerals, which are abundant in divalent cations such as Ca*"

basalts, highlighting temperature, rock type, fluid composition,

competing reaction, nucleation, and injected CO, phase as the Mg*, and Fe®, give basalts superior mmerahzatlon capac1ty
main factors affecting the mineralization process. Lu et al.*’ compared to other silicate-based rocks."’ 4

recently reviewed the experimental studies on basalt-CO, The PhY§1Fal properties of basaltic rocks also COﬂtrlbUtﬁ.? .tO
interactions, identifying research gaps and needs. Bashir et their Sultf‘blhty for CO, storag.e. The porosity and.permeablht.y
al.** also recently outlined the most recent advances in CCS of basaltic rocks can vary significantly depending on their
technology. The recent advances in CCS technology include the formation and subsequent alteraai;)n. T"ypical POTOF%W \'falues for
integration of CO, storage with EOR and the commercialization basalts can range from 0.(12—0.5 while PermAeablhty in basalts
of CCS projects. can span from 1.013 X 107°=1013 mD, with higher values often

associated with fractured or vesicular basalts.*

Several basalt formations in the U.S.A,, including Columbia
River Basalt Group, Grande River Basalt Group, East Coast
Basalt, Palisades, Hawaii olivine-rich basalt, Southeast Coastal
plain basalts, offer promising sites for CCS through in situ
mineral carbonation.””™>* This process has gained attention as
an effective carbon storage solution.

In-situ mineral carbonation involves the injection of captured
CO, into underground reactlve rocks for mineralization into
stable carbonate minerals.”” While this mineralization reaction
occurs naturally through silicate weathering over geological time
scales, artlﬁc1al mineral storage can accelerate carbon fixation
much faster.” By injecting CO, into the ground, solubility
trapping occurs immediately, allowing for rapid carbon
sequestratlon and bypassing the slow natural process of silicate

Numerous reviews have primarily examined specific aspects of
CO, mineralization in basalts or carbonates,*****"** such as
experimental studies or numerical modeling. A comprehensive
review integrating both experimental and numerical studies and
a detailed economic evaluation of large—scale CO, storage in
these formation types is currently lacking. Given the recent
advances in CCS technologies, particularly the commercializa-
tion of storage projects, a timely and critical review is needed to
bridge these gaps and enhance understanding to ensure the
effective deployment of CO, sequestration strategies. The
objectives of this review, therefore, are to

o Clarify the key factors influencing dissolution and
mineralization rates in basalts and carbonates.
e Enhance the understanding of how CO, mineralization

affects reservoir flow properties. weathering.” In a minimum of 2—10 years, a vast majority of the

o Conduct an economic evaluation of the potential costs injected CO, is observed to be trapped as a carbonate
associated with CO, storage in such rock types. mineral.”>~*>>* Mineral carbonation can be enhanced by
1229 https://doi.org/10.1021/acs.energyfuels.4c04424
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Table 3. Mineral Dissolution Reactions of Basaltic Minerals upon Contact with CO,

mineral, chemical formula
olivine (Forsterite), Mg,SiO,
serpentine, Mg;Si,05(OH),
anorthite, CaAl,Si,Og
wollastonite, CaSiO;

pyroxene (Diopside), CaMgSi,O4

40,61,62

reaction pathway

Mg,8i0, + 2H,CO; — 2Mg™* + H,SiO,

Mg 8i,04(OH), + 3H,CO, — 3Mg”" + 2H,Si0, + H,0

CaALSi,0 + H,CO, + H,0 — Ca®* + ALSi,O,(OH),
CaSiO, + H,CO; + H,0 - Ca’* + H,Si0,
CaMg8i, 05 + 2H,CO, + 2H,0 — Ca’* + MgCO, + 2H,Si0,

dissolving CO, in water prior to or during injection, enhancing
solubility trapping, and achieving mineral trapping within 2
years at 20—50 °C.> This, thus, eliminates the risk of CO,
migrating to the atmosphere due to the relatively fast dissolution
rates and mineralization. As shown in Figure 4, mineralization
occurs substantially faster in basalts than in sedimentary basins.

2.1. CO, Trapping Mechanism Process in Basaltic
Formations. After injection into basaltic formations, CO,
dissolves in water and gets trapped as an aqueous component™*
as expressed in eq 1. The aqueous CO, then reacts with H,O to
generate carbonic acid (eq 2).”” Bicarbonate and hydrogen ions
are produced when the carbonic acid dissociates further.”

CO,(sc) + 3H,0 = CO,(aq) + 3H,0 (1)
H,0 + CO,(aq) = H,CO, )
H,CO, = HCO;™ + H' 3)
HCO;™ = CO,”” + HY (4)

The liberation of protons in this process causes the pH to
decrease, a factor dependent on the temgerature, CO, partial
pressure, water salinity, and alkalinity."> A proton reaction
occurs between basaltic glass and the primary basaltic minerals
(i.e, pyroxene, olivine, plagioclase, etc.). This leads to the
release of the divalent cations (Ca*', Mg**, and Fe?*) for CO,
mineralization expressed in eq 5.°° Table 3 summarizes the
dissolution reactions of some minerals that take place in basaltic
formations.

Basaltic glass + H" = Ca?" + Mg2+ + Fe?t + ... (5)

The dissolution of these basaltic minerals is the rate-limiting
step in carbon mineralization, as it determines the divalent
cations available for the mineralization of CO,.°* However, this
process is complex and influenced by several factors, making it
essential to understand these factors to optimize the
sequestration of CO, in basalts. The key factors affecting
basaltic mineral dissolution are:

2.1.1. Temperature. Temperature significantly influences the
dissolution kinetics of basaltic rocks during the sequestration of
CO,. The Arrhenius equation below describes the relationship
between dissolution reaction rate and temperature:

RT

(6)

A is the pre-exponential factor, E, is the activation energy, R is
the gas constant, and T is the absolute temperature. As predicted
by the Arrhenius equation, an increase in temperature resultsin a
higher reaction rate. This is consistent with experimental studies
such as those conducted by Gislason and Oelkers,** who
observed an increase in dissolution rate as temperature increased
from 6 to 50 °C. Similarly, Schaef and McGrail®® reported a

1230

significant increase in dissolution rates of basalt samples from
the Columbia River flood basalts, with rates increasing over 100
times as temperature rose from 25 to 90 °C. Rosenbauer et al.*®
investigated the impact of temperature on the reaction rate of
tholeiitic basalts over a pressure of 300 bar and temperature
range of 50—300 °C, and discovered the optimum extent and
rate of reaction to be at 100 °C.

As shown in Figure 5, higher temperatures correspond to
higher dissolution rates for diopside, forsterite, albite, crystalline
basalts, and the other basaltic minerals further supporting the
importance of temperature in basalt dissolution. However,
Delerce et al.’” recently extended this understanding by
investigating altered basalts and found that while the release
rates of divalent cations from altered basalts were one to 3 orders
of magnitude slower compared to fresh crystalline basalt or
basaltic glass, the temperature still played a crucial role. They
observed a significant increase in release rates as the temperature
rose from 100 to 120 °C, further highlighting the universal
impact of temperature on basaltic minerals, whether altered or
unaltered. These findings suggest that temperature plays a
crucial role in the dissolution of basaltic minerals. Furthermore,
understanding the effects of temperature on basalt dissolution
can inform strategies for enhancing mineral carbonation
reactions, such as injecting supercritical CO, into deeper
formations, which may potentially speed up the dissolution of
basalts.®®

2.1.2. pH. The pH effect on basalt dissolution rates is complex
and varies with each specific mineral. As presented in Figure 6,
each mineral follows a unique path as pH increases from 3 to 10
at a constant temperature (25 °C). Oligoclase, andesine, glassy
basalts, and crystalline basalts exhibit U-shaped variations with
pH, with dissolution rates decreasing under acidic conditions
but increasing under alkaline conditions. In acidic conditions,
higher H ion activity enhances the diffusion exchange between
divalent cations and H" ions, resulting in increased ion release
rates.”” This aligns with the dissolution rate equations described

below;**7¢
1/3
r+,geo = k{ ]

(8)
where k is the reaction rate constant, described in eq 6, g; is the
subscripted species activity, and # is the order of the reaction. As
the activity of the H" ions increase, the dissolution rate increases.

The dissolution rates of oligoclase, crystalline basalts, glassy
basalts, andesine, and diopside reach a minimum at neutral pH
conditions, whereas the dissolution rate of crystalline basalts and
glassy basalts continues to increase as the pH rises. This
variation in dissolution patterns is attributed to the diverse

mineral composition of these basalts.”” As evident in Figure 6,
acidic conditions generally promote the dissolution of all basaltic

r = kajp

(7)

ap

aA13+
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Figure S. Effect of temperature on (a) diopside,69 (b) crystalline basalts,”® (c) forsterite,”" (d) albite,”* (e) andesine,”* and (f) glassy basalts”* at
varying temperatures. Dissolution rates are more pronounced under higher temperatures for basaltic minerals.

minerals. In fact, the experimental work by Berger et al.”’

demonstrated that basaltic glass dissolution rates increase
significantly under acidic conditions at high temperatures (150
°C), further supporting the notion that acidic conditions

enhance dissolution rates.

