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ABSTRACT

Carbon dioxide (CO2) sequestration in basaltic rocks is stored mainly through mineral carbonation. It has the
potential to store 100,000 to 250,000 gigatons. This review aims to investigate the potentiality of storing CO5 in
subsurface basaltic rocks from experiments, modeling and simulations, and pilot test findings. Further, it dis-
cusses well integrity issues in CO, storage in basaltic rocks, geomechanical effects for CO, sequestration on
basalts, nanoparticles potential applications for CO, storage in basaltic rocks, economic aspects comparison
between CO; storage in basaltic rocks and sedimentary basins, etc, which were overlooked on previous review
papers. It was revealed that CO, can be sequestrated in basaltic rocks, especially after two successful pilot test
studies in Hellisheidi, Iceland and Wallula, USA. In addition, it was found that nanoparticles and surfactant
applications have great potential to enhance CO3 sequestration in basaltic rocks. Still, the potential environ-
mental impact of using nanoparticles and surfactants for CO, sequestration needs to be assessed. However, some
challenges need to be solved for CO5 sequestration implementation in basalts to be scaled to full field operations,
such as site selection problems, storage capacity estimation difficultness, permeability reduction during injection
due to precipitations, cost estimation difficultness, well integrity problems, variations of geochemical reactions
and mineralization rate which depends on the properties of the formations etc. This review aims to stimulate
further investigation and development on CO2 sequestration in basaltic rocks by highlighting areas where
research is inconclusive. Bridging these knowledge gaps is essential for optimizing the efficiency, safety, and
cost-effectiveness of CO; storage in basaltic formations. Ultimately, such advancements can pave the way for the
widespread adoption of basalt sequestration as a key technology for mitigating global climate change.

1. Introduction

on Our World in Data website in 2020, the top seven countries with the
most annual CO; emissions are China with 30.9%, followed by the USA

Over the past few years, a rapid rise in global energy consumption
has been fueled by population growth and economic booms in devel-
oping countries, particularly Asian nations (Balani, 2023; Bigdeli and
Delshad, 2024; Dong et al., 2024; Mkono et al., 2023; Nadege et al.,
2024). Around 85% of global energy consumption currently comes from
non-renewable sources, specifically fossil fuels, including oil, natural
gas, and coal (Bergougui, 2024; Hohendorff Filho et al., 2024; Kumar
et al., 2024; Sambo et al., 2022). Carbon dioxide (CO5) is the main
greenhouse gas (GHG), contributing 76% of total emitted gas in the
atmosphere (Mwakipunda et al., 2024). According to a report published
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with 13.49%, India with 7.3%, Russia with 4.73%, Iran with 2.02%,
Germany with 1.82%, and Brazil with 1.32%. Continentally, Asia is the
most emitter, contributing 53%, followed by North America with 18%
and Europe with 17%, with the remaining percent contributed by each
continent having less than 10% of global CO; emissions (Ritchie et al.,
2020). Atmospheric CO concentration is rising primarily due to human
activity, particularly the burning of fossil fuels for energy. Since the
industrial revolution, human CO; emissions have increased signifi-
cantly, from ~280 ppm before industrial evolution to ~425 ppm in
March 2024, continuing to affect global climatic change (Statista, 2024).
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To meet the Paris Climate Summit agreement of global warming to well
below 2 °C above pre-industrial levels and pursue efforts to limit it even
further to 1.5 °C by 2050 (Mao and Jahanbani Ghahfarokhi, 2024;
Mwakipunda et al., 2023a), transitioning to renewable energy sources is
crucial for long-term decarbonization while effective strategies for car-
bon capture and storage (CCS) become a key technology for mitigating
climate change and achieving net-zero emissions targets.

CCS involves capturing CO5 emissions from anthropogenic sources,
such as power plants and industrial facilities, transporting it to suitable
geological formations, and permanently storing it underground
(Boot-Handford et al., 2014; Hosseinzadeh et al., 2024; Mwakipunda
et al., 2023c). However, it is still a developing technology with some
challenges, including the high cost of capture, transportation, and
storage (Bowen, 2011; Ngata et al., 2023; Wilberforce et al., 2019).
Several methods exist for storing captured CO,. These methods can be
broadly categorized into geological, biological, and oceanic storage
approaches, as discussed by Zheng et al. (2020). Geological formations
offer various options for CO, storage, each with its advantages and
limitations. Unmineable coal seams and methane hydrate reservoirs
represent potential storage sites, but technical challenges and un-
certainties regarding long-term stability require further research. Saline
aquifers and depleted oil and gas reservoirs with residual oil saturation
targeted for enhanced oil recovery (EOR) are more developed options.
Saline aquifers offer vast storage capacity (Mwakipunda et al., 2023b),
while depleted oil and gas reservoirs often possess existing infrastruc-
ture for CO; injection (Li et al., 2006). EOR techniques can utilize CO5
for improved oil extraction while storing it underground. Basalt for-
mations present a unique opportunity for COy sequestration through
mineral carbonation, where CO; reacts with rock minerals to form stable
carbonate minerals over time. The most favorite storage option imple-
mented in large-scale fields is deep saline aquifers due to their large
storage capacity (10-10,000 gigatonnes) and low-risk leakage (Bruant
et al., 2002).

One of the CO, storage options given little attention is carbon
mineralization, which occurs in basaltic, mafic and ultramafic rocks. It
has been found that carbon mineralization happens naturally when
basaltic rocks are exposed to CO» and can store approximately one giga
tones permanently from the atmosphere each year through enhanced
rock weathering (Paulo et al., 2023). If carbon mineralization gets much
attention from government support globally, it has been found that one
giga ton per year of CO2 will be removed from the atmosphere by 2035
and 10 giga tons per year by 2050. There are two ways in which CO, can
be stored through mineral carbonation in basalts, which are either
injecting CO- directly into basaltic rocks, known as in-situ mineraliza-
tion or exposing the basaltic rocks on the earth’s surface to CO,, known
as ex-situ mineralization or surficial mineralization (Liu et al., 2024).
The differences between in-situ and ex-situ mineralization are summa-
rized in Table 1. This review paper will focus on in-situ mineralization.
The reasons behind this are in-situ CO5 mineralization emerges as the
more favorable option for large-scale applications due to its economical
and practical advantages. Firstly, it bypasses the need for expensive
capture facilities, transport pipelines, and ex-situ processing plants,
significantly reducing overall costs. Secondly, the vastness of suitable
geological formations allows in-situ methods to be scaled up for effi-
ciently handling massive amounts of CO,, which is a critical aspect of
tackling climate change. Additionally, the natural containment offered
by the underground formations potentially lowers the risk of CO2
leakage compared to ex-situ methods. Finally, in-situ processes require
less energy as they eliminate the energy-intensive steps of CO; capture,
transport, and processing for ex-situ methods. These combined factors
make in-situ CO, mineralization a more promising approach for
large-scale CO, capture and storage. In-situ CO mineralization in ba-
salts offers several advantages over other storage options, as summa-
rized in Table 2. However, more research is required to identify the ideal
conditions for carbon mineralization and address the existing challenges
to achieve low-cost and large-scale implementation (Finstad et al., 202.3;

Table 1
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Differences between in-situ and ex-situ mineralization.

Feature

In-situ mineralization

Ex-situ mineralization

Location of
mineralization
CO, injection

Mineral reaction

Mineralization
rate
Leakage risk

Monitoring needs

Occurs underground in
geological formations

COy, is directly injected into
rock formations

CO, reacts with minerals
naturally present in the rock
formations

Slower due to reliance on
natural processes
Potentially lower due to
CO,, being trapped within
the formation

May require monitoring of
injection wells in the
surrounding area

Occurs above ground in
processing facilities

Captured CO, is transported to
the processing facility

CO,, reacts with crushed or
mined minerals in controlled
conditions

Potentially faster due to
optimized reaction conditions
Potentially higher due to
reliance on containment
measures

Requires monitoring of
processing facility and
potential storage sites for
mineral products

Energy use Lower energy consumption Higher energy consumption for

for CO; injection CO,, capture, transport, and
processing

Scalability Potentially more scalable Limited by processing capacity
due to vastness of suitable and availability of suitable
geological formations mined minerals

Cost Potentially lower due to less  Potentially higher due to
infrastructure and additional capture, transport,
processing needed and processing steps

Table 2

Few advantages of basalts over other CO, storage options.

Advantages

Descriptions

Rapid mineralization
Large storage capacity

Reduced leakage risk

Lower monitoring costs

Potential for heat
extraction

Reduce induced
seismicity risk

Regulatory and public

acceptance

Basalt minerals react with CO, to form stable carbonate

minerals, permanently trapping CO, within a few years.

Basalt formations are widespread and abundant,

offering vast potential for CO, storage.

Mineralization and potential capillary trapping

mechanisms in basalt formations can significantly
reduce the risk of CO, leakage compared to relying
solely on trapping mechanisms in other formations.

Due to rapid mineralization and lower leakage risk,

basalt formations may require less intensive monitoring.
Basalt formations undergoing CO, mineralization can
generate heat that could be harnessed as renewable

energy.

Reduced risk due to solid mineral formation, reducing

pressure and stress.

Basalts may be located in remote areas, potentially

reducing regulatory hurdles and public opposition.

Kebede et al., 2023;

Myers and Nakagaki, 2020; Sandalow et al., 2021).

Despite the success of recently published experiments, modeling and

simulations, and two pilot test results, many existing challenges and
research gaps still need to be solved to pave the way toward full-field
operations. Hence, this paper reviewed the potentiality of sequestrat-
ing CO4 in basaltic rocks, focused on experiments, modeling and simu-
lations, and pilot test applications findings. The identified challenges,
research gaps, and successes aim to motivate researchers and stake-
holders to investigate CO, sequestration potentiality in basaltic rocks
further. Further, this review paper has discussed the potential nano-
particle’s application in enhancing CO5 sequestration in basaltic rocks,
which has not been addressed in previously published review papers.
Furthermore, this review paper has discussed the estimation method for
CO2 sequestration in basaltic rocks. Additionally, well integrity in
basaltic rocks and geomechanical effects for CO, sequestration on ba-
salts have been addressed in this review paper as being overlooked in
previously published review papers. Moreover, economic analysis of
CO2 storage between basalts and other storage options was conducted,
and recommendations were made. The sections of this review include
introduction, theory, experiments, potential applications of
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nanoparticles application on enhancing CO5 sequestration in basalts,
modeling and simulations, pilot tests applications, impacts of surface
facilities for CO5 injection in basaltic rocks, well integrity in CO5
sequestration in basalts, geomechanical effects for CO3 sequestration on
basalts, estimation of CO, sequestration capacity in basaltic rocks,
challenges encountered during CO; sequestration in basaltic rocks,
research gaps and future works, and conclusions and recommendations.