1231

2.1.3. Pressure. The pressure of the system may play a crucial
role in controlling the dissolution rates of basaltic minerals. The
injection of CO, into a system decreases the pH, which has a
significant impact on basalt dissolution by increasing the
concentration of dissolved H* ions. However, the effect of
overall system pressure on the dissolution rate of basaltic
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Figure 6. Dissolution rates of forsterite,”" diopside,” oligoclase,”* andesine,”* and crystalline and glassy basalts”* over pH range 3—10 at 25 °C. These
dissolution rates represent the release rates of silicate ions from the basalt minerals, which is an essential process in mineral carbonation. The rates are
expressed in units of mol/cm?/s, indicating the amount of silicate ions released per unit surface area of the mineral per second.

minerals remains unclear. Dou et al.” investigated the influence
of higher pressures and temperatures on basalt dissolution and
observed that pressure had a negligible effect on reaction rates
compared to the more substantial influence of temperature. This
highlights that system pressure, while important, may not be the
dominant factor in controlling dissolution rates, suggesting that
more research is needed to clarify its role.

At the same time, the partial pressure of CO, also plays a
crucial role in controlling the dissolution rates of basaltic
minerals. Research has consistently shown that increasing the
CO, partial pressure leads to a further decrease in pH, which in
turn increases the dissolution rates of silicate minerals. For
example, Wang and Giammar’” observed a pH reduction of 0.5
when the CO, partial pressure was increased from 10 to 100 bar
after injecting CO, at 25 °C, and a 6.5 faster dissolution rate of
forsterite. In the experimental study of Prigiobbe et al,*’ they
observed similar results. They reported a reduction in pH upon
increasing the CO, partial pressure from 0.2—10 MPa, which
enhanced the dissolution of olivine. These findings demonstrate
while CO, partial pressure significantly affects the dissolution of
basaltic minerals, the role of overall system pressure in
combination with the partial pressure of CO, remains
underexplored. This gap in knowledge suggests that both
pressure parameters should be considered in future studies to
comprehensively understand their combined effects on mineral
reactivity.

2.1.4. Other Influencing Factors. Several additional factors
affect basaltic mineral dissolution. Salinity, for instance, has been
found to have conflicting effects on dissolution rates. Wang and
Giammar’” reported that increased salinity (NaCl) increases the
dissolution rates of basaltic minerals, while Stillings and
Brantley®' observed a reduction in the dissolution rate of
feldspar after increasing the concentration of NaCl.

The presence of impurities in the CO, stream can also impact
the dissolution rates. These impurities include hydrogen sulfide
(H,S), sulfur dioxide (SO,), nitrogen oxides (NO,), and others,
which are often present in small percentages in captured CO,.
The addition of H,S, for example, increases the dissolution rate
of the basaltic minerals®* due to the increased reactivity between
basalt and CO,.® Similarly, Flaathen et al.** found that adding
aqueous sulfate to injected CO, increases the dissolution rate of
basaltic minerals. Min et al.** observed an enhanced dissolution
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rate of anorthite when sulfate was added to the CO, stream.
Additionally, the presence of nonreactive phases in heteroge-
neous rock materials increases the complexity of the prediction
of the dissolution of minerals in basaltic formations.* In the
experimental work of van Noort et al,* they report that the
presence of less reactive minerals did not slow down the
dissolution rate of peridotite. In contrast, Wang et al.*® recently
investigated the dissolution characteristics of naturally altered
basalts and compared them to unaltered basalts in CO,-rich
brine. Their results indicated that the release rates of divalent
cations in altered basalts were an order of magnitude lower than
those observed in unaltered basalts.

Organic ligands, including citrate, acetate, and oxalate,
accelerate basalt dissolution by facilitating metal cation
exchange and adsorption through surface complexation.””
This process promotes the formation of reactive surface sites,
thereby increasing the reactivity of basaltic minerals and
accelerating dissolution rates.*® Guy and Schott™ noted that
the diffusional transport of metals from basaltic glass surfaces
significantly influenced dissolution rates. Similarly, Wolft-
Boenisch et al.”” observed that the presence of organic ligands
enhanced the dissolution rates of basaltic glass; however, no
significant ligand-promoting effect was noted in peridotite.
Additionally, fluoride has been shown to promote the
dissolution of basalt minerals through its complexation effect.”’
Under acidic conditions, the dissolution rates of the minerals
increase with an increasing concentration of fluoride. The
interactions between organic ligands and basalts remain
complex, requiring further research.

Salinity, impurities in the CO, stream, nonreactive phases in
heterogeneous rock materials, and organic ligands significantly
impact dissolution rates. Understanding the effects of these
factors is crucial to accurately predicting the behavior of
dissolution rates in basaltic formations, and further research is
needed to uncover the underlying mechanisms controlling
basalt dissolution rates.

2.2. Carbonate Precipitation in Basalts and Effect on
Flow Properties. Carbonate mineral precipitation, which
involves the reaction of dissolved minerals with CO, to form
carbonate minerals, is a crucial step in the carbon sequestration
process, as it permanently stores CO, in solid mineral form (see
Figure 7). Basaltic mineral dissolution facilitates this process by
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Figure 7. Process of carbon mineralization upon CO, injection into basalt formations, showing (a) CO, dissolution into formation water, (b) basaltic
mineral dissolution driven by the resulting acidic environment, and (c) precipitation of carbonate minerals from cations released during mineral
dissolution. Reproduced with permission from ref 42. Copyright 2023 Elsevier.

Table 4. Chemical Precipitation Reactions in Basalts”*”’

mineral

calcite

chemical reaction

Ca’™ + CO, + H,0 = CaCO, + 2H"

Calcite

Mg®* + CO, + H,0 = MgCO, +2H"

magnesite

dawsonite

siderite

ankerite

Magnesite

Na**AP* + CO, + H,0 = NaAl(CO,)(OH),

Dawsonite

Fe’* + CO, + H,0 = FeCO, + 2H"

Siderite

Fe** + Mg* +Ca’* + CO,+H,0 = Ca(Fe, Mg)(CO;), + 2H'

Ankerite

consuming H' ions and increasing pH, promoting carbonate
precipitation.”® Table 4 summarizes some of the chemical
precipitation reactions of potential carbonates that are formed in
basaltic formations.®® Despite similar mineral compositions,
predicting specific carbonate precipitates remains challenging
due to complex CO,-basalt interactions.

Moreover, these dissolution—precipitation reactions signifi-
cantly alter the pore network of basalts, impacting their flow
properties. Rock dissolution can increase permeability and
porosity, while mineral precipitation in pores and pore throats
can decrease them. The dominant process determines whether
the pore network becomes more connected or disconnected,
affecting the overall flow properties.”* Understanding these
interactions is crucial, and numerous numerical and exper-
imental studies have been conducted to investigate the complex
dynamics between CO, and basaltic rocks (see Table 5).

The types of carbonates that precipitate in basalts are
influenced by pressure and temperature conditions. At higher
temperatures, the dissolution rate of basaltic minerals increases,
resulting in a higher concentration of divalent cations, which can
readily lead to the precipitation of carbonate minerals.
Rosenbauer et al.” carried out carbon mineralization experi-
ments for 4300 h on basaltic rocks composed of plagioclase,
pyroxene, and olivine and observed that the precipitation of
iron-bearing magnesite occurred mostly at 100 °C and at higher
partial pressures of CO,. Similarly, Xiong et al.”” reacted basalt
samples composed of plagioclase, pyroxene, and basaltic glass
with pure water at a temperature and pressure of 100 °C and 10
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MPa, respectively. The basalt cores were removed after 6, 20,
and 40 weeks, and they observed the precipitation of carbonates.
Voigt et al.”® conducted batch experiments on basalt powder at
130 °C and noted the precipitation of smectite and aragonite at
0.25 MPa. However, at 1.6 MPa, there was magnesite
precipitation as carbonates, which was three times higher than
the initial carbonates mineralized at lower CO, partial pressure.
These highlights the importance of high temperature and
pressure conditions for the precipitation of carbonates in basalts.

Carbonate precipitation in basalts is also affected by the
composition of the injected fluid and the formation water.
Several studies have highlighted the advantages of using
seawater as an injection fluid, particularly in terms of reaction
rate and economic efficiency.*” Wolff-Boenisch”” noted that the
pH buffering capacity of the reaction between CO,-rock-fluid in
basalts can be enhanced in alkaline groundwater or seawater.
Building on this, Wolff-Boenisch and Galeczka™ used synthetic
seawater with a pH of 8.1 as an injection fluid to investigate the
reactivity of crystalline and glassy basalts postinjection,
observing continuous carbon mineralization in the form of Ca
and Mg carbonates. Similarly, Voigt et al.”® used North Atlantic
seawater in a carbon mineralization experiment and observed a
high reaction rate in the precipitation of carbonates. Rigopoulos
et al.”” conducted reactions between artificial seawater and
either peridotite or very fine-grained basalt at room temperature
for a duration of 2 months, identifying the mineralization of CO,
in the form of aragonite (CaCOs). Luhmann et al."° performed
flooding experiments on basalt cores using brine solutions
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Table S. Recent Studies on CO,-Basalt Interactions under Different Conditions

pressure  temperature
reference rock constituents method aqueous matrix (MPa) °C) duration carbon precipitates
experimental studies
102 ankerite, quartz, chlorite,  triaxial water 150 25,250 2 days chlorite or smectite group
calcite experimental
test
113 forsterite batch reactor deionized water 0.1,10 30-95 692 h magnesite
105 olivine autoclave brine 13.5 185 n/a magnesite
65 plagioclase, pyroxene, batch reactor water 10 60 180 days calcite, pyrite, and marcasite
103 peridotite flow through 1 mol/LNaCl+0.6mol/ 11 160 200—450 min siderite and magnetite
L NaHCO,
112 basaltic glass batch reactor water 0.2-13 40 260 days ankerite, ferrihydrite, and
smectite
66 plagioclase, pyroxene, batch reactor NaCl 30 50-200 4300 h Fe-bearing magnesite
olivine
107 peridotite batch reactor water 20 100—200 6 weeks ferroan magnesite
106 olivine flow through artificial seawater 28 150 55.8—92.4h serpentine and hematite
109 plagioclase, pyroxene, fabricated triaxial ~ water 0.25 n/a 30-90 days calcite
amygdule, olivine chamber
100 crystalline basalts autoclave NaCl 15 150 0.51—32.81 days  siderite
99 peridotite batch reactor seawater 0.101 25 2 months aragonite
9s plagioclase, pyroxene, batch reactor water 10 100 6—40 weeks aragonite and calcite
basaltic glass
111 stapafell basaltic glass batch reactor water 8 S0 12h siderite
104 livine flow through brine 20-25 185 92.88—333.34h  magnesite
110 basaltic glass batch reactor Na,CO;, n/a 80—-150 21-52 days Ca-carbonates, smectite
101 augite, anorthite batch reactor water 0.43 20 65 days calcite, aragonite
108 andesine, augite, olivine flow through seawater 2 21 1-3.5 months n/a
numerical simulation studies
117 fractured basalts numerical n/a 10 100 6 weeks calcite, magnesite, siderite,
simulation manganese
114 basalt numerical brine 7.5 33 10 years calcite, magnesite, siderite,
simulation montmorillonite
115 basalt numerical water 12.8 220 10 years ankerite
simulation
116 basalt numerical 0.1 g/mol NaCl 13.5 50.5 200 years magnesite and calcite
simulation
118 basalt numerical 3 g/mol NaCl 20.3 89.6 - albite and magnetite
simulation

composed of CO,-rich NaCl and suspected formation of siderite
based on the calculated liquid saturation states. Schaef et al.*®
reported that the addition of H,S leads to the precipitation of
iron sulfides, which has the tendency to slow down the
formation of carbonates in one basalt sample (Newark Basin
Basalt) while increasing reactivity in another (Karoo basalt).
These findings suggest that the reactivity of carbon mineraliza-
tion is highly dependent on the composition of both the
injection fluid and the formation water.

Pajdak et al.'”" conducted an experimental study on basalt
samples from the Central European Volcanic Province in Poland
using a geochemical reactor, where they observed an increase in
porosity and pore volume due to the dissolution of rock
minerals. This dissolution-driven porosity increase suggests that
basalts have potential for CO, storage applications, as mineral
dissolution can enhance the permeability of the formation.
However, the precipitation of secondary minerals, such as
carbonates and clays, can counteract this effect by reducing
permeability and other flow properties. Several studies have
reported permeability reductions in basalts due to mineral
precipitation. In the experimental study of Kato et al,,'"* they
reported a reduction in the permeability of basalts from an
ancient fault zone, attributed to clay minerals precipitation.
Similar results were reported by Andreani et al.'>> They noted a
permeability reduction when low flow rates were employed.

1234

Also, the carbonate precipitation only decreased porosity in
zones where diffusion-controlled transport was dominant.
Peuble et al.'”* observed decreased permeability in olivine
samples upon ma§nesite precipitation at 185 °C and 20-25
MPa. Béarat et al.'” noted similar magnesite precipitation in the
presence of brine and CO, on olivine at similar temperature
conditions but at lower pressure (13.5 MPa). Godard et al.'®
conducted a core flooding experiment using olivine at a slow
injection rate of 0.2 mL/h, finding that the olivine became
impermeable after just 23 days despite a relatively small decrease
in porosity of less than 4%. Hovelmann et al.'”” noted decreased
porosity linearly correlated with the degree of olivine
carbonation in high-temperature, high-pressure experiments.
Building on these earlier studies, Stavropoulou et al.'”®
conducted one of the most recent and comprehensive
investigations on basalt’s flow properties after exposure to
dissolved CO, in seawater. Using X-ray computed tomography
(XRCT), they mapped the 3D pore network of basalt cores and
observed reductions in permeability and porosity, especially in
micropores (<50 pm), due to CO, mineralization. Guha Roy et
al.'”” conducted experiments to determine the stability of basalts
for CCS. They noted strength loss in different basalt samples
reacted with CO, and water at 0.25 MPa for 30—90 days. Their
results showed that the samples with the highest reactivity
showed the greatest strength deterioration, with the extent of
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Figure 8. Carbon injection methods in basalt rocks. (a) Carbonated water injection, where CO, is dissolved in water before injection, and (b) Direct
CO, injection, where pressurized liquid CO, is injected directly into the formation. The carbonated water injection method was used in the CarbFix
pilot project, while the direct CO, injection method was used in the Wallula pilot project. Reproduced with permission from ref 123. Copyright 2014

American Association for the Advancement of Science.

strength loss depending on exposure time, mineralogy, and rock
texture.

There are several other factors affecting the precipitation of
carbonates in basalts which are not yet fully understood. In the
experimental study of Hellevang et al,''® they found no
carbonate formation at pH < 8 (80 °C) and pH < 7 (100—150
°C), but observed Ca-carbonates and smectite at higher pH. In
contrast, Clark et al.'""" conducted water-basalt glass reactions
that resulted in high pH (9—10), where no mineral precipitation
was observed; however, siderite was identified as a thermody-
namically stable mineral. Gysi and Stefansson''> performed
batch experiments on basaltic glass to study the feasibility of low-
temperature (40 °C) CO, storage in basalts and noted
mineralization of CO, into smectites and other carbonates.
Additionally, Giammar et al.'"® investigated the conditions
favorable for forsterite dissolution in water in the presence of
supercritical CO, and reported the precipitation of magnesite.
They employed magnesite seeds and observed faster magnesite
precipitation in its presence. These studies suggest that the pH
and specific mineral compositions significantly influence
carbonate precipitation in basalts. While higher pH and the
presence of certain minerals, like magnesite seeds, appear to
promote carbonate formation, the exact mechanisms and
conditions that favor different types of carbonate precipitation
in basalts require further investigation.

Numerical simulation software are being employed to
understand the reactions between basalts and CO, in subsurface
formations. Wu et al."'* conducted simulations using Transport
Of Unsaturated Groundwater and Heat Reactions (TOUGH-
REACT) on fractured basalts to investigate CO, mineral
trapping and permeability changes. Their findings indicated that
the mineralization of CO, leads to a reduction in porosity, which
causes a permeability reduction. Additionally, they observed
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free-phase CO, accumulation at intersections of fracture,
diverging into branching fractures. The predominant mineral
formed during this process was calcite, with siderite and
magnesite being formed in appreciable amounts. Erol et al."'®
reported limited mineral carbonation of ankerite due to pH and
CO, mass fraction constraints in the Kizildere reservoir using
TOUGH-REACT. In the numerical simulation study of Al
Magpbali et al,'° they employed the Computer Modeling Group
(CMG) simulation tool, and their results indicated 97%
mineralization of injected CO, into calcite and magnesite,
which led to a 5% reduction of the porosity. Menefee et al.''”
developed computer models with CrunchTope to study how
CO, reacts with rocks in underground formations. They found
that the overall mineral composition of the rocks does not
significantly affect the amount of CO, that is stored, but it does
influence how quickly and extensively the CO, is trapped in the
rocks. This process tends to occur in areas where fluids flow
slowly or in dead-end fractures. Zhao et al.''® numerically
investigated the interactions between altered and unaltered
basalt, CO,, and formation water in the Jianghan Basin, Central
China, using TOUGH-REACT. They found reduced CO,
mineral trapping for unaltered basalt compared to altered
basalts, which aligns with the experimental results from Delerce
et al”’ that indicated slower cation release rates in altered
basalts. These studies highlight the vital role numerical
simulation software plays in predicting and understanding the
complex interactions between CO, and basalt formations.
Recently, machine learning algorithms have been employed to
enhance the prediction and monitoring of petrophysical
properties and CO, storage.''” Tariq et al."*’ developed a
neural network model to predict the wettability behavior of
Saudi Arabian basaltic rocks in CO,-brine systems with high
accuracy (0.93 training, 0.95 testing). Song et al.'’' used
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artificial neural networks to predict CO, storage efficiency in
relation to basalt physical properties with 0.98 accuracy. These
advancements in machine learning complement numerical
simulations by providing high-accuracy predictions and
monitoring capabilities, further advancing our understanding
of CO, storage and behavior in basalt formations.