2. Theory
2.1. Basaltic formations

Basalts are fine-grained, dark igneous rocks predominantly made up
of pyroxene and plagioclase, along with trace amounts of minerals like
olivine formed after rapid cooling of lava at or near the earth’s surface
(Lu et al., 2024D). Basalt is the general term for all igneous rocks with a
high magnesium and iron content and a low silica content (less than
53%). Basalts can be classified into seven groups based on the Total
Alkali-Silica (TAS) diagram, as depicted in Fig. 1 and outlined in Table 3,
based on geochemistry (Rasool and Ahmad, 2023). The global map
distribution of basaltic rocks is shown in Fig. 2. It occupies 77% of
igneous rocks (earth’s surface) (Al Magbali et al., 2023b; Ali et al.,
2023a), of which 67% is on the ocean floor, with 10% being land sur-
faces. After CO; injection into the basaltic rocks, divalent cations are
released, mainly Mg2+, Fe?t, and Ca®™, forming carbonate minerals such
as magnesite, siderite, and calcite (Tutolo et al., 2021; Wells et al.,
2017). A typical basalt contains 5-6 wt% Mg, 7-10 wt% Ca, and 7-10 wt
% Fe (Oelkers et al., 2008). Basalt formations on land typically exhibit
ropy, massive, or columnar structures. In contrast, basalt that forms
beneath the surface, particularly underwater, tends to develop
pillow-like structures. The porosity of basaltic rocks is from 5 to 20%,
whereas permeability ranges from 107! to 107! m? (White et al.,
2020a). The permeability in basalts is usually quite low due to the
fine-grained nature of the rock and the tight interlocking of mineral
crystals. The permeability of basaltic rocks depends on several factors,
including the thickness of the flowing lava, the cooling rate of the lava,
and the number and character of interflow zones. The basaltic cooling
rate is usually high when the lava meets water and leads to the formation
of pillow basalt, which has high permeability. In contrast, when lava
cools slowly, basaltic rocks formed tend to have low permeability in the
middle of pillow basalt bounded with top and bottom permeability
zones (Roy et al., 2016). The basaltic rock hardness is approximately six
per Mohs scale, whereas its compressive strength ranges from 100 to
300 MPa. Also, its tensile strength ranges from 20 to 60 MPa, while its

Na:0 + K:0 (wt %)

Ocean Island
Alkaline Basalt

Transitional
Basalt

Calc- Alkaline
Basalt

Tholeiitic Basalt
Island Arc

Basalt

Si0: (wt %) —

Fig. 1. TAS diagram application on basalts classification based on silica (SiO2)
and alkali (NaO + K,0) content (Rasool and Ahmad, 2023).
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Table 3
Basalts categories based on geochemistry (Rasool and Ahmad, 2023).

Type of
basalts

Petrography Trace Major
elements elements

Mineralogy

Alkaline
basalts

Fine to coarse Nb, Rb, Na,O,
grained texture Th, U, K50, SiO,
with small LREE, Ba,

mineral crystals Sr, Zr, Hf

Plagioclase
feldspar
(30-45%)
Amphibole
(<5%)
Pyroxene
(20-40%)
Olivine (5-30%)
Plagioclase
feldspar
(40-70%)
Olivine (5-25%)
Pyroxene
(20-40%)
Magnetite
(5-15%)
Magnetite
(5-15%)
Pyroxene
(20-40%)
Plagioclase
feldspar
(30-50%)
Alkali feldspar
and
clinopyroxene
(<5%)

Olivine (5-25%)
Plagioclase
feldspar (<10%)
Olivine
(30-60%)
Spinifex texture
(<5%)
Pyroxene
(10-40%)
Magnetite
(5-15%)
Plagioclase
feldspar
(10-40%)
Amphibole
(<5%)
Pyroxene
(20-30%)
Olivine (5-25%)
Magnetite
(<5%)

Tholeiitic
basalts

Porphyritic
texture with
phenocrysts in a
fine-grained
matrix

Ni, Cr, Sc, FeO,
V, Ti, P, MgO,
Zn, Co, Mn SiO,

Transitional Variable textures REE,Ti,P, Na,O,
(Porphyritic, Zr, Hf, Ba, K50,
intersertal, Sr,Nb,Rb, Si0,,FeO,

aphanitic) Th,U MgO

basalts

High Large olivine
magnesium  phenocrysts with
basalts a fine-grained

groundmass

Ni,Cr,Co,
Mn,Sc,V

MgO,Si0,

Calc-alkaline
basalts

Porphyritic Pb, TI, Sr, Al,O3,
texture with Ba, Rb, Zr, SiO,, FeO,
visible Hf,LREE, MgO

phenocrysts HFSEs

Island arc Variable textures  Pb,TI,Ba, Al,O3,
(Porphyritic, Sr,Rb, SiO,, FeO,
vesicular, LREE, MgO Plagioclase
aphanitic) HFSEs, feldspar

LILEs (30-60%)
Amphibole
(<5%)
Olivine (5-25%)
Pyroxene
(10-40%)
Amphibole

basalts

Ocean island
basalts

Aphanitic to Nb,Ta,K, SiO,, FeO,

porphyritic Pb,Th,U, MgO (<5%)

texture LREE, Olivine

HFSEs (40-50%)

Plagioclase
feldspar
(10-40%)
Pyroxene
(10-40%)
Magnetite
(5-15%)
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| B Oceanic igneous plateaus or continental flood basalts [l Oceanic ridges <10Ma

Fig. 2. Global distributions of basaltic rocks (Snabjornsdottir et al., 2020).

bulk density ranges from 2.8 to 3 Mg/m°® (Roy et al., 2016; Xiong et al.,
2018).

2.2. COy trapping mechanisms in basaltic rocks

There are mainly four trapping mechanisms after CO3 injection in the
basaltic formation, which are 1) Mineral trapping (mineral carbon-
ation), 2) Solubility trapping, 3) Residual trapping, and 4) Stratigraphic
or structural trapping. Basaltic rock minerals such as Mg?*, Fe?*, and
Ca?* react with injected CO, to form carbonate minerals in the mineral
trapping mechanism. The reaction triggers CO, to precipitate and
immobilize solid carbonate minerals inside the basalt matrix, such as
calcium carbonate (CaCO3) or magnesium carbonate (MgCO3). This is
the CO3 dominant trapping mechanism in basaltic rocks due to its long-

Emission source

term stability and potential for large-scale CO, sequestration, as shown
in Fig. 3. It was revealed from pilot tests that the mineral carbonation
process can take up to two years (Mouallem et al., 2023). For solubility
trapping, the mechanism involves the reaction of injected CO, with pore
fluids, especially brine, which remains dissolved within the new
aqueous solution to prevent leakage risk. Mostly, the reaction results in
the formation of carbonic acids (H,CO3), which can react with basaltic
minerals, enhancing the mineral carbonation process (Punnam et al.,
2022). In residual trapping mechanisms, the injected CO5 is retained as a
residual phase in the basaltic pore spaces due to capillary forces and
interfacial tension (IFT) between CO; and the pore fluids or solid sur-
faces (Al-Yaseri et al., 2021b; Punnam et al., 2021). For the stratigraphic
trapping mechanism, the denser injected CO is trapped by cap rocks
and becomes immobile in less permeable layers. These layers differ in

Cargo ship for
CO:transport

1

Carbonate minerals

Cap rock flood basalt
Carbonate minerals

CO2+H:0—H:COa—2H+C 02>

-

(Ca. Mg, Fe)*+C0O:*—(Ca, Mg, Fe)CO=

Fig. 3. Mineral carbonation in basaltic rocks (Lu et al., 2024c).
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lithology and permeability, enhancing the trapping mechanisms when
encountered by injected CO,. Also, the natural fractures, faults or fis-
sures act as a barrier preventing the vertical migration and escape of
injected CO2 physically (Al Magbali et al., 2023a; Kebede et al., 2023;
Mouallem et al., 2023).

Combining these trapping mechanisms creates multiple barriers to
CO, migration and ensures permanent storage in basaltic rocks. Mineral
trapping mechanism, especially through mineral carbonation, is a sig-
nificant and durable mechanism for CO, immobilization in basaltic
rocks. Understanding and optimizing these trapping mechanisms is
essential for evaluating the storage capacity and assuring the secure and
efficient sequestration of CO5 in basaltic rocks.

2.3. Key parameters for CO2 sequestration in basaltic rocks

CO3 sequestration in basalt requires metallic divalent cations that
precipitate when they react with injected CO, to form carbonate min-
erals like calcite, magnetite, and siderite. When injected, CO5 dissolves
in the formation water, lowering the pH of the system, which causes the
host rock to react by releasing divalent cations (Mg?*, Fe?*, and Ca?")
through dissolution reaction (Berrezueta et al., 2023; de Obeso et al.,
2023). With regard the presence of divalent cations remains the main
factor for carbon dioxide sequestration in basaltic rocks (mineral
carbonation); other key factors include 1) Availability of water for in-
jection, as it has been found that during injection, CO, was mixed with
water at CarbFix to enhance dissolution of CO3 by increasing its partial
pressure and lowering the temperature and water enhance dissolution of
host rocks. This shows that a field with a nearby water source, like
seawater, can help reduce the cost of injecting water from underground.
It has been proved that using seawater for the dissolution process has a
positive influence (Snabjornsdottir et al., 2014, 2017; Wolff-Boenisch
et al., 2011).2) Temperature: it has been proved that increasing the
system’s temperature (0-100 °C) at a pH of 3.5 helps to enhance the
dissolution of host rocks 60 times to release plenty of divalent metallic
cations, which helps the mineral carbonation process. Similarly, the
rising temperature of altered basaltic rocks, such as clays and zeolites,
enhances the dissolution process. The temperature is raised by
increasing the depth of injection wells or drilling in geothermal-prone
areas (Gislason and Oelkers, 2003; Snabjornsdottir et al., 2014).3)
CO, partial pressure: it has been found that increasing CO, partial
pressure enhances the mineral carbonation process because more diva-
lent metallic cations are released from host rocks instead of clays and
zeolites (Bullock et al., 2023; Snabjornsdottir et al., 2014) .4) Porosity
and permeability; it has been found that younger rocks have higher
porosity and permeability than older rocks and are favorable for mineral
carbonation because ease injection process and are prone to under-
ground water flows which can help on dissolution process (Singh and
Nayak, 2023; Sneaebjornsdottir et al., 2014).5)Depth; dissolution of CO4
and water according need a minimum depth and CO» undergo dissolu-
tion reaction at minimum pressure of 25 bars which is below 250 m.
Also, CO5 bubbles need to dissolve, so the minimum depth increases to
350 m. However, injecting at high depth, like in geothermal systems
with high temperatures, helps to enhance dissolution reactions. Hence,
the depth range proposed for CO5 injection in basaltic rocks is 500-1500
m (Li et al., 2023; Snabjornsdottir et al., 2014).6) Risk of contamination
of groundwater; the reaction between injected CO, and water and the
basaltic rocks releases metallic divalent cations that cause mineral
carbonation and other metals that cause pollution to water and biota like
Al, Fe, Cr, and Mn. These elements are released early during CO in-
jection, so they must be handled to avoid pollution. However, during
CO; injection in CarbFix, samples collected through monitoring wells
revealed that the metals did not affect the groundwater (Galeczka et al.,
2013; Zheng et al., 2021).
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2.4. Basalts key characteristics for CO» sequestration

Basalts are considered suitable for CO, sequestration because they
are enriched with divalent cations, have a high reaction rate, and occupy
a large area of the earth’s surface (Galeczka et al., 2014). Several pro-
cesses are involved in mineral carbonation in basaltic rocks. First, the
injected CO3 in basaltic rocks reacts with water to form carbonic acid, as
shown in Eq. (1). After that, the carbon-fixing minerals in basaltic rocks
react with H' to release divalent cations Mg?', Fe?*, and Ca*. For
instance, plagioclase and olivine dissolution reactions are shown in Egs.
(2) and (3), respectively. Then, divalent cations react with HCO3 to form
carbonate rocks through the mineral carbonation process in precipita-
tion reaction, as shown in Eq. (4) (Gislason et al., 2010; Matter et al.,
2007; Sanna et al., 2014; Zhang et al., 2023). During carbon fixation,
CO, rapidly dissolves in the formation water and subsequently reacts
with divalent cations to form carbonate minerals. The overall speed of
CO2 mineral trapping depends on the dissolution rate of carbon-fixing
minerals in basalt, which is generally slow. This is due to the limited
reaction surface area and the constrained volume of CO, within the pore
spaces (Liu et al., 2021; Matter et al., 2009). The potential minerals for
the mineral carbonation process are shown in Table 4, with forsterite
being the most efficient compared to others, where 6.4 mega tons are
required to sequester four megatons of CO, to produce 2.6 million m> of
magnesite (Oelkers et al., 2008). The whole process is illustrated in
Fig. 4.

Dissolution

€025 =C0s(aq)
COZ(aq) JerO;‘HzCOg(aq);‘HCO; +H" [6))

Plagioclase : (Ca, Mg, Fe)Al,Si,Os +8H" — (Ca, Mg, Fe)*" + 4H,0 + 2AP*

+ 25i05(ag)
2
Olivine : Mg,SiO, + 4H* = 2Mg>* + 2H,0 + SiO, (3)
Precipitation
(Ca, Mg, Fe)*" + HCO; =(Ca, Mg, Fe)COs| + H* €))

2.5. CO; injection in basaltic rocks

There are two options in which CO, can be injected into basaltic
rocks for storage. The first option is the injection of pure CO; into the
formation, and the second option is the injection of CO, dissolved in
water, known as the CarbFix method, as shown in Fig. 5 (Zhang et al.,
2023). In the first option, after the pure COs is injected into the for-
mation, the CO; is trapped below the impermeable caprock (structural
trapping or stratigraphic trapping) with others trapped in small pore

Table 4
Promising minerals for the mineral carbonation process in basalts (Oelkers et al.,
2008).

Mineral Chemical formula Tons required to sequester 1
ton of carbon
Wollastonite CaSiO3 9.68%
Forsterite Mg,SiO4 5.86°
Serpentine/ Mg3Si>05(0H)4 7.69"
Chrysolite
Anorthite CaAl,SiOg 23.1%

Nay.og Ko.o0s Fe (INo.17
Mgo.28 Cao.26
Al 36 Fe (Il1)g o2 SiTig.02 8.67¢

O3.45

Basaltic glass

a Stand for Calcite; b for Magnesite; ¢ assumes that all Mg?", Fe?*, and Ca®" are
converted to Magnesite, Siderite, and Calcite.
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Basalt Rocks Eivalent Cations ‘

->—+~ e

e o
+\\+ s (Mg"+ Ca™+ Fe') +Si0,+ ({H,0
(3
‘ | e
) \ H /
" \ —_— |Dissolution Reaction
B, .C. D -

Solid Carbonates

(Mg'+ Cd'+ F€') CO;

+

H

Precipitation Reaction ‘

Fig. 4. Mineral carbonation process (Singh et al., 2024).

CO, and Water| | |Carbonic Acid | Dissociation of
Interaction Formation Carbonic Acid
a
Dissolved C02|

L

Carbonate minerals

Basaltic rock

Cap rock flo

Supercritical
or liquid CO,

d basalt

Carbonate
minerals

Basaltic rock

Fig. 5. CO, injection options in basaltic rocks a) CarbFix basalt b) Supercritical CO, (Wallula basalt) (Snebjornsdottir et al., 2020).

spaces due to capillary forces and limits its movement (residual trap-
ping). Progressively, other injected CO; dissolves in brine (solubility
trapping), and later on, some of the dissolved CO; in brine reacts with
surrounding rocks to form carbonate minerals (mineral trapping), which
can take more than ten years to form minerals (Omari et al., 2022). For
the CarbFix method, injected CO,, which is usually mixed with water,
reacts with basaltic rocks to form carbonate minerals within two years
through a process known as mineral carbonation, which consumes 95%
of injected COy (Gislason and Oelkers, 2014; Snabjornsdottir et al.,
2020). Usually, dissolving one tone of CO; at a partial pressure of 25
bars requires almost 27 tons of water (Oelkers et al., 2008).

3. Experiments

Several researchers conducted experiments to investigate the po-
tentiality of storing CO on basaltic rocks towards full field operations to
mitigate global climate change. The experiments are conducted under
different conditions to reflect the natural conditions of the basaltic for-
mations, solve existing challenges, and discover new knowledge.
Moreover, these experiments help generate data that can be used for
modeling and simulations. In this section, the findings of the recently
conducted experiments are discussed.

Oelkers et al. (2022) experimented to investigate the potentiality of
Jizan basaltic rocks in the Southwest of Saudi Arabia to store CO,. Jizan
basaltic group includes plagioclase, clinopyroxene, and magnetite, in
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which some areas are altered to albite, chlorite, calcite, epidote, he-
matite, and pumpellyite after the metamorphism. 14 samples were
collected and analyzed in which geochemical and mineralogical com-
positions were analyzed using optical and reflected light microscope,
X-ray diffractometry (XRD) was analyzed semi-quantitative, whole rock
was analyzed using X-ray fluorescence (XRF) and electron microprobe
analysis (EMPA). It was found that either seawater or freshwater altered
Jizan basaltic rocks to form carbonates after CO5 injection at 25 and
100 °C. Also, the most dominant metallic cations from Jizan basaltic
rocks were Ca?* and Mg?*, which precipitated to form carbonates. In
general, it was concluded that altered Jizan basaltic rocks have great
potential to store CO in carbonate form with a capacity of 1.4-10.2
gigatons in 140-1000 years.

Also, Ali et al. (2023a) experimented to analyze the wettability
change of the CO2-H,O-basaltic rocks system of Harrat Rahat near the
Red Sea coast of Western Saudi Arabia (SA), which determines the
mineral carbonation process. Contact angle measurement, including
advancing contact angle (6,) and receding contact angle (6,), were
measured to assess its wettability at a temperature and pressure of 298
and 323 K and 1-20 MPa, respectively, in the absence and presence of
organic acid. It was revealed that at a temperature of 323 K and pressure
of 20 MPa, the pure SA remained strongly water-wet with 6, and 6, of
46.7° and 43.2°, respectively, while organic aged SA basalt altered to
CO,-wet with 6, and 6, of 106.8° and 95.2°, respectively. Also, it was
shown that at a temperature of 323 K and various pressures, the pure SA
remained strongly water-wet with, as shown in Fig. 6, while organic
aged SA basalt altered to COy -wet with, as shown in Fig. 6. In general,
contact angles increased with the increase of pressure and temperature
in which pure SA basalt contact angles were smaller than organic aged
SA basalt. This indicates that organic acids may increase the mobility of
CO4 within the SA basalt formation, potentially reducing its capacity to
permanently store CO5 through residual trapping and mineral trapping
mechanisms. This could lead to a higher risk of CO, leakage.

Al-Yaseri et al. (2021b) did an experiment investigating the tem-
perature and pressure effects on wettability alteration on the CO-bri-
ne-basaltic rocks system of Western Australian basalt (WA). Two
temperatures (298 K and 323 K) and pressure of 0.1,5,8,15, and 20 MPa.
It was revealed that the wettability of WA kept on weakly water wet
when the temperature was 298 K and pressure >8 MPa (6, = 68" at 8
MPa and 81" at 20 MPa). At a temperature of 323 K and pressure >5 MPa
(04 = 60°) wettability of WA remained weakly water-wet and changed to
CO, wet at a pressure of 15 MPa (6, > 90"). It seems that the pressure
increase causes the contact angle to increase because of the rise in CO5
density, which influences intermolecular interactions between CO5 and
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Fig. 6. Contacts angle measurements of pure and organic aged basalts at
different pressures (Ali et al., 2023a).
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basalt, which causes a change in wettability. These contact angle ob-
servations confirm that the basalt-CO, mineralization reaction is
affected by wettability alteration because COy-basalt and H,O-basalt
interfacial areas will be different in weakly and strongly water-wet
systems, respectively. In addition, at higher contact angles (weakly
water wet 6, >50), slower dissolution rates and precipitation reactions
are anticipated due to the reduction of the interfacial surface area of
basalt and water. This implies that dissolution and precipitation rates
are high at lower contact angles, and wettability is favorable for CO,
sequestration. Moreover, intermediate water wet (6, <90") and CO, wet
(62 >90") cause a reduction in structural and residual trapping capac-
ities, which results in easier vertical CO2 migration, which increases the
leakage risk in caprock. This agrees with other basaltic rocks in different
areas, as shown in Fig. 7.

Furthermore, Iglauer and Al-Yaseri (2021) did an experiment
intending to improve the wettability of basaltic rocks favorable for CO,
sequestration in the CarbFix area in Scotland. Similarly, 6, and 6, con-
tact angle changes were measured using the titled plate method at
pressures of 5,10, and 15 and a temperature of 323 K after adding so-
dium dodecyl benzene sulfonate (SDBS) surfactant to the system with
different concentrations. The contact angles were measured in pure and
aged basalt with SDBS surfactants. It was revealed that the contact an-
gles altered to water-wet even with a small concentration of SDBS, as
shown in Fig. 8. This strong water wet favors COy sequestration in
basaltic rocks. Moreover, Iglauer et al. (2020) experimented to examine
the wettability alteration of the supercritical CO2-brine-basaltic rocks
system of Hellisheidi in Southwest Iceland. Both advancing 6, and 6,
changes were measured using the tilted plate method at a temperature of
308.15 K and 333.15 K and a pressure range of 4.48-17.23 MPa with
different brine concentrations. It was revealed that brine contact angles
increase rapidly with pressure to intermediate water wet and, as pres-
sure rises, turns to CO, wet which affects mineralization process.