Despite these advancements in experimental, numerical, and
machine learning approaches, the underlying mechanisms and
kinetics of CO, storage in basalt rocks remain incompletely
understood. Further research is necessary to optimize basalt’s
potential for carbon sequestration.

2.3. Field Mineral-Carbonation Studies in Basalts. For
more than two decades, CO, mineralization in basaltic
formations has been acknowledged as a viable carbon storage
method. Currently, only two projects worldwide actively inject
CO, into basalts: the CarbFix project in Iceland and the Wallula
project in the U.S.A.** The details of the pilot projects (Wallula
and CarbFix projects) are discussed below.

2.3.1. CarbFix Project. The CarbFix project, initiated in 2012
near Iceland’s Hellisheidi geothermal power station, aimed to
inject 30,000—40,000 tons of CO, annually into a basalt
formation.”” The target formation, at 400—800 m depth,
exhibits vertical and lateral intrinsic permeabilities of 1700 and
300 mD, respectively.”” The formation is composed of olivine
tholeiite, a type of basaltic lava and hyaloclastite, with
temperatures ranging from 20 to 50 °C and pH between 8.4
and 9.4.”'** Only pure CO, and CO,+H,S mixtures dissolved
in water were considered for injection into the basaltic rocks (see
Figure 8a).

The project used reactive and nonreactive tracers along with
isotopes to calculate the mineral carbonation process. After 2
years of injections, the calculations indicated 95% CO,
mineralization.*>®” However, the injection increased subsurface
biota, which contributed negligibly to the mineral carbonation
process.'**

Following initial success, the project expanded in 2014 to
depths exceeding 1300 m and temperatures above 250 °C,
allowin% for the sequestration of a more significant percentage of
C0,.*»"*° Since 2014, the injection rate has increased annually,
with estimates suggesting 60% mineralization achieved within 3
years.""> Currently, the CarbFix project captures and stores
approximately 33% of CO, and 68% of H,S emissions from the
Hellisheidi geothermal power station.'*®

2.3.2. Wallula Project. In 2013, the Wallula Project in
Washington’s Columbia River Basalt in Wallula, USA, began
after a four-year initiation phase. Approximately 1000 tons of
pure, liquified CO, were injected into the target formation,
situated at depths between 828 and 887 m."”” The formation
consists of quartz tholeiites, dominated by au$ite, plagioclase,
and glassy, noncrystalline mesostasis material. ** The average
temperature is 36 °C, with a flowtop characterized by porosity
and permeability of 0.15—0.25 and 75—150 mD, respectively.'”’
However, the layer between basalt flows (interflow) has very low
permeability.

Prior to injection, the CO, was stored in tanks, pressurized,
and heated. It was then injected into two fractured basalts
(brecciated zones), and the reactions between the CO,, basalt
rocks, and formation water in the subsurface were closely
monitored (see Figure 8b)."*” A perfluorocarbon tracer was
used for a fluid temperature survey.'*° The survey showed that
some of the injected CO, remained trapped as free-phase CO,
within the interflow zone. Sidewall cores showed spherical
carbonate nodules made of ankerite, confirming that a
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percentage of the injected CO, had undergone mineralization
within 2 years of injection. Calculations indicate that over this
period, approximately 60% of the total injected CO, was
mineralized."”'

Building on the success of these projects, there has been a
growing interest in exploring basaltic formations for CCS
worldwide. Tencent launched the CarbonX project in 2023 to
advance the development of CCS technology in China. The
project aims to develop and deploy CCS technology for storing
CO, in basaltic formations in Guangdon% Province, China, due
to its suitable geological conditions.'** Concurrently, the
international PEBRAS project (Permanent sequestration of
gigatons of CO, in continental margin basalt deposits) unites
ten business companies and research institutions from Germany,
Norway, the U.S.A., and India. This collaborative effort focuses
on investigating the potential for storing CO, in marine basalt
structures, which could offer significant storage capacity.'”
These initiatives highlight a global trend toward leveraging
basaltic formations for CCS.

3. CO, STORAGE IN CARBONATE AQUIFER
FORMATIONS

Carbonate formations are being recognized as an attractive CO,
storage option since a significant portion of the world’s oil
reserves (approximately 60%) are found within these
formations. When combined with enhanced oil recovery
(EOR) techniques, carbonate formations become even more
attractive storage targets.'”* Moreover, it can be assumed that
since carbonate reservoirs could trap hydrocarbons for millions
of years, they would effectively trap injected CO, for millions of
years through a combination of the chemical and physical CO,
trapping mechanisms.'*> However, the suitability of a particular
carbonate formation for CO, storage ultimately depends on its
specific mineral composition and chemical reactivity with the
injected CO,.

The predominant minerals found in carbonate rocks include
dolomite and calcite.'** However, they can also contain various
other minerals, including glauconite, phosphate, and clay
minerals. Additionally, secondary minerals like anhydrite,
chert, quartz, ankerite, pyrite, and siderite can be present.137
These minerals are highly susceptible to dissolution, especially
by carbonic acid (H,CO;)."**"** As such, the interaction
between the fluids and rocks within carbonate formations is
expected to be complex. In addition, carbonate rocks exhibit
significant heterogeneity with regard to their permeability and
porosity distributions—tight, vuggy, and fractured carbonates
are the common types."” Typical porosity values range from
0.05—0.5, with the most productive reservoirs exhibiting
porosities between 0.05—0.3."*" Permeability in carbonate
rocks is highly variable, spanning from less than 0.1 mD to
over 1000 mD. This heterogeneity is further reflected in the
various types of carbonate rocks, including dolostone and
limestone, which have distinct mineralogical compositions.
Dolostone, for example, typically consists of significant
percentages of dolomite or calcium magnesium carbonate
(CaMg(COs5),), (>50 wt %). Calcite and anhydrite are also
present in dolostones but in lower concentrations.'*" Lime-
stone, conversely, has a high calcium concentration in the form
of calcite (CaCO;) and a much lower magnesium (Mg)
concentration in the form of magnesium carbonate
(MgCO;). >

When CO, comes into contact with formation water (or
brine) in carbonate rocks, dissolution into formation water (or
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Figure 9. Schematic depicting the processes of mineral dissolution and precipitation in carbonate reservoirs, highlighting how CO, interaction leads to
reduced permeability through the dissolution, transportation, and precipitation of minerals. Reproduced with permission from ref 141. Copyright 2017

Elsevier.

brine) takes place, where a slightly acidic solution is
produced.”® Reactions 1—4 depict the CO, dissolution
reactions that take place in carbonate formations. CO,
dissolution in the brine leads to a decrease in the pH of the
brine, which facilitates the dissolution of the carbonate minerals
in the reservoir, leading to an increase in the concentrations of
divalent ions in the brine."** This leads to a complex series of
chemical reactions that have the potential to alter the
petrophysical properties of the rock (see Figure 9).'*' To
date, only a few studies have focused on the dissolution of the
minerals in carbonate aquifer formations, which will be
discussed in the following sections.

3.1. Reaction with Limestone. The reactions between
CO,, formation brine, and calcite in limestone reservoirs can be
expressed as follows:'*°

CaCO, + CO, + H,0 < Ca’* + 2HCO,~ )
CaCO; + H" & Ca’* + HCO;~ (10)
CaCO, + H,CO, < Ca** + 2HCO, (11)

These reactions are paramount in carbon sequestration in
carbonate reservoirs, as they alter the arrangement of the pores
in the rocks."** Specifically, the dissolution of calcite is
accelerated by the presence of CO,-releasing H at the calcite
surface.'* This process leads to a reduction in the pH of the
reservoir brine, causing the dissolution of calcite and an increase
in alkalinity (HCO3)."*® Furthermore, this process involves not
only the dissolution of the minerals but also the transport and
subsequent precipitation of minerals within the pore spaces of
the rock. These reactions are primarily influenced by three
factors: the CO, partial pressure, the temperature of the
reservoir, and the acidity (pH) of the pore fluids.

3.2. Reaction with Dolostone. In dolostone reservoirs, the
interactions between dolomite, formation brine, and CO, are as
well important, as they trigger a series of reactions that could
greatly impact the petrophysical properties of the rocks. The
reactions involved can be described as follows:'**

2H' + CaMg(CO,), « Mg*" + Ca’* + 2HCO,” (12)

CaMg(CO,), + 2H,CO; < Mg** + Ca’* + 4HCO,~
(13)
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Anhydrite in dolostones undergoes a unique reaction:

CaSO, + CO, + H,0 < CaCO, + H,SO, (14)

The rates of these reactions play a pivotal role in influencing the
extent of changes to the petrophysical properties of carbonate
rocks."** In formations containing a mixture of anhydrite,
dolomite, and calcite, carbonic acid reacts more quickly with
anhydrite and then with calcite compared to dolomite.'*” As a
result, the impact of dissolution and other mechanisms like
mechanical compaction and precipitation on dolomite rocks is
expected to be less significant than on rocks in calcite
formations."*® This is because dolomites have two carbonate
ions in their structure, whereas calcites have only one, requiring
two moles of bicarbonates to dissolve one mole of dolomite but
only one mole of bicarbonate to dissolve one mole of calcite.'**
Furthermore, Smith et al.'*’ determined the reaction rate for
calcite and dolomite to range from 107% to 107*% and 1077# to
10753, respectively.