Apart from that, Kikuchi et al. (2023) experimented to investigate
the effects of adding NaHCO3 on changing the wettability of basaltic
rocks collected from Iceland’s mid-oceanic ridge (MOR). The experi-
ment was conducted in a batch reactor to accommodate the
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Fig. 7. Contacts angle measurements of WA basalts at different pressures and
temperatures compared to other basalts in other regions (Al-Yaseri
et al., 2021b).
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reported by Menefee et al. (2018), in which increasing NaHCO3 con-
centration from 6.3 mM to 640 mM enhanced mineral carbonation.
Moreover, Depp et al. (2022) did a pore scale investigation on
monitoring and controlling mineral carbonation in Wallula injection
wells to observe the secondary mineral formation and distributions after
977 tons of supercritical CO, was injected. Optical petrography and
electron scanning microscopy were used to characterize physical and
chemical features of basalt core samples. Samples were collected
through sidewall coring. Three zones were analyzed, including zone 1,
which has a shallow depth range of 828-846 m characterized by high
pre-injection porosity of 22% with a thickness of 18. Zone 2 has a
pre-injection porosity of 13% with a thickness of 8 m at a depth range of
854-862 m which was less altered compared to zone 1. Zone 3 has a
pre-injection porosity of 1% with a thickness of 9 m at a depth of
866-875 m, which was altered more than zone 2. It was found that Ca
carbonates dominate the inner regions, with Fe carbonates dominating
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Fig. 8. Effects of SDBS on wettability changes in basaltic rocks (Iglauer and Al-Yaseri, 2021).
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Fig. 9. Mg, Al, Si, Ca, and Fe concentration in NaHCO3 after reacting with
basalt for 5 days (Kikuchi et al., 2023).

hydrothermal conditions at different temperatures (200-300 °C) to
observe the mineralization reactions. It was revealed that NaHCO3
enhanced the wettability change to water wet, which influenced mineral
carbonation at higher temperatures, as summarized in Fig. 9 by
observing high concentrations of Si, Al, and Ca at higher temperatures
after basalt dissolutions. The study observed a significant increase in
dissolution at temperatures exceeding 230 °C. Interestingly, magnesium
(Mg) and iron (Fe) concentrations did not show this effect. Instead, Mg
and Fe levels decreased as the temperature rose from 230 °C to 300 °C.
This decrease might be linked to the formation of secondary minerals
containing Mg and Fe, such as smectite, which are more prevalent at
higher temperatures. For instance, 75 g/kg of CO, was mineralized in
basaltic rocks at 300 °C for 5 days, 12.1 times higher than that of 200 °C.
The major dominant element released after dissolution was Ca, followed
by Mg and Fe, which both precipitated to form carbonates. Na was also
released in the system, which carbonated to Na silicates, especially
analcime. In general, the main elements released from the dissolution
process precipitated rapidly to form secondary carbonate rocks, which
promoted more dissolution of metallic divalent cations, especially Ca.
This proves the influence of NaHCOg3. Similar results on the effects of
NaHCOs on influencing CO; sequestration in basaltic rocks were earlier

the outer region of the core. Fracture-filling carbonate cement and
acicular aragonite were also found. Also, a novel fibro-palagonite-like,
weakly crystalline silicate phase on carbonate nodules and pore-lining
zeolites was observed. In addition, Fe-dominant carbonate precipitates
surrounded by acicular aragonite and rhombohedral Ca-carbonate cores
in zoned nodules were also observed to be different from earlier research
findings. In general, in post-injection analysis, all zones were altered by
precipitations of mineral carbonates, but zone 3 was most altered, fol-
lowed by zone 2, then lastly, zone 1. Other recently conducted experi-
ments on mineral carbonation investigations are shown in Table 5.
Pressure versus temperature plot for the previously conducted experi-
ments are shown in Fig. 10.

4. Potential applications of nanoparticles on enhancing CO,
sequestration in basaltic rocks

Nanoparticles have emerged as one of the promising technologies for
enhancing CO, sequestration in basalts because of inimitable features
such as large surface area to volume ratio, ultrasmall size, low costs, and
environmentally friendly (Ngata et al., 2022; Rathnaweera and Ranjith,
2020; Youns et al., 2023). COy-rock interactions such as wettability
alteration and interfacial tension (IFT) are essential factors influencing
CO4, trapping efficiency and mineral carbonation in basaltic rock. This
section analyzes the roles of nanoparticles in enhancing CO, seques-
tration in basaltic rocks.

Ali et al. (2023b) tested the effects of nanofluid on enhancing the CO,
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Table 5

Few Recently published experimental papers on CO, sequestration potentiality

in basaltic rocks.

References Samples Experimental Key findings
origin conditions
Raza et al. Saudi Arabia - Pressure 8.27 MPa - Porosity and
(2023) - Temperature 343 permeability decreased.
K - Young’s modulus and
hardness increased.

- Poison ratio remains
constant.

- Rapid mineral
carbonation after
interactions with CO; in
two months.

Voigt et al. Mid-ocean - Pressure 0.25-1.6 — 20% of injected CO, was
(2021) ridge basalt MPa mineralized within 4

(MOR) - Temperature months. After 150 days,

403.15 K 30% of injected CO, was

Moita et al. Sines Massif,

(2020) Portugal
Abdulelah CarbFix
et al. injection site
(2021) in Iceland
de Obeso Northern
et al. Mexico
(2023)
Chen et al. Henan
(2023) province in
China
Hosseini New
et al. Zealand
(2023)

Pressure 0.7-12
MPa
Temperature
373.15K

Pressure 4-20
MPa
Temperature 308
and 333 K

Pressure 20 MPa
Temperature
298.15-398.15 K

- Pressure 10 MPa
- Temperature
333.15K

Pressure 1.72-6.9
MPa
Temperature 298
and 323 K

mineralized.
CO,-charged seawater
mineralized more
rapidly than compared
to COy-charged fresh
water.
Increasing pressure
from 0.25 to 1.6 MPa
magnetite was
dominant, while
smectite was largely
suppressed.
No other carbonates
precipitated, but
increased textural
roughness of basaltic
rocks was observed
within 64 days, and
smectite formed.
Carbonates were
precipitated after 64 days
after simulating the
experimental data.
CO,-basalt interfacial
tension (IFT) is low at
shallow depth (low
temperatures).
Lower IFT shows high
affinity to CO, (more
probability of CO,
sequestration.
IFT decreased with an
increase in pressure but
decreased with an
increase in temperature.
Developed plagioclase
dissolution rate
equations that depend on
temperature change at
COy-buffered pH.
CO,, diffusion and
reaction (mineral
dissolution and
carbonate precipitation)
occur simultaneously
and interact during
carbonation.
Shallow depth is
unsuitable for mineral
carbonation when
pressure is decreased,
which is conducive to
permanent COy
sequestration.
Zeta potential can be
used for determining the
wetting state of basaltic
rocks to assess their CO,

Table 5 (continued)
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References

Samples

origin

Experimental
conditions

Key findings

Awolayo

etal.
(2022)

Western
Idaho,

- Pressure
15-15.1108505
MPa

- Temperature
423.15K

USA

sequestration
potentiality.

Zeta potential remained
constant with increasing
pressure

Zeta potential increased
with temperature and
pH, implying more CO,
wettability state.
Estimated mineral
reactive surface area
through image analysis
using scanning electron
microscope and Raman
spectroscopic, which is
important for predicting
CO, mineralization in
basaltic rocks.

At the field scale, mineral
carbonation occurs
within 12 months but
depends on the timescale
and volume of injection.
Change in the accessible
surface area affects
mineral carbonation,
permeability, and
porosity evolution,
which determine the
destiny of injected CO,.
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Fig. 10. Pressure versus temperature for the previous experiments.

trapping capacity of Saudi Arabian basalt for CO, sequestration pur-
poses. Rock-CO,-brine wettability changes were observed through
contact angle measurements, i.e., advancing (6,) and receding (6,) after

nanofluid application under numerous pressures (0.1-20 MPa) and

constant temperature (323 K) using the tilted plate goniometric method.
Silica (SiO5), which had 0.05 to 0.75 wt% concentration, was used
during the experiment and prepared under different laboratory condi-

tions. Effects of nanofluid for advanced and receding contacts showed
that contact angles increased as pressure increased under isothermal

conditions. In addition, it was revealed that the organic acid-aged basalt

was hydrophobic and CO2 wet, unlike the pure basalt. SiO5 nanofluids

changed basalt wettability to weakly or intermediate water-wet condi-
tions, depending on its concentration. 0.1 wt% of SiOy nanofluid
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concentration was optimal for maximum water wettability alteration.
Further, this wettability alteration by adding SiO5 nanofluid in basaltic
rocks influences the rapid mineral carbonation process and residual and
structural trapping efficiencies because the negative charges of SiOy
nanofluid adsorbed on the basaltic surfaces with positive charges due to
electrostatic forces attractions which help on the wettability alteration
towards water wet. In addition, SiO nanofluid application reduced COy
seepage-associated risks for long-term storage.

Also, Al-Yaseri et al. (2021a) examined the effects of utilizing silica
nanofluids (100, 1000, and 2000 mg. L™!) on enhancing CO, trapping
efficiencies during CO5 sequestration in basaltic rocks collected from the
injection site at Carb Fix Hellisheidi in Iceland at 500 m depth. After
SiO5 nanofluid addition under different operating conditions, i.e.,
pressure (5-20 MPa) and temperature (323 K), CO,-brine-basalt (three
phase) wettability alteration was assessed through contact angle mea-
surements using a tilted plate goniometric setup. After treating the
basaltic rocks with silica nanofluids, the concentration was 1000 mg L™}
enriched with brine, it was found that the basaltic rocks’ wettability
changed from COz-wet to weakly water-wet, in which contact angles
were reduced by approximately 40%. In addition, COy column height
was reduced after SiO, nanofluid treatments, which means that the
leakage risk was reduced while residual and structural trapping effi-
ciencies increased. Furthermore, the wettability alteration towards
water-wet enhanced mineral carbonation due to the electrostatic
attraction between divalent cations from the basalts rocks (Fe?", Ca®",
and Mg2+) and anions from SiO; nanofluid. Apart from that, the basalt
pore size distribution increased after SiO, applications, as shown in
Fig. 11, from 0.000256 cc/g to 0.055 cc/g, which shows that the COy
sequestration will also increase due to the formation of new pore spaces.

Further, Al-Anssari et al. (2017) investigated the effects of nanofluid
treatments on enhancing CO; sequestration in basaltic rocks at different
pressures, temperatures, and salinity through contact angle measure-
ments. The research suggests that higher nano-treatment temperatures
lead to a reduced change in contact angle following the treatment, as
shown in Fig. 12. This effect appears to be caused by a decrease in the
adsorption rate of the nanoparticles on the calcite surface. Also, the
study found that increasing CO pressure lowered the contact angle for
all tested temperatures, as shown in Fig. 12. This decrease is likely due to
changes in the acidity of the calcite solution near the surface, which
affects the interaction between the positively charged calcite and the
negatively charged hydrophilic silica nanoparticles. The contact angle
further decreased with higher nanoparticle concentration and longer
exposure time, as shown in Fig. 13. The study also identified an optimal

T T T T T T T T
—— Basalt
1E-3 o —@— Basalt-NPs-2000 ppm |
] —h— Basalt-NPs-1000 ppm
—¥— Basalt-NPs-100 ppm
-~
-

eo
o 1E-4 4 ]
> ]
= ]
@
E
=
=)
>
@
P
I~

1E-5 o E

T T T T T T T T T
0 10 20 30 40 50 60 70 80

Pore Diameter (nm)

Fig. 11. Nanoparticles (NPs) effects in pore volume formation for basaltic rocks
(Al-Yaseri et al., 2021a).
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Fig. 14. Effects of salinity contact angle of pure basalts and nano-treated ba-
salts (Al-Anssari et al., 2017).

pH range of 4-6 at ambient pressure for the nanoparticle modification to
have the most significant impact. Further, it was found that salinity
increase in pure basalt decreased the contact angle while, in
nano-treated basalt, the contact angle increased and was more pro-
nounced in CaCl, than NaCl, as shown in Fig. 14. It can be concluded
that calcite in its natural state exhibits weak affinity for water under
typical storage conditions. This can significantly reduce the capacity for
CO, to be trapped within the rock formations, posing a potential
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challenge for storing CO, in carbonate reservoirs. Fortunately, pre-
treating the calcite surface with nanofluids significantly altered its
wettability to water wet, which favors CO, sequestration.