3.3. Factors Affecting the Dissolution Rate in
Carbonate Minerals. Both calcite and dolomite dissolution
rates are influenced by various factors, including CO, partial
pressure, temperature, pH, salinity, among other factors." 33!
These factors directly impact the chemical equilibrium and
kinetics of the dissolution process, determining the extent and
rate at which these carbonate minerals dissolve in carbonate
reservoirs.

3.3.1. Temperature. Temperature plays a significant role in
calcite and dolomite dissolution. Higher temperatures generally
accelerate reaction rates. Peng et al.'”” observed higher
dissolution rates of calcites as temperature increased from 50
to 100 °C. However, the impact of temperature on this process
can be more complex'** as Pokrovsky et al.'>' noted that at
acidic pH, dissolution rates measured at 150 °C are equal or
lower than dissolution rates at 100 °C, indicating a potential
plateau or reversal of dissolution rate trends at increased
temperatures.

3.3.2. Pressure. As CO, pressure increases, the pore fluid
becomes more acidic due to the production of carbonic acid.
This lowers the pH, which accelerates the dissolution of
carbonate minerals. Luquot and Gouze'*® observed dissolution
rates of 5.0 X 107 mol/cm?s at a partial pressure of 25 bar. At a
higher partial pressure of 100 bar in an experimental study by
Menke et al,,">? they observed even higher dissolution rates of
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8.8 X 1077 mol/cm?s. Recently, Segura et al."** simulated the
impact of low partial pressure (1 bar) and observed dissolution
rates of 3.6 X 1072 mol/cm?s. This trend illustrates the direct
relationship between increasing CO, pressure and enhanced
dissolution rates.

3.3.3. Salinity. The salinity of the formation brine also affects
dissolution rates. Generally, higher salinity levels lead to reduced
CO, solubility, which in turn decreases the dissolution rate of
carbonate minerals. Nomeli and Riaz'>* reported a decrease in
dissolution rate of calcite as salinity increased. This was
attributed to the decreased solubility of CO, at increased
salinities. Similar results were observed by Gledhill and
Morse'*® who noted that a decrease in dissolution rate as
salinity increased. However, there are conflicting findings;
Segura et al."*’ reported an increase dissolution rate as salinity
increased, suggesting that additional mechanisms may be at play
under certain conditions.

3.3.4. Other Influencing Factors. The acidity of the fluid is
one of the most critical factors influencing the dissolution of
carbonate minerals. Lower pH conditions promote dissolution
by increasing the concentration of H" ions, which react with
carbonate minerals to release divalent cations and bicarbonate
ions (HCO;”). This process is evident in the increased
dissolution rates of both calcite and dolomite under more acidic
conditions."*® Recent studies have shown that nanoparticles,
particularly SiO,, can enhance the dissolution of carbonate
minerals. This enhancement is attributed to the increased
dissolution of CO, in the brine in the presence of nanoparticles.
Tan et al."*® reported that the presence of SiO, nanoparticles
increased the dissolution rate of calcite and dolomite, likely due
to the nanoparticles’ ability to alter surface reactions and
improve CO, solubility in the brine."”” Isah et al.'>®
experimentally investigated the dissolution kinetics of anhy-
drite-rich rocks and the subsequent formation of minerals in the
presence of CO, and varying brine concentrations. They
introduced Strontium ions in the brine and observed that it
strongly influenced the dissolution of the anhydrite surfaces.

Understanding these complex factors and their interdepen-
dencies is essential for predicting the behavior of dissolution
rates in carbonate formations during CO, sequestration efforts.
Further research is needed to clarify how salinity, impurities, and
temperature interact in carbonate systems and to identify
strategies for optimizing long-term CO, storage.

3.4. Impact of CO,-Carbonate Reactions on Reservoir
Flow Properties. Understanding the conditions that govern
mineral dissolution and precipitation is crucial, as mineral
dissolution enhances porosity and permeability'*” while
precipitation of carbonate minerals significantly reduces these
properties."** Unlike sandstone rocks, the relationship between
permeability and porosity in carbonate rocks is complex.
Specifically, carbonate reservoirs can exhibit a positive relation-
ship between permeability and porosity, or thegr may have low
permeability with high porosity, or vice versa.'®

Several studies have investigated the impact of CO, injection
on carbonate rocks (see Table 6). To demonstrate the effect of
CO, on rocks, Luquot and Gouze'*® conducted experiments on
limestone reservoir samples to study the impact of CO, on rocks.
They found that high CO, partial pressure (10 MPa) created
conductive flow channels, modifying permeability. Lower CO,
partial pressure (6 and 2.5 MPa) resulted in controlled
dissolution rates. At even lower CO, partial pressure (0.7
MPa), precipitation occurred, reducing porosi?/, and potentially
clogging the medium. Omole and Osoba'®" conducted an
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experiment on dolomite cores, observing that at some distance
away from the injection well, where the pressure drop was
significant, there was a reduced concentration of CO,, leading to
the formation of insoluble carbonates. These precipitates caused
pore throat restriction, thereby decreasing the permeability of
the rock. At an increased temperature, Rosenbauer et al.'®?
observed the kinetically rapid precipitation of anhydrite in an
experimental study, resulting in scaling and a reduction in
formation porosity during CO, injection.

In the experimental study conducted by Mohamed et al."*” on
limestone cores at 8.96 MPa and 93.33 °C, there was a reduction
in permeability from 61.8 to 60.5 md, and porosity reduced from
0.196 to 0.182 due to the precipitation of calcium carbonate. A
study on permeability alterations during CO, sequestration in an
Iranian carbonate reservoir was carried out by Karaei et al.">’
The research involved varying injection pressures and temper-
atures at a confining pressure of 10 and 1 MPa. They observed
that higher injection pressures increased core permeability as
they enhanced rock dissolution, injectivity, and CO, solubility.
Conversely, raising the temperature from 27 to 100 °C resulted
in a reduced permeability, primarily because the conditions
became less favorable for rock dissolution. In all cases,
permeability was consistently lowest in formation brine
conditions since salt precipitation takes place, which reduces
formation permeability. These findings find support in the work
of Adel and Shedid"”® where similar trends were identified.
Their observations indicated that the porosity and permeability
decreased when CO, was initially stored in a carbonate rock for a
short period of time i.e., 7 days, but then these properties began
to increase when CO, was stored for longer time intervals (>150
days).

Laboratory experiments on CO,-water-rock interactions
conducted by Cui et al.'®® on carbonate rock samples from
the Tahe oilfield showed increased permeability and porosity
after 40 years of exploitation. The permeability and porosity
around the production well area increased from 0.02 to 0.021
md and 50 to 51.4 md, respectively. This was due to minerals
dissolving in the reservoir. The increase in porosity, however,
can cause the rock to weaken, and subsequent mechanical
compaction can also cause porosity to reduce. This phenom-
enon was observed in a core flooding experiment by Detwiler.'**
After CO,-charged brine was injected into dolomite cores at 100
°C and 15 MPa by Luhmann et al.,'*® a wide range of dissolution
patterns were observed, which resulted in a significant increase
in bulk permeability. Smith et al."** conducted a core-flood
experiment at a temperature of 60 °C and confining pressure of
24.8 MPa on heterogeneous limestone cores and noted that they
are primarily influenced by calcite dissolution, with faster-
reacting calcite generating more porous spaces in the localized
regions. An increase is porosity was observed during the
dissolution of the limestone cores.

The mechanisms and processes behind the loss of rock
strength due to water saturation in carbonate rocks have been
investigated in experimental studies by Ciantia et al.'°® and
Liteanu et al.'” These processes were associated with the type
of bonding between the rock particles, grain cracking, and
pressure solution. In triaxial compression experiments con-
ducted by Liteanu et al.,'®” chalk cores at temperature ranges of
20 to 80 °C and confining pressures up to 7 MPa showed that
the increase in temperature did not significantly affect the
strength of the samples. However, short-term weakening effects
were observed due to the addition of water and CO,-saturated
fluid. Ciantia et al.'®° studied the behavior of soluble calcareous
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Table 7. Comparison of CO, Storage in Basalt vs. Carbonate Formations

aspect basalt formations

global distribution volcanic regions

main minerals
involved

reactivity with CO,

olivine, pyroxenes, plagioclase, wollastonite, forsterite

promoting rapid mineral carbonation
mineral carbonate
rate
main carbon
precipitates

calcite, magnesite, siderite, ankerite

impact on reservoir

properties carbonate precipitation

highly reactive due to high concentrations of Ca**, Mg*", and Fe*',

fast; 2—10 years for majority of injected CO, to mineralize

increases porosity and permeability via dissolution but reduces via

carbonate formations

sedimentary basins

dolomite, calcite, anhydrite, glauconite, phosphate, clays

reactivity depends on mineral composition; calcite reacts faster than
dolomite

slower; dissolution of minerals and subsequent precipitation occur
over longer geological time scales

calcite, dolomite, ankerite, siderite

heterogeneous, impacts are variable (can either increase or decrease
porosity and permeability)

rocks from a microstructural perspective and found that the
mechanism of strength loss or gain is related to the types of
bonding between the rock particles, which are influenced by
long-term dissolution effects.