Moreover, Al-Anssari et al. (2016) experimented to investigate the
wettability change of basaltic rocks towards water wet after nanofluid
application, which can enhance CO5 sequestration in basaltic rocks.
After scanning electron microscopy SEM images observation (Fig. 15), it
was found that the surface of basaltic rocks changed after nanofluid
treatments confirmed extensive adsorption of nanoparticles on the
calcite surface. These adsorbed particles formed clusters of varying sizes
(Fig. 15). The initial smooth calcite surface, except for a crystal layer
edge, became significantly roughened after exposure to the nanofluid.
This resulted in an uneven coating across the surface. Analogous ob-
servations were made for atomic force microscopy (AFM) images, as
shown in Fig. 16. The root mean square (RMS) roughness increased
substantially, ranging from 18 nm to 32 nm to 350-3000 nm. Similarly,
the peak heights rose significantly from 30-300 nm to 550-5000 nm.
Similar to other research findings, it was observed that the contact angle
reduced (changed to water wet) as the nanofluid was introduced in
basaltic rocks, which influenced CO5 sequestration in basaltic rocks.

According to the published research, nanoparticles can enhance COy
sequestration through mineral carbonation and other trapping mecha-
nisms for long-term storage plans in basaltic rocks. The wettability
changes to water wet influence mineral carbonation and other trapping
mechanisms; hence, high amounts of CO5 can be sequestrated. However,
this technology application needs more experiments, simulations, and
pilot tests for full-field operations.

5. Modeling and simulations

Modeling and simulation are crucial stages that need to be conducted
towards field operations because they help to simulate the actual
reservoir conditions of the basaltic formations and predict the project’s
performance. The amount of CO stored in basaltic rocks can be esti-
mated during this stage. The data used in this stage are collected from
conducted experiments respective to their areas. Hence, different
modeling and simulation studies are present in this section with
different governing equations, especially for mineralization trapping.

5.1. Governing equations

The injection and mineral trapping of CO5 in basalt formations is a
reactive transport phenomenon encompassing three distinct phases: the

Fig. 15. SEM images on Nanofluids effects on basaltic rock surfaces a) Before
nanofluid treatments b) After nanofluid treatments c) High resolution d)
Maximum zoom resolution (Al-Anssari et al., 2016).
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Fig. 16. AFM images before nanofluids treatments in upper images in which
the RMS were 32 nm and lower images after nanofluid treatments, in which
RMS increased to 1300 nm (Al-Anssari et al., 2016).

formation of water present in the reservoir, the CO; introduced into the
system, and the rock matrix. The equations that govern mass transport in
the system are discussed in sections 5.1.1 and 5.1.2, with geochemistry
modeling in sections 5.1.3 and 5.1.4.

5.1.1. Phases

Suppose the flow system has two fluid phases in a porous formation.
If o represents aqueous fluid phase or COz-rich phase (@ € {a,c}), then
the mass balance equation for each phase is as follows (Postma et al.,
2021, 2022c; Postma, 2022):

7}
at (Pa?Sa) +V.(poqa) =¥* )

where t represents time, p, stands for fluid density at a phase, ¢ repre-
sents porosity of porous formation (basalt), S, stands for saturations for
phase a, y* represents source term for phase «, g, represents fluid flow
rate for phase a, which is given represented in Eq. (6), after applying
Darcy’s law (Postma et al., 2021, 2022c; Postma, 2022).

kT.(l
4= —-K w (VPa — Pag) (6)

a

where K stands for second order permeability tensor, g represents
gravity, k,, stands for relative permeability for a phase, y, is dynamic
viscosity for a phase, p, is pressure for a phase. Since the rock matrix,
represented as “r" remains stationary, the associated mass balance
equation, which excludes a transport term, is given as (Postma et al.,
2021, 2022c; Postma, 2022):

=) =w %
5.1.2. Components

Considering the principle mass of conservation for each chemical
component that makes up each phase. Suppose y¢ is the mass fraction for
each a phase in component i, then the mass balance for each a phase in
component i is given as (Postma et al., 2021, 2022c; Postma, 2022);

o Pai98a) +V ff =wi ©)
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where f{ is the total mass flux for component i for the a phase, including
advective transport, dispersion, and diffusion. The mass balance for each
component i in the rock matrix is given as (Postma et al., 2021, 2022c;
Postma, 2022):
a r a
o P21 — ) =y ©)
The y represent source term mass transfer of component i between
phases occurs through non-kinetic processes like CO, partitioning
equilibrium between the aqueous phase and CO; phase through kinetic
processes like mineral reactions. In the current application, these min-
eral reactions link geochemistry and mass movement (Postma et al.,
2021, 2022c; Postma, 2022).

5.1.3. Equilibrium: speciation in the aqueous phase

Using the procedures established by Bethke (2022), an equilibrium
system can be developed by using the Tableau method, which states that
only small aqueous phase species are linear independent within a sys-
tem. Suppose the system is made up of water solvent species (A, ) and
other basis species (4;), then (A;) aqueous mixture species is formed
through equilibrium reactions as shown in Eq. (10) (Postma et al., 2021,
2022c; Postma, 2022).

K;
AjéVWjAW -+ Zviin (10)
i

where v,; and vy are stoichiometric coefficients, K; represent the equi-
librium constant of a system. The equilibrium reactions demonstrate
that the basis species function as the fundamental representatives for a
collection of combined quantities known as components. These com-
ponents pertain to the amount of basis species that would be present if
all secondary species were to undergo decomposition into the basis
species through the equilibrium reactions in Eq. (10). In equilibrium
systems, a component’s overall mass is conserved.

If the new phase formed is made up of 2 M components with different
concentrations, i.e., ¢, and ¢; (mol/Ls), then a new geochemical system
is formed by multiplying molar components with aqueous phase volume
to get the total amount of new species, N,, and N; (mol), respectively, as
shown in Egs. (11) and (12) (Postma et al., 2021, 2022c; Postma, 2022).

N,=V.c,=n, <bw + vajbj)
j

(€8]

(12)

Ni = V.Ci =Ny (bl + Zvub}>
J

where b; and b; (mol/M) are the molarity of the primary and secondary
species, V represents the volume of the aqueous phase, b, is water
molarity, which is the inverse of molar mass. For the case of reversible
reaction under equilibrium conditions, equilibrium constant K becomes
equal to product activity Q, as shown in Eq. (13) (Postma et al., 2021,
2022c; Postma, 2022).

a/[la’ _al [T (rb)"

(13)
aj 1ibj

Ki=Q=

where y and a represent activity coefficient and chemical activity,
respectively. Rearranging Eq. (13), we obtain the mass molarity equa-
tion as shown in Eq. (14), which was obtained after finding molarities
under equilibrium conditions (Postma et al., 2021, 2022c; Postma,
2022).

Vi i

T b

b=
' 75

14

Then, substituting Eq. (14) into Egs. (11) and (12), nonlinear
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molarity system equations are obtained, i.e., Egs. (15) and (16), in which
the unknowns are the molarity of primary species and the mass of free
water. This nonlinear system solution describes the state of equilibrium
(Postma et al., 2021, 2022c; Postma, 2022).

M .
ay’ T .
N,=V.c,=n, <bw + Ej ijéyj | | (yibi)v'f> (15)
&Y i
" .
Ni = V.Ci =ny, <bl + E] VUITYI | I (yibi)vv> (16)

5.1.4. Kinetic: dissolution and precipitation of minerals
Suppose mineral systems (A?) consist of primary and secondary

minerals in which secondary minerals formed later also allowed to
precipitate. Similar to the reactions that create the secondary species A;,
we may define reactions for each mineral (A7) in terms of the aqueous

phase base species as follows (Postma et al., 2021, 2022c; Postma,
2022):

k wk (17)

K—

A= kv—SA, + ZV?AI-

The use of semi-empirical kinetic rate equations determines the rates
at which these mineral processes occur. The aforementioned equations
establish a correlation between the pace of a reaction and many factors,
such as temperature, the composition of the aqueous phase, and the
available surface area of the mineral. This correlation is determined by a
series of parameters that have been fitted to the data. Provided that each
number of moles for every component in the aqueous phase is present at
time t°, then the number of moles after reaction in a time t is given as
(Postma et al., 2021, 2022c; Postma, 2022);

t

No(£) = No(to) + / S vor(t)dt
*

to

18

Ni(t) = Ni(to) + / S (€)de 19)
" T

where r- represent reaction rate in mol/T with all negative values
implying mineral precipitations

Gysi and Stefansson (2011) did a numerical simulation to investigate
CO4 sequestration in low-temperature basaltic rocks from 25 to 90 °C
with an initial injection pressure of <1-30 bar. The datasets used were
collected from Stapafell, Southwest Iceland. In their study, the numer-
ical results were compared with experimental results. Reaction paths
were modeled using PHREEQC geochemical reactions in which the
basaltic dissolution rate was modeled using transition state theory (TST)
and far from equilibrium rate expression. The results revealed that the
basaltic dissolution after CO, injection matched the experimental find-
ings for the mineral carbonation process and water compositions, but
the reaction path depends on the pH of the water. For pH less than 6.5,
SiO9 and Al-Si minerals, Ca-Mg-Fe carbonates dominated the system, but
Al, Fe, and Si were immobile, while Ca and Mg were mobile but
depended on the number of carbonates formed and water pH. On the
other hand, for a pH of >8, CO; mineralization resulted in calcite,
Ca-Mg-Fe smectites, and zeolites, which limited the movement of ele-
ments within the system. For pH > 8, the Fe and Mg movement was
limited due to the presence of clays within the system. It was concluded
that the pH of the water is the dominant factor determining basaltic
dissolution and mineral precipitations, which depends on concentra-
tions and extent of reactions of CO5 for low-temperature basaltic rocks.

Also, Aradottir et al. (2012) developed 2D and 3D reservoir models
for CO4 sequestration in basaltic rocks and adjusted against field data in
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Hellisheidi, SW, Iceland. The developed models are also used to deter-
mine reservoir porosity and permeability. Precipitation rates for most
minerals were estimated using neutral pH rate parameters due to lack of
precipitation rate data for most of the minerals. CO,-Hy0-basalt inter-
action models were built using TOUGHREACT, which involved pilot and
full-scale CO» injection. Reactive chemistry was integrated into stan-
dardized models and projected mass transport, and reactive transport
simulations were performed for both 1,200 and 400,000 tons for pilot
and full field CO; injection, respectively. Reactive transport simulations
predicted 100% CO mineralized in 10 years in a surface area of 5000
tons/km? while a full field was 80% in 100 years in a surface area of 35,
000 tons/km?. The rates predicted for CO, sequestration were 12,00 and
22,000 tons for pilot and full field, respectively. However, 3D simula-
tions matched better with field data than 2D simulations. It was
concluded that basaltic rocks are suitable for CO5 sequestration, with
calcite being the most precipitated mineral at a depth greater than 500
m and feldspars (plagioclase) generally dissolved at faster rates than
other common primary minerals for 2D and 3D simulations, as shown in
Figs. 17 and 18, respectively. This is because feldspars have a crystal
structure that is more susceptible to attack by water and dissolved ions
in the environment. Furthermore, it was predicted that minerals like
clay, oxides, and oxyhydroxides may compete with magnesite-siderite
for magnesium and iron released from primary minerals. Similarly, ze-
olites may compete with calcite for dissolved calcium.

Further, Liu et al. (2022) simulated COy sequestration in 2D of
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Fig. 17. 2D simulations a) Before the mineral carbonation process b) After the
mineral carbonation process (Aradottir et al., 2012).
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Fig. 18. DD simulations a) Before the mineral carbonation process b) After the
mineral carbonation process (Aradottir et al., 2012).

eastern Deccan basalt in India using TOUGHREACT, in which 1.2096 x
10* tons were injected at an injection rate of 1 kg/s for 140 days. Three
scenarios were considered to assess the mineralization process, such as
different injection rates of 0.4 kg/s,0.5 kg/s,2 kg/s, and 3 kg/s. Another
scenario examined the effects of clays on mineralization, and another
analyzed the effects of alumino-silicate minerals on precipitation and
rate of injection. It was found that around 50% of CO, injected into
Deccan basalt rock (Mandla lobe) can be mineralized within 140 days, as
shown in Fig. 19 (a), similar to findings from the CarFix2 project. The
captured COy primarily forms stable minerals like ankerite (65%),
siderite (28%), and calcite (7%), as shown in Fig. 19 (b). Additionally,
significant amounts of clay minerals, particularly chlorite (57%) and
smectite (43%), were produced during the mineralization process, as
depicted in Fig. 19 (c). This suggests that calcium released from dis-
solving rock minerals is incorporated into calcite and ankerite for COy
storage, while magnesium, iron, and silicon contribute to the formation
of new clay minerals. However, a 3D model was recommended for future
studies to obtain accurate results. Also, it was revealed that the injection
rate increases the mineralization process, but an optimal injection rate
needs to be obtained to avoid risk leakages. Further, it was found that
clays enhance the mineralization process by releasing H** which helps
basaltic rock dissolution. Also, alumino-silicate helps to dissolve basaltic
rock, which is essential for mineral carbonation.

Moreover, Bacon et al. (2014) simulated the supercritical COy
sequestration potentiality in basaltic rocks with impurities (H»S) in
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Fig. 19. a) CO, carbonization efficiency b) Capacity of precipitated carbonates c) Capacity of precipitated clays (Liu et al., 2022).

Columbia River Basalt located in the eastern part of the USA. The
STOMP-COMP simulator was used to build the model in their study. It
was assumed that the reservoir properties were homogeneous. From
1000 tons of injected gas, 99% was CO, with 1% HjS. It was revealed
that from the injected 1000 tons of mixture, gases were sequestrated
rapidly in solubility and mineral trapping mechanisms. Most injected
CO4 was stored in the form of calcite, with other few in siderite, dolo-
mite and dawsonite, and HyS precipitated into pyrite form after four
years. Iron for pyrite formation likely comes mainly from dissolving the
glass-like material between mineral grains (mesostasis) and to a minor
degree, from the breakdown of a specific mineral called hedenbergite. In
contrast, calcium for calcite formation originated from anorthite, diop-
side, and hedenbergite primary minerals. Among the primary minerals
utilized, anorthite dissolves faster, followed by mesostasis.

Moreover, McGrail et al. (2011) simulated injecting COy in the
Wallula basalt pilot area by injecting 1000 tons of CO; for 14 or 30 days.
The model was built using the STOMP-H50-CO,-NaCl model simulator
in which there were three injection horizons, which are the Ortley flow
top (OFT), the Slack Canyon #1 flow top (SCFT1) and the Slack Canyon
#2 flow top (SCFT2). It was revealed that after one year of injection,
18% of injected COy was dissolved in brine, which helps in basalts dis-
solutions, which release metallic cations that are important for the
mineral carbonation process and thus help in tracking the mineraliza-
tion process within the host rock. In addition, Al Magbali et al. (2023b)
did a 3D numerical simulation using CMG for mineral carbonation for
basaltic rocks in Southwest Oklahoma. The model was designed to
simulate chemical reactions between brine and injected supercritical
CO4. The CO, was injected at a rate of 200 MCF/day for 4 years. It was
revealed that 97% of injected CO5 was mineralized with other stored as
residual and solution form and mineralization resulted into 5% of
porosity reduction. Magnesite account 89% with calcite account 11% of
the CO2 mineralized, as shown in Fig. 20, due to the fact forsterite (Mg2+
source) underwent dissolution for several years while wollastonite (Ca2+
source) dissolved faster within a few years. In general, basaltic rocks in
Southwest Oklahoma have shown great potential for storing COs.

In addition, Gierzynski and Pollyea (2017) modeled and simulated
three-phase flows and CO- sequestration in fractured basalt formation
from mapping conducted in outcrop mapping of LiDAR in Columbia
River Basalt in the USA. TOUGHS3 software was used to build the model,
and ECOM2M was used to simulate mixtures of fluid flows. After 10
years of injection, it was revealed that most of the injected CO, accu-
mulated at the intersections of fractures. It can be enhanced to mineral
carbonates with the flow of CO; converging on a single dominant path
flow. Also, it was found that permeability variation occurs after an in-
terval of 1.6 m and supercritical CO is changed to subcritical gas or
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Fig. 20. Amount of CO, mineralized into different minerals (Al Magbali
et al., 2023b).

liquid. Similarly, Wu et al. (2021) simulated CO, sequestration poten-
tiality in fractured basaltic rocks to understand its flows and minerali-
zation process. TOUGHREACT v3.2-OMP software was used to build the
model with ECOM2N used to simulate mixtures of fluid flows, porosity,
and permeability changes. It was revealed that CO2 mineralization oc-
curs at the intersection of fractures with good porosity and permeability,
enhancing the mineralization process but hinder the injection process
after mineral carbonation. However, when the connection between
porosity and permeability is stronger, less CO2 mass enters the crack,
which means less mineral precipitation. Fig. 21 proved that calcite was
the most precipitated secondary mineral after 10 years of simulations
with a small amount of magnesite and siderite, as shown in Fig. 22.
Furthermore, Postma et al. (2022b) developed a vertically integrated
approach for modeling CO, sequestration on a field scale through min-
eral trapping in basaltic rocks using the CarbFix method. The model
built was for two-phase flows with the ability to execute geochemical
reactions at field scale level for a long-term storage plan. In addition, the
developed model was flexible, efficient reactive transport, and could run
many simulations compared to other models. The simulation was con-
ducted for 50 years for both supercritical and CO saturated with for-
mation water at an injection rate of 0.1 megatons per year. It was
revealed that most injected CO, were sequestrated as minerals, as
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Fig. 21. Amount of secondary precipitated minerals (Wu et al., 2021).

reported in many literatures, where injecting supercritical CO2 led to
the hindrance of mineralization to occur faster, as shown in Fig. 23 (left
side). Still, the CarbFix method (right side of Fig. 23) led to minerali-
zation occurring faster, matching other researchers’ findings. In addi-
tion, it was found that when supercritical CO, was injected, its

15

mineralization rate was much lower than that of injected CO; saturated
with water due to limited chemical reactions between injected CO, and
basaltic rocks. Also, Snabjornsdottir et al. (2018) did a simulation using
PHREEQC to investigate the reaction path of mineral carbonation of
injected CO4 at the CarbFix site in Hellisheidi, SW-Iceland. After the
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injection of 175 tons of CO,, it was revealed that basaltic rock dissolu-
tion was the major driving factor for the mineral carbonation process,
which took place within 400 days. Also, reaction path modeling
revealed that a pH range of 5.2-6.5 of basaltic rocks having a low
temperature of 20-50 °C was suitable for mineralization process.
Further, injecting CO4 at high pressure was recommended to avoid
permeability and porosity reduction due to zeolite and clay formation
near the wellbore. Moreover, it was found that ~95% of injected CO» at
CarbFix were mineralized but consumed 500 tons of basaltic rocks,
resulting in 420 tons of carbonates,450 tons of zeolites, and 100 tons of
smectites.

Moreover, Cao et al. (2023) did a simulation to investigate CO,
mineralization reactive transport in stacked Columbia River basalt res-
ervoirs using the STOMP-COy simulator with the ECKEChem. The
simulation considered geochemical reactions of host rock, precipitation
of brines, and CO injected. In their simulation, 977 tons of CO, were
injected at a depth range of 830-886 m. Two scenarios were considered
in their simulations. In scenario A, the injected zone is enriched with
initial basalt of plagioclase, clinopyroxene, and glass, with secondary
lithology having phyllosilicate and carbonate minerals. In scenario B,
the clinopyroxene dissolution rate was intermediate compared to faster
glassy mesostasis and plagioclase feldspar. After 10 years, the results
revealed that 20% of injected CO, was mineralized for scenario A and
39% was stored in aqueous form, while for scenario B, 90% was
mineralized,8% was stored in aqueous form, and 2% remained as free
phase in basaltic rocks. With reference to the two scenarios’ results, it
implies that it is important to understand basalt mineral compositions
and their dissolution rate to have accuracy in predicting CO3 to be se-
questrated. It was concluded that the developed numerical simulations
transport model can be adapted for field applications to reduce risk
leakages and storage capacity optimizations. Other literature on CO2
sequestration in basalts is summarized in Table 6.