Several simulation studies have been used to evaluate the
effect of CO, injection on carbonate rocks. In a study by André
et al,'® they considered two cases using a TOUGH-REACT
code: one involving CO, in contact with saturated water and the
other with CO, in a supercritical state at 75 °C. The simulation
results, covering a 10-year injection period, showed significant
reactivity with CO,-saturated water, potentially leading to
reservoir damage, while the reaction was weaker under
supercritical CO, injection. In the first case, the high reactivity
was associated with a porosity increasing up to 90%. To further
characterize the behavior of carbonate rocks during CO,
injection, a 3-D model was developed by Ben Mahmud et
al.,'*’ utilizing COMSOL Multiphysics software. Their findings,
based on simulations at increased temperatures (up to 95 °C),
indicated a slight increase in core plug volume, but a significant
increase in permeability was due to the dissolution and
dispersion of carbonate minerals. Al Salmi et al.'”’ employed
PHREEQC to investigate mineralogical changes in a carbonate
aquifer and their impact on petrophysical properties. They
observed that an increase in the volume fraction of calcite
resulted in lower reaction rates, which reduced the mineral
trapping efliciency of CO, and slowed porosity alteration. They
also noted that the precipitation of secondary minerals depends
on the availability of primary silicate minerals and the Ca/Mg
ratio. They concluded that while PHREEQC is valuable for
assessing geochemical reactions, reactive transport modeling is
needed to account for more forces, such as multiphase flow. Zhu
et al.'”" utilized molecular dynamic simulations (MDS) and
density functional theory (DFT) calculations to investigate the
dolomitization and dissolution processes of carbonate minerals.
They found that calcite dissolves faster than dolomite, especially
under acidic conditions induced by CO, injection, while
dolomite remains relatively stable due to its slower dissolution
rate. In another simulation study, Bello et al.'"”> used CMG
software to investigate CO, mineral trapping mechanisms in
saline aquifers. Their results indicated that calcite and dolomite
mineralize more efliciently at medium to lower temperatures.
However, as salinity increases, the trapping efficiency decreases
because increased ionic strength leads to higher water viscosity,
slowing CO, propagation.

Despite these numerical and experimental studies, the
underlying mechanisms controlling these mineral dissolutions
and precipitation are not yet fully understood. Critical areas
requiring further research include the specific geochemical
conditions that promote or inhibit changes in permeability and
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porosity, the differential behaviors of calcite and dolomite in
response to CO, exposure, and the long-term stability of
carbonate formations under varying temperatures and pressures.
Advancing our understanding in these areas will significantly
improve the predictability and efliciency of CO, sequestration
techniques, contributing to climate change mitigation.

4. OPTIMIZATION OF CARBON MINERALIZATION

In Table 7, the key differences between CO, storage in basalt
and carbonate formations are highlighted, showing that basalt
formations emerge as the superior option for CO, storage. This
is primarily due to the rapid mineral carbonation process in
basalts. The minerals in basalts are rich in divalent cations which
react quickly with dissolved CO, to form stable carbonate
129176 Additionally, the widespread availability of
basalts and their rapid trapping mechanisms make them the
most efficient and reliable choice for long-term CO, storage.
To fully leverage the advantages of basalt formations,
optimization of CO, mineralization is important. There are

minerals.

several factors that can enhance the efficiency of CO, trapping
mechanisms including temperature, pressure, salinity, presence
of impurities, and availability of divalent cations.

It has been shown in the literature that higher temperatures
significantly accelerate the dissolution rates of the minerals.
There is faster cation release, which enhances the carbonation
process. Optimal sites considered for storage should ideally be
deeper formations with natural geothermal gradients that ensure
higher temperatures. In addition, the partial pressure of CO, and
the pressure of the system plays a critical role in reducing the pH
of the environment, which facilitates the release of cations from
basalt minerals for their subsequent precipitation with CO,.
Unaltered basalts exhibit faster mineralization rates than altered
ones, making sites with high proportions of unaltered basalts
ideal for CO, storage.

Low salinity levels also promote the dissolution of CO, and
minerals, further enhancing the carbonation process. Injecting
CO, with impurities like H,S and/or other impurities reduces
costs and increases the reactivity of the basalt, thereby enhancing
CO, mineralization potential. Additionally, the use of nano-
particles and organic ligands can further promote mineralization
by modifying fluid-rock interactions. By carefully selecting
storage sites and optimizing injection conditions, the efficiency
of CO, mineralization in basalt formations can be significantly
enhanced, providing a sustainable and cost-effective solution for
mitigating climate change.

https://doi.org/10.1021/acs.energyfuels.4c04424
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Figure 10. (a) Emission sources of CO, from various industries.' (b) Estimates of CO, Capture costs by industry, presented in 2021 U.S. dollars."
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5. TECHNO-ECONOMIC CHALLENGES OF CCS IN
BASALTIC AND CARBONATE RESERVOIRS

Although basaltic and carbonate formations offer unique
opportunities for CO, storage, the effectiveness and viability
of CCS projects within these formations depend on various
factors. These include the cost associated with implementation,
injectivity rates of CO,, secure containment of the injected CO,,
and monitoring technologies to ensure environmental safety.
Each of these factors is discussed in detail below.

5.1. Cost Analysis. Despite its role in achieving clean energy
transitions, the global deployment of CCS technologies in these
formation types has been slow to gain momentum. Several
factors contribute to this slow uptake, with cost being a
significant hurdle. Numerous studies have investigated the costs
associated with CCS technologies,'””'”® which encompasses
the costs related to capturing, transporting, and the geological
storage of CO,.

5.1.1. CO, Capture. The primary sources of CO, currently are
from various industrial sources and electricity power generation
(see Figure 10a). Given the significant role that these sources
play in contributing to greenhouse gas levels, capturing CO,
from these emissions is important. High-purity sources, such as
natural gas and ethanol processing plants, produce CO, streams
that contain over 90% CO, by volume with minimal other
impurities.'”” These sources are generally characterized by
lower capture costs because their CO, streams are already close
to pipeline transport standards. In contrast, low-purity sources
like cement plants produce CO, streams with a lower
concentration of CO, and higher levels of other gases.lo’179 As
a result, capturing CO, from these sources incurs additional
costs to increase CO, concentration and remove other
impurities to comply with pipeline standards. It is important
to note that while the cost of capturing CO, is important, it only
accounts for the capture process itself and does not include
additional expenses of transporting and storing the captured
co,.”

Various technological pathways exist for CO, capture, each
with different costs and efficiencies. They include precombus-
tion, postcombustion, industrial separation, chemical looping,
and oxy-fuel combustion."®" Table 8 provides a summary of the
capture rates and associated costs for these different
technologies, while Figure 10b illustrates the estimated cost
range for capturing a metric ton of CO, from the different CO,-
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Table 8. CO, Capture Rate and Costs of Different Capture
Technologies

capture CO, capture rate cost range
reference technology &) ($/ton CO,)
182,183 pre-combustion 90-97.3 60
184,185 post-combustion 90-99 46—74
186 industrial 90 34.8—60.9
separation

187 chemical looping 98.5 40—74
188,189 oxy-combustion 90 45—66
10,190,191  direct air capture 85—-93 135—1000

emitting sources. Precombustion technologies achieve a capture
rate of 90—97.3% at a cost of around $60 per ton of CO,, while
postcombustion technologies capture 90—99% of CO, at a cost
ranging from $46 to $74 per ton.' 527185 Industrial separation
and chemical looping also offer competitive capture rates and
costs, with oxy-fuel combustion being another viable option. In
addition to these traditional methods, direct air capture (DAC)
has emerged as a promising new technology. Recent advance-
ments have significantly reduced DAC costs, with estimates
ranging from $135—$345/ton CO,, although some projections
suggest cost could still reach $600—$1000 per ton in the near
future due to various implementation factors.' These variations
in CO, capture costs are primarily due to differences in the CO,
concentration and pressure in the pipelines.'"” Higher CO,
concentration and pressure generally result in lower capture
costs for a given amount of Cco,."”

While these capture technologies are effective, their high costs
pose a significant barrier to the large-scale deployment of carbon
capture and storage (CCS). Continued research and innovation
in capture technology, as well as economies of scale, will be key
to driving down costs and enabling broader adoption. By
addressing this, it may become feasible to capture and sequester
carbon at the scale needed to meet global climate goals.

5.1.2. CO, Transportation. Postcapture, CO, is purified and
compressed into a concentrated, pressurized liquid for pipeline
transportation to storage sites. The transportation cost of
captured CO, is influenced by the volume being transported, the
distance to be covered, and the loading capacity of the vessel.'””
There are various methods for transporting CO,, such as ships,
road tankers, pipelines, and rail tankers."”> Among these,
pipeline transportation is widely recognized as the most
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economical option, especially for large volumes of CO,"”* with

over 5000 miles of pipelines used in the U.S.A."” The efficiency
of gas movement through pipelines is primarily dependent on
pressure, as gases naturally flow from high-pressure areas to low-
pressure areas, ensuring a continuous and efficient transport
process.