6. Pilot test applications

The success of experiments and modeling and simulation from pre-
vious literature inspired two larger pilot tests in Iceland and the USA
towards full field operations in the future. In these two pilot tests, it has
been demonstrated that basaltic rocks can store CO gas in the form of
carbonate minerals, and the process occurs in less than two years and
seems safe with less leakage risk for long-term planning. These two pilot
tests are:

6.1. Hellisheidi, Iceland - the CarbFix project

CarbFix pilot test can be traced back to 2006, followed by securing
funds in 2007, in which tracer slug tests were conducted. From 2008 to
2009, permits and licenses for injection and monitoring were obtained.
After that, experiments, design, field studies, modeling and simulations
were conducted, and in 2010, preparation of capturing design and fa-
cilities were installed in 2012, 175 tons of pure CO3 and 73 tons of gas
mixture (75% CO02,24% H,S, and 1% Hj;) mixed with water were
injected for the first time captured from Hellisheidi geothermal power
plant which emits 60,000 tons per year in southwest of Iceland at a
depth of 350 m at a temperature range of 20-50 °C in which 95% of
injected CO2 were mineralized within two years mostly calcite deter-
mined through mass balance and tracer tests (Ragnheidardottir et al.,
2011). In 2014, on an industrial scale (CarbonFix2), mixtures of
captured (CO,+H,S) were continuously injected below 700 m depth at a
temperature of >250 °C. In 2017, the first scale industrial operations
were conducted in which 15,000 tons of mixture (CO5+HsS) were
injected. Also, in 2017, direct air capture (DAC) started, funded by the
EU to develop technology to store CO in deep ocean subsurface rocks
(basaltic rocks). Due to the formation of the gas-charged condensate
water injection from 2013 to 2017, 23,200 tons of CO5 and 11,800 tons
of HoS were injected at a depth of 750 m (Clark et al., 2020). The cost of
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this pilot test was 12 million EUR from 2006 to 2016, excluding pilot test
gas capture and well infrastructure, which Reykjavik Energy donated.
USA funded two-thirds of the cost. Reykjavik Energy reported that the
CarbFix project will save money because the cost used to mitigate
emission of HyS was over 100 million Euro up to 2018. It is estimated
that CarbFix can help to store 100,000-250,000 giga tons of CO5 under
the sea floor (mid oceanic ridges) globally (McGrail et al., 2006;
Snaebjornsdottir et al., 2020). The major source of CO, in the CarbFix
project is the geothermal power plant, which generates 83% of CO2,16%
of HyS, and the remaining from CH4, N, and Hy production (Matter
et al., 2009).

Despite the success of storing CO> in basaltic rocks, there are several
challenges that CarbFix faced, such as severe broken of condensers and
other equipment caused by corrosion due to HyS and water vapor
presence, which caused the delay of the project, permeability reduction,
which cause difficultness in injection, damage of the pipeline used to
transport gases to injection sites caused by road construction activities,
pipe explosion which connects capture and injection plant due to high
pressure (Gislason et al., 2018). The CarbFix project has the purpose of
storing more than 90% of emitted CO; from the Hellisheidi geothermal
power plant in the future. In 2020, approximately 65% of injected CO,
was mineralized within two months (Snabjornsdottir et al., 2020).

6.2. Wallula, USA

CO-, injection took place for 25 days from July 17, 2013, to August
11, 2013, which were supplied through truck tankers that were received
from rail transport tankers collected from a refinery in Washington state
or California to Wallula, USA. Before injection, CO5 was heated to 44 °C
and pressurized with continuous monitoring of flows, temperature, and
pressures through the delivery system and sensors (McGrail et al.,
2014a, 2017b). In these 25 days, approximately 1000 tons of liquid CO4
were injected (McGrail et al., 2017b). The liquid CO, was injected at a
continuous injection rate of roughly 40 tons per day at a depth of
800-900 m, with geochemical reactions between injected CO5, basaltic
rocks, and formation water monitored throughout. Approximately 977
tons of CO, were injected into the Columbia River basalt reservoir with a
limited injection pressure of 2.8 MPa to match the downhole test in-
terval pressure. Perfluorodimethylcyclobutane and perfluorocarbon
tracer (PFT) were infused within 48 h of injection in the CO5 stream
(McGrail et al., 2017a). After two years of post-injection, side well cores
were conducted, which revealed that carbonate nodules rich in Ca and
Fe were formed in basalt pores and fractures. These carbonates origi-
nated from injected CO, confirmed after isotopic analysis. However,
after geophysical analysis, it was found that there so much free phase of
injected COy within the formation after two years of injection
(Snabjornsdottir et al., 2020; White et al., 2020a). The suggested
monitoring techniques for CO; sequestration in basaltic rocks are sum-
marized in Table 7.

6.3. Economic analysis on CO, sequestration in basaltic rocks

CO, capture currently dominates the cost of COy sequestration,
holding 70-80% of the overall costs due to several factors like the
technical complexity of capture processes, the energy required to
separate CO, and the relative immaturity of the technology (Dziejarski
et al., 2023). Pre-combustion and post-combustion capture both have
drawbacks, while direct air capture is promising but faces significant
development hurdles (Kanniche et al., 2010). CO, sequestration in ba-
salts holds promise for mitigating climate change, but successful
implementation requires a comprehensive techno-socio-economic
analysis. Addressing technological challenges, achieving social accep-
tance, and ensuring economic viability are crucial for realizing the full
potential of this technology. Continuous research and development ef-
forts are needed to improve capture, transportation, and storage tech-
nologies. At the same time, robust regulatory frameworks and economic
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Table 6

Other few simulations literature in CO, sequestration in basalt.
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Reference(s)

Aims

Software(s) CO,
used phase

Carbonate
precipitated

Key findings

Zhao et al.
(2024)

Berndsen
et al.
(2024)

Huerta et al.
(2020)

Lei et al.
(2021)

Van Pham
et al.
(2012)

Kumar et al.
(2017)

Marieni
et al.
(2021)

To explore the CO, sequestration potentiality in
basalt in the Xingouzui Formation in Jiangling
Depression, Jianghan Basin, through dissolution
and precipitation

Compare experimental and simulation results on
CO,, sequestrations in basaltic rocks.

To investigate the influence of hydraulic
fracturing on injectivity and storage
performance of CO».

To explore the use of hydraulic fracturing as a
method to enhance CO, injectivity and storage
performance.

To investigate the effects of temperature on
carbonate formations

Compare experimental and numerical
simulation in carbon dioxide sequestration in
Mandla basalt rocks.

To analyze the effects of injecting CO, with H,S
impurities in basalt at different temperatures.

TOUGHREACT ScCO,

PHREEQC ScCO,
STOMP-CO, ScCO,
TOUGH2- ScCO,
REACT
PHREEQC-2 ScCO,
EQ (3)/6 ScCO,
PHREEQC ScCO,
+H,S

Siderite and ankerite

Calcite

Calcite, magnesite,
magnetite

Calcite, kaolinite,
smectite, and
ankerite.

Magnesite, siderite,
ankerite, hematite

Calcite, aragonite,
siderite, and
secondary silicates.

Calcite, ankerite

- Jiangling Depression basalt has the potential to store
2.804 Gt of CO,.
- Co-injecting CO, and water in basalts offers a two-fold
benefit: water enhances CO, dissolution, and the
slightly acidic solution created by this process pro-
motes the dissolution of minerals in the rock forma-
tion; hence, leakage risk is minimized.
Unaltered basalt formations exhibit high reactivity
with CO,, potentially capturing between 22 and 49
kg/m?® of rock within the first month of injection, and
after one year, the CO, mineralized reached 52 kg/
m>.
- Experiments and modeling suggest that the mineral
composition of glassy basaltic rocks provides a
potential source of divalent cations (positively
charged ions with two valence electrons) that could
be favorable for CO, sequestration.
Simulations overestimate CO; stored in glassy basaltic
rocks for higher temperatures.
To ensure the accuracy of numerical modeling, the
study emphasizes the value of complementing it with
experimental validation.
- The simulation results revealed that the injectivity of
the fractured well was improved from 13 to 71%,
depending on the horizontal well lengths, number of
fractures, fracture geometries, and fracture
properties.
Vertical fractured wells achieved 60% of injected CO»
(22 Mt) for 20 years, while horizontal fractured wells
attained a maximum of 80% of injected CO, (22 Mt)
for 20 years.
- The most injected CO, was stored as the free phase,
followed by the aqueous phase, with a small amount
stored in the trapped phase.
Simulation results indicated enhanced basalt
reservoirs are promising for CO, sequestration in
space-constrained environments through hydraulic
fracturing.
In the fractured zone, there was a minimal decline in
permeability by 4.5% and 22.2% for the non-
fractured zone after CO; injection in 10 years. This
shows that CO, sequestration in basalt reservoirs,
zones with higher initial permeability, is preferable
due to slower permeability decline.
- Lower temperatures (40 °C) favor iron-based car-
bonates (siderite and Fe-Mg carbonates) formations.
Calcium prioritizes forming zeolites and oxides over
carbonates at 40 °C.
Higher temperatures (60-100 °C) allow for magnesite
formation alongside siderite and ankerite.
- The total amount of CO,, stored as stable carbonate
minerals depends on available pore space. As the
simulations progressed, both hydration and
carbonation reactions increased the solid volume
within the basalt, potentially limiting further CO,
storage due to pore blockage.
There were discrepancies between the results
obtained from numerical simulations and those
observed in experiments for CO, mineralization.
Time is the primary driver of carbonate and secondary
silicate formation, in which a short time influences
carbonation while increasing pH increases the
mineral carbonation process.
— 80 to 100% of injected H,S were mineralized to
pyrite.
— 260 °C or above is not a favorable temperature for
mineral carbonations to occur.
- The best mineralization temperature was 25-170 °C
for mineralization to occur.

18



G.C. Mwakipunda et al.

Table 7 Table 8
Recommended CO, monitoring methods for CO, storage in basalts. Overall cost of CCS in CarbFix project for (CO2 +H,S) mixtures (Gunnarsson
Techniques Description Advantages Disadvantages etal, 2018).
a b C
Geochemical Analysis of - Provides direct - Requires careful Stage Case 17 (US Case 27 (US Case 3" (US
monitoring produced fluids information on sampling and $/ton) $/ton) $/ton)
at the wellhead the fate of analysis Capture 21.3 21.3 42.1
for dissolved injected CO, procedures. Transport 1.3 1.3 1.3
CO,, major ions, and potential - May not detect Injection 1.3 4.1 4.1
and trace leakage. small-scale Monitoring 0.9 0.9 0.9
elements. - Geochemical leakage events. Total CCS costs per 24.8 27.6 48.4
reactions tonne
occurring K .
within the # On-site scaled up cost at Hellisheidi power plant.
basalt b On-site scaled-up cost at Hellisheidi power plant, including drilling a well for
formation can injection.
be identified. ¢ On-site scaled-up cost at Hellisheidi power plant, including drilling a well for
Pressure Measurement of - Pressure - Limited spatial injection and using the average OECD electricity price for the industry in 2014
monitoring pressure changes buildup can be coverage may (US $ 123.9/MWh)
within the detected, not capture
injection well and indicative of pressure changes
the storage potential in distant areas incentives can pave the way for the widespread adoption of CO»
formation. leakage of the formation. sequestration in basalts. The summary of costs of one of the successful
lliath‘,’:;ays' CCS pilot tests conducted in 2012 is shown in Table 8, in which the
- Provides
insights into overall costs ranged from 24.8 to 48.4 US dolla.rs per tonne from capture
reservoir to monitoring (Gunnarsson et al., 2018; Kali et al., 2022). For other
performance sedimentary basins’ CO5 geological options, the costs are summarized in
o and injectivity. ) Table 9. The cost of CO, storage in basalts can be higher initially due to
Seismic Deployment of - Can identify - Requires detailed site characterization and slower injection rates. Still, it offers
monitoring seismic sensors potential interpretation of L . L
on the surface or fracturing or seismic data, significant long-term stability and reduces monitoring costs due to
downhole to induced differentiating permanent mineralization. Sedimentary basins, while cheaper and faster
detect seismicity between natural to deploy initially, incur higher long-term monitoring and potential
microseismic associated with and CO-induced remediation costs due to the risk of leakage. The choice between basalts
events. CO;, injection. events. d sedi t basins d d th ifi fect . t
- Provides - High upfront an : se m?en ary basins depends on the specific project requirements,
broader spatial costs for available infrastructure, and long-term storage goals.
coverage than deploying In conclusion, while basalts hold a promising future for CO storage,
pressure seismic sensor the need for new infrastructure development and potential challenges
monitoring. networks. with geochemical compatibility currently make sedimentary basins
Gravity Repeated high- Can detect - Requires g . P y L. y . y
monitoring precision gravity  changes in sophisticated more cost-effective option due to existing infrastructure and a better

measurements at
the surface.

subsurface mass
distribution due
to CO; injection
or migration.

equipment and
expertise for data
interpretation.

- Sensitive to
other factors like
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Table 9

CO, sequestration cost estimates in sedimentary basins (USD $ per tonne CO5).

water table Stage Cost Details References
fluctuations. range (US
Satellite-based Analysis of It offers broad - Requires $/ton)
InSAR satellite radar spatial coverage advanced data K K . L. K
(Interferometric data to detect for monitoring processing Capture 40-100 Highly variable depending (Dziejarski et al., 2023;
Synthetic subtle ground potential surface techniques. on technology and Feron and Paterson,
Aperture Radar) surface uplift or - Sensitive to emission source. Pre- 2011; Hochman and
deformations. subsidence. atmospheric combustion capture from Appasamy, 2024; Shen
conditions and power plants is generally et al., 2022)
other factors. cheaper than post-
Soil gas - Measurement of  Can detect leaks - Limited depth combustion capture..
monitoring CO, of CO, migrating penetration may Transport 5-30 It depends on the distance (Hochman and
concentrations in  upwards through not capture deep and transport method Appasamy, 2024;
soil gas samples the soil. leakage (pipeline vs. ship). Leeson et al., 2017;
collected from pathways. Pipelines are generally Shen et al., 2022)
the surface. - A dense network cheaper for large-scale
of sampling projects Yvith nearby
points is storage sites.
required for Injection 5-20 Costs associated with (Hochman and
adequate drilling and maintaining Appasamy, 2024; Shen
coverage. injection wells. et al., 2022)
Tracer studies Injection of inert  Provides direct - Additional costs Monitoring 1-5 Includes costs of (Hochman and
tracers like SF6 information on are required for geophysical and Appasamy, 2024;
alongside CO, CO, plume tracer injection geochemical techniquesto ~ Rodriguez Calzado,
and monitoring movement and and monitoring. track CO; plume 2023; Shen et al.,
their migration potential leakage - May require movement. 2022)
behavior. pathways. complex Total CCS 51-155 The sum of all stages. The
modeling to costs per wide range reflects
tonne variations in capture

interpret tracer
data.

technology, transport
distance, and specific
project characteristics.
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understanding of geological properties. As CO5 sequestration technology
advances, basalts may become a more viable choice in the future,
especially if effective strategies for mitigating formation damage are
developed and reducing costs on site characterizations, drilling, moni-
toring techniques, etc.

7. Impacts of surface facilities for CO, injection in basaltic rocks

During carbon dioxide sequestration in basaltic rocks, the role of
surface facilities is crucial for the successful implementation of injection
processes. These facilities are responsible for preparing the CO, for in-
jection by ensuring it meets the necessary conditions, particularly in
pressure and temperature. Key factors to be considered are:

a) High-pressure requirements

One of the key requirements for CO, injection into reservoirs is
maintaining high-pressure conditions. This is essential to ensure that the
CO, remains in a supercritical state, which enhances its ability to
penetrate the rock formations and increases the prospect of successful
mineralization reactions with the basalt. Surface facilities typically
include high-pressure compressors and pumps that compress the CO5 to
the required pressure levels before it is injected into the subsurface. The
design and operation of these facilities must account for the geo-
mechanical properties of the target reservoir and the desired injection
rates (Hassing et al., 2024; McGrail et al., 2017a; Raza et al., 2016).

b) Technical and safety considerations

Operating high-pressure systems involves significant technical and
safety considerations. The materials used in constructing pipelines and
injection equipment must withstand the high pressures and corrosive
nature of CO,, mainly when impurities are present. Regular mainte-
nance and monitoring are essential to prevent leaks and ensure the
system’s integrity. Safety measures include pressure relief valves,
automatic shutdown systems, and rigorous inspection protocols to
mitigate the risks associated with high-pressure CO3 handling (Berndsen
et al., 2024; McGrail et al., 2017a; Raza et al., 2022; White et al., 2020b).

c) Energy requirements

The compression of CO; to the required pressure levels is energy-
intensive and can constitute a significant portion of the overall cost of
the sequestration process. The energy consumption of compressors and
pumps needs to be optimized to reduce operational costs and the carbon
footprint of the sequestration project. Utilizing renewable energy sour-
ces or waste heat recovery systems can help minimize these impacts and
improve the sustainability of the sequestration operation (Jayne et al.,
2019; McGrail et al., 2017a; Stanfield et al., 2024).

d) Environmental impacts

The construction and operation of surface facilities for CO; injection
can have environmental impacts that need to be carefully managed. This
includes land use changes, potential disturbances to local ecosystems,
and the risk of accidental CO; releases. Environmental impact assess-
ments and mitigation strategies should be developed to address these
concerns, ensuring that the benefits of CO, sequestration are not offset
by negative environmental consequences (Adeoye et al., 2017; Lu et al.,
2024c; McGrail et al., 2014b, 2017a).

e) Technical challenges
High-pressure conditions in CO2 injection facilities can accelerate

equipment wear and tear, requiring frequent maintenance and re-
placements to ensure continued functionality. Using durable materials
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and adhering to regular maintenance schedules are essential to sustain
operations. Additionally, maintaining the integrity of all joints, valves,
and connections under high pressure is critical to prevent leaks and
ensure operational safety (McGrail et al., 2017a; Sandalow et al., 2021;
White et al., 2020b).

Addressing these unique challenges and impacts of high-pressure
injection facilities can help to enhance the safety, efficiency, and effec-
tiveness of CO, sequestration in basaltic rock formations. Proper plan-
ning and management of these aspects are vital for maximizing the
benefits of this technology while minimizing potential drawbacks.

8. Well integrity in CO2 sequestration in basaltic rocks

Well integrity is a critical factor in the success of CO, sequestration
projects, particularly in basaltic rocks, where the geological and
geochemical interactions can be quite different from those in more
conventional sedimentary storage sites. Ensuring well integrity involves
maintaining the ability of the well to contain and control the CO2
without leakage from the surface to the target storage formation
throughout the lifecycle of the sequestration project (Kiran et al., 2017;
Peng et al., 2024). This includes during drilling, completion, injection,
and post-injection phases. Here, we will discuss the key considerations
for well integrity in the context of CO2 sequestration in basaltic rocks,
drawing on current research and case studies.

a) Material selection and compatibility

The choice of materials for well construction (including casing,
cement, and seals) is crucial, especially in the reactive environment of
basalt formations. Basalt rocks are rich in minerals like olivine and py-
roxene, which can react with CO5 to form stable carbonates. However,
this mineralization process also involves the production of acidic fluids,
which can potentially degrade well materials.

% Casing and tubing:1) Corrosion resistance: Materials must resist
corrosion induced by CO,, water, and any resulting acidic fluids.
Stainless steel and corrosion-resistant alloys are commonly consid-
ered.2) Mechanical strength: The casing and tubing must withstand
high pressures associated with CO, injection and the geological
stresses present in basalt formations (Rasool et al., 2023; Udebhulu
et al., 2024).

Cementing: 1) Chemical durability: Cement used in wellbore con-
struction should be chemically durable to withstand potential CO5-
induced degradation. Portland cement modified with additives to
enhance resistance to acidic environments is often used.2) Seal
integrity: Ensuring the seal integrity between the casing and the
wellbore is critical to prevent CO, migration along the wellbore
annulus (Mokhtari Jadid, 2011; Okoli et al., 2024).

b) Well design and construction

X3
£<3

The design of the well must account for the unique properties of
basalt formations and the behavior of CO, under injection conditions.

< Zonal isolation: Effective zonal isolation is necessary to prevent CO;
from migrating to unintended formations or the surface. This in-
volves using multiple barriers, including cement plugs and packers,
to isolate different zones along the wellbore (D’ Aniello et al., 2021;
Neerup et al., 2022).

Monitoring and logging:1) Cement bond logs (CBL) and ultrasonic
imaging: These techniques are used to evaluate the quality of the
cement job and ensure there are no voids or channels that could
compromise well integrity.2) Temperature and pressure sensors:
Real-time monitoring of temperature and pressure within the well
can help detect anomalies that may indicate issues with well integ-
rity (Jayne et al., 2019; Lu et al., 2024a).

c) Injection strategy
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The strategy for injecting CO» must be carefully planned to maintain
well integrity.

Injection rates: High injection rates can induce thermal and me-
chanical stresses on the wellbore and the surrounding rock, poten-
tially leading to integrity issues. Controlled rates help manage these
stresses (Jahanbakhsh et al., 2021; Verba et al., 2014).

Injection pressure: Injection pressures must be managed to avoid
fracturing the formation or damaging the wellbore. This is particu-
larly important in basalts, which can have variable permeability and
fracture networks (D’Aniello et al., 2021; McGrail et al., 2011).

d) Long-term monitoring and maintenance

Ensuring well integrity over the long term involves ongoing moni-
toring and maintenance activities.
< Post-injection monitoring: Regular inspections using downhole tools
can detect early signs of casing corrosion, cement degradation, or
other integrity issues (White et al., 2020a; Zapata et al., 2020).
Leak detection systems: Systems for detecting CO- leaks, such as gas
sampling and geochemical monitoring, are essential for early iden-
tification and remediation of potential leaks (Khan et al., 2024;
McGrail et al., 2017a).

Maintaining well integrity in CO, sequestration projects in basaltic
rocks is a multifaceted challenge that requires careful planning, material
selection, and monitoring. The unique geochemical environment of
basalt formations demands robust and corrosion-resistant materials,
effective well design for zonal isolation, and comprehensive long-term
monitoring to ensure the containment of CO,. Successful case studies
like Carbfix and Wallula provide valuable insights and best practices
that can be applied to future projects, underscoring the importance of
well integrity in achieving safe and effective CO2 sequestration.

9. Geomechanical effects for CO, sequestration on basalts

Understanding the geomechanical effects on CO2 sequestration in
basalts is crucial for ensuring storage capacity and stability, as it helps
predict and manage the behavior of natural fractures and faults that
could affect CO, storage. Although there is limited literature on geo-
mechanical effects on basalts during CO2 sequestration, some of them
are discussed in this section as follows:

9.1. Potential induced shear failure

Potential induced shear failure during CO2 sequestration in basalts is
a significant concern due to the pressure changes associated with the
injection process. When COs is injected into basalt formations, it can
increase the pore pressure within the rock, potentially reducing the
effective normal