The costs involved with transportation comprise three main
components: operation costs, construction costs (i.e., labor and
material), and maintenance costs (including design and
monitoring)." Cost estimates are typically model-based. Costs
also depend significantly on the terrain through which the
pipeline is routed. Onshore pipeline costs can rise by 50 to 100%
or more when the route traverses heavily populated or congested
areas. Offshore pipelines, which typically operate at lower
temperatures and higher pressures than onshore pipelines, tend
to be even more expensive—often by 40 to 70%—due to the
additional technical challenges and environmental consider-
ations involved.'”® As illustrated in Figure 11, the costs
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Figure 11. Pipeline transportation cost comparison (2018 vs 2023)."7

associated with pipeline transportation have been reported to
be increasing over time, primarily driven by rising material costs
and stricter environmental regulations. To optimize costs,
several strategies can be employed including, leveraging
economies of scale, optimal pipeline design, and route
optimization. Economies of scale allow for reduced unit costs
as pipeline capacities grow, while optimal design consider-
ations—such as pipe diameter and material selection—can
further enhance cost efficiency, ensurin§ a more cost-effective
transportation system for CCS projects.””' ™

5.1.3. CO, Storage. The geological storage costs of CO, are
affected by various factors, including the geological character-
istics of the subsurface formation, the amount of CO, to be
stored, and the associated monitoring, financial, and modeling
assumptions.'”” Specifically, these costs are closely tied to the
reservoir type—such as sedimentary formations, basalt for-
mations, and others—as well as the reservoir petrophysical
properties, the number of injection wells, the flow rate, and the
storage method employed, all of which play a significant role in
determinin% the overall feasibility and cost-effectiveness of CO,
storage.' > Similar to the transportation costs associated with
pipelines, offshore CO, storage tends to be more expensive than
onshore CO, storage."”®

Table 9 provides a summary of the costs associated with CO,
storage in basaltic and sedimentary formations. As shown in
Table 9 while mineralization occurs more rapidly in basaltic
formations, the associated storage costs are higher. In contrast,
sedimentary formations, which are typically porous and
permeable, require fewer injection wells, making them more
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Table 9. CO, Storage Cost Range in Storage
Formations'’*""’

cost range ($/ton CO,)
20—-30
6—14.85

storage formation

basalt formation

sedimentary formations

cost-effective. This highlights the importance of a comprehen-
sive comparison of operating costs across different formations to
identify the most economically viable options.

The high costs of CCS make it uncompetitive for integration
with existing facilities and widespread adoption in other regions.
However, in the U.S.A., the 45Q tax credit was introduced under
the Energy Improvement and Extension Act of 2008, providing
capture operators a credit for each ton of CO, stored or utilized.
This incentive has been significantly expanded by the Inflation
Reduction Act (IRA) of 2022, which substantially raised the
value of tax credits by 70% to $85 per ton of CO, captured and
stored from industrial facilities and power plants, and by 250% to
$180 per ton of CO, for direct air capture facilities.'"**’
Additionally, the IRA introduced options for monetization, such
as credit transfers to third parties or direct payments from the
Treasury, relaxed annual thresholds for facility qualification, and
extended the start date on eligible projects from 2026 to 2033.

Despite these enhanced incentives, the 45Q_tax credit alone
does not sufficiently offset the total costs involved with CCS
projects, particularly in the power generation sector, making it
economically unviable."®” However, the IRA’s provisions are
expected to significantly boost the number of CCS projects
entering the service in the coming years, potentially increasing
global capture capacity of CO,.

As CCS costs typically decrease with larger-scale projects, the
development of CCS hubs—centralized locations for CO,
collection and distribution—has emerged as a strategy to
reduce these costs.'””?%! Potential hubs in the U.S.A., such as
those in Wyoming, the Texas and Louisiana Gulf Coast, and the
Ohio River Valley, aim to streamline operations and enhance
economic viability. Nevertheless, the path forward for large-scale
CCS deployment will require not only continued technological
advancements but also more substantial economic incentives
and policy support to overcome these significant techno-
economic barriers.

5.2. Injectivity of CO,. Injectivity, also known as well
capacity, refers to the ease with which fluid can be injected into
storage media without causing the creation of new fractures or
reactivating existing faults near the wellbore.”*” It governs the
long-term safety of CCS projects. The injectivity is affected by
factors such as formation permeability, porosity, and thick-
ness.””> For favorable injectivity, there must be high
permeability in the near-wellbore region.””* The injection of
CO, in basalt and carbonate formations, however, leads to
permeability and porosity alterations, which affects the
injectivity. Numerous studies have investigated injectivity in
basalt and carbonate formations,***%%%¢ finding that during the
injection of CO,, mineral dissolution improves the flow
properties of the near well-bore region, while mineral
precipitation negatively impacts the flow properties of the
reservoir. In basalts, since the goal is to achieve mineral
carbonation in the short term, a high injection rate is usually
employed.”®” This, however, could reduce the permeability and
porosity in the near-wellbore region, and as such, further
research is needed to clarify optimum injection rates into
basaltic formations while having minimal impact on the flow
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Table 10. Framework for Addressing Gaps, Challenges, and Future Risks in Basaltic and Carbonate Reservoirs

category gaps/challenges

cost o high upfront and operational costs

o variability in costs based on source, concentration, and

pressure of CO,
injectivity e alterations in permeability and porosity

o lack of comprehensive research on optimum injection rates

storage e uncertainty about the long-term stability of CO, in storage

media

o potential for CO, leakage and groundwater contamination

monitoring o limited application/use of advanced monitoring methods

and technology in storage media

research and e limited understanding of long-term geochemical

development interactions between CO, and these formations
public o lack of awareness of CCS technologies and negative
acceptance perceptions

o financial barriers to widespread

future risks recommendations

o diversify funding sources

adoption

o reduced injectivity over time

o wellbore damage

o health and safety concerns related
to groundwater contamination

® inadequate detection of CO,

o develop cost-effective technologies, e.g.,
CCS hubs.

o conduct large-scale studies to determine
optimum injection rates

o develop advanced characterization
techniques for accurate reservoir
modeling

® improve site selection techniques and
enhance monitoring systems

o develop robust reactive transport models
to predict CO, plume behavior

e invest in advanced sensors and analytics

leakages

e inconsistent monitoring data

e technological limitations in
prediction and modeling

e social opposition to CCS projects

o establish standardized monitoring
protocols

® conduct more pilot studies and large-scale
field experiments

® engage with communities to build public
acceptance

properties of the reservoir. While there has been significant focus
on CO,-EOR applications in carbonate formations, which hold
about 60% of global hydrocarbons,"*”****%" comprehensive
studies on CO, injectivity in carbonate reservoirs remain
limited. Addressing these knowledge gaps is crucial for
effectively utilizing these formations for CO, storage.

5.3. Containment and Integrity of Injected CO,.
Containment of CO, depends on overlying caprocks and any
faults or fractures within them.”' The sealing potential of the
caprock is the most significant aspect of the containment of CO,.
In carbonate formations, CO,-water-rock interactions affect the
sealing efficiency of caprocks, leading to alterations in
permeability and porosity that can cause CO, leakage.”"’
These alterations, however, are very slow, and their effects are,
therefore, very hard to quantify within the time span of
laboratory experiments.”'>*'®> Further research is needed to
securely trap CO, in carbonate formations effectively.

Unlike carbonate formations, basaltic formations have distinct
geological characteristics that influence CO, containment and
integrity. Basalts, formed from volcanic activity, generally lack
caprocks, which are typically present in carbonate formations.
Instead, basalts may contain natural fractures resulting from the
cooling and solidification of lava.”® Despite the presence of these
fractures, the dense structure of basalts tends to restrict CO,
migration through these fractures, thereby enhancing the
potential for CO, trapping within the reservoir. Studies have
shown that CO, migration in basalts is influenced by intrinsic
permeability, retention properties, and formation stratigra-
phy.”'* The presence of CO, can lead to interactions between
rock and water, potentially altering fracture structures. Further
research is crucial to understand the integrity of injected CO, in
basalts.

The containment and integrity of injected CO, are very
critical because leakage of CO, can lead to groundwater
contamination.'”” The International Energy Agency (IEA)
developed a comprehensive framework for risk assessment,
management, and communication in CO, sequestration projects
to address this challenge. It also outlines a structured approach
involving planning, implementation, and monitoring activities to
ensure the safe operation of CCS projects.”” This framework
consists of three core stages: risk assessment, exposure
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assessment, and risk management. The risk assessment stage
includes site selection and characterization, followed by risk
identification and vulnerability assessment to identify potential
risks associated with the storage site. The exposure assessment
stage focuses on detailed site characterization, simulating the
storage complex, and evaluating security, sensitivity, and
hazards, followed by effect assessment and risk characterization
to understand potential exposure risks and the impact of CO,
storage. In the final stage, risk management, the framework
emphasizes risk evaluation, treatment, and ongoing monitoring
and verification to ensure the site’s long-term safety.”'”

5.4. Monitoring Techniques. The long-term storage of
CO, in basalt formations and carbonate formations requires a
suitable monitoring technique. Monitoring techniques help
detect and quantify possible leakages. There are several methods
that are frequently employed, including acoustic and seismic
monitoring, in-well pressure and temperature monitoring,
chemical and oceanographic monitoring, geochemical sampling,
remote sensing, and gravimetric monitoring. 67218 Most of
these monitoring techniques are used in sedimentary
formations, and due to their success stories, they are bein
applied to monitor CO, storage in basalt formations.*
However, alternative monitoring methods have been proposed
specifically for storage in basalt formations. Khatiwada et al.*"”
investigated the potential of scattered seismic waves to remotely
sense the sequestration of CO, in basalts. Their results showed
that scattered seismic waves in layered earth models like basalts
are sensitive to velocity perturbations and can monitor the
reservoir’s physical changes. Matter et al.”*” developed a reactive
tracer technique to monitor and detect both dissolved and
mineralized CO,. The method involves tagging the injected CO,
with low levels of radiocarbon (**C) as a reactive tracer. This
method was applied at the CarbFix pilot injection, and the
precipitation of minerals in the basalt formation was successfully
calculated. Recently, Bartels et al.”*' developed a thermogravi-
metric analysis-mass spectrometry (TGA-MS) technique to
quantify calcite precipitates in complex samples. Applied to a
suite of Columbia River Basalt Group samples, this method
indicated average carbonate contents of 0.05 wt % in the flow
interiors (caprock) and 0.4 wt % in the reservoir, demonstrating
its effectiveness in monitoring mineral precipitation in basalt
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formations. Wang et al,,”**> however, noted that this method
could involve cumbersome steps, and conducted a self-designed
high temperature and high-pressure reactor experiment and
quantified the mineralization efficiency by combining pressure
data with a numerical model, expressed below in eq 15.

(n, = n,) X Mco
M X CSP

CSE = 2 X 100

(1)

Where CSE is the carbon sequestration efficiency, %, Mo, is the

molecular mass of CO,, the basalt mass is denoted by Mj,
n(12.m) is the amount of matter at different times of CO,, and
CSP is the carbon sequestration potential, expressed in eq 16.

Mg
MM

Wea Wee

CSP = + +

X Mcq
g MFe ’

Ca

(16)

where Wic, myg, re) a0d M(cy, Mg, Fe) are the mass percentages and
molar masses of Ca, Mg, and Fe in the basalt samples,
respectively.

For sedimentary formations, Fawad and Mondol*™ used a
new rock physics model to facilitate the time-lapse estimation of
pressure changes within the reservoir based on the physical
properties of the reservoir obtained from prestack seismic
inversion.

However, to further enhance monitoring techniques, it is
crucial to incorporate advanced technologies like autonomous
and remotely operated vehicles, ships, and sensors. These
advanced technologies will be crucial in enhancing our
monitoring techniques and ensuring the safe and efficient
storage of CO,.
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6. CHALLENGES AND FUTURE OUTLOOK

This comprehensive review of CO, mineralization in carbonate
and basalt formations highlights promising pathways for CO,
sequestration yet reveals several areas requiring further
investigation and development (see Table 10). This section
highlights the key challenges, research gaps, future perspectives
in this field, and potential advancements in research method-
ologies.

One of the key challenges in CO, sequestration lies in
maintaining injectivity over time while optimizing mineraliza-
tion rates. Although basalt formations offer faster CO,
mineralization compared to other geological formations, a
critical issue that arises during CO, injection is the reduction in
injectivity over time due to mineral precipitation, which may
clog pore spaces and decrease permeability, potentially limiting
the formation’s ability to accept further CO, injection. There is
still limited understanding of the optimal conditions, such as
temperature, pressure, and pH, that can accelerate mineraliza-
tion while maintaining the structural integrity of the storage site.
Another major obstacle is the heterogeneous nature of both
basalt and carbonate formations, which significantly affects flow
dynamics and reaction rates. This is especially evident in
carbonate formations, where permeability and porosity can vary
widely, making it difficult to predict CO, trapping mechanisms.
Improved predictability and optimized injection strategies
require a deeper understanding of how these variations influence
the process. Additionally, ensuring the long-term integrity of
caprocks is crucial for the secure storage of CO,. Caprocks can
be compromised by physical, chemical, or mechanical
degradation during injection, particularly when impurities are
present in the CO, stream. More research is needed to fully
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understand how these interactions between caprocks, the
reservoir, and CO, under varying conditions could potentially
threaten the long-term security of CO, storage.

Research gaps also exist concerning the long-term geo-
chemical interactions between CO, and these formations. While
pilot studies have shown promise for rapid mineralization in
basalts, the long-term stability of these minerals and potential for
leakage over geological time scales need further investigation.
Similarly, the impact of CO, injection on the mechanical
properties of basalts and carbonates, including the potential for
induced seismicity, requires thorough evaluation. One major gap
is the lack of detailed studies on postmineralization behavior
over extended time scales, particularly under fluctuating
environmental conditions like temperature and pressure.
Additionally, most research has been conducted on a laboratory
or small scale, making field-scale CO, injection experiments
essential to validate these findings and ensure consistent results
across different geological formations. Lastly, advancing
numerical modeling and simulation tools is crucial. While
tools like TOUGH-REACT, COMSOL, CrunchTope, CMG,
etc. have been useful, more comprehensive models that integrate
geochemical, hydrological, and mechanical factors are needed,
along with machine learning approaches to enhance prediction
accuracy for CO, behavior in complex, heterogeneous
formations.

Future research should focus on addressing these challenges
and knowledge gaps. Large-scale field studies with comprehen-
sive monitoring programs are essential to validate laboratory
findings and assess the long-term viability of CO, storage in
these formations. The development of robust reactive transport
models, incorporating detailed characterization data and
accounting for complexities like heterogeneity, will be crucial
for predicting CO, plume behavior and optimizing injection
strategies. Moreover, economic considerations and the develop-
ment of cost-effective CO, capture and injection technologies
are essential for the widespread adoption of CO, storage in
carbonate and basaltic formations. To enhance mineralization
efficiency, future work should explore enhanced mineralization
techniques, such as pretreating CO, with additives like organic
ligands or nanoparticles, which have shown potential in
accelerating mineral dissolution. Additionally, integrating
machine learning into research can significantly improve the
prediction of CO, interactions with brine and reservoir rocks.
Al-driven models that process large data sets from field-scale
experiments can enhance the accuracy of simulations and
predictions, thus optimizing storage performance. Further
research is also needed on CO, injection into altered basalts,
as these formations may respond differently compared to fresh
basalts. Understanding their reactivity will expand the number of
viable storage sites. Finally, advancements in experimental and
monitoring methods are crucial for real-time observation of
CO,-mineral reactions. In-situ testing tools and innovative
tracer techniques can improve understanding mineral precip-
itation and dissolution dynamics and track CO, migration
through rock formations more effectively. By addressing these
challenges and pursuing further research, these formations have
the potential to play a significant role in mitigating climate
change through effective and secure CO, storage.

7. CONCLUSIONS

This comprehensive review examines CO, sequestration within
basaltic and carbonate formations, focusing on the underlying
trapping mechanisms, key influencing factors, and recent
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advances in both experimental and numerical studies. The
following conclusions summarize the critical findings from our
review:

e Basaltic formations exhibit significant potential for rapid
CO, mineralization, particularly due to their high
reactivity and abundance of divalent cations, making
them ideal for CCS as opposed to carbonate formations,
where the mineralization process may take significantly
longer.

Factors such as pressure, temperature, salinity, and pH
significantly impact mineralization rates. High temper-
atures and CO, partial pressures accelerate the dissolution
of basaltic minerals, enhancing carbonate precipitation.
However, the exact impact of system pressure on
dissolution rates remains unclear, requiring further
investigation.

In order to optimize CO, mineralization in basalt
formations, CO, should be injected into deeper
formations with natural geothermal gradients that ensure
higher temperatures. Additionally, pretreating CO, with
nanoparticles and organic ligands can aid in enhancing
CO, mineralization.

Numerical models are essential for predicting CO,
behavior, but they need refinement to capture complex
geochemical, hydrological, and mechanical interactions.
Integrating machine learning techniques enhances
prediction accuracy and optimizes CO, storage strategies.
Advancing monitoring tools are vital to track CO,-
mineral interactions in real time to improve the
predictability of mineralization rates and ensure the
integrity of CO, storage sites. Experimental methods that
simulate field-scale conditions will help bridge the gap
between laboratory research and practical applications.
The high cost of CCS remains a significant barrier to
widespread implementation, with costs varying across
capture, purification, transport, and storage phases.
Widespread adoption for large-scale CCS deployment
demands not only continued technological advancements
but also more substantial economic incentives and
supportive policies.

The containment of CO, relies on the integrity of
caprocks in carbonates and the dense structure of basalts,
with challenges such as mineral reactions, fracture
networks, and caprock integrity. Addressing these issues
require careful site selection, risk assessment, and
continuous monitoring.
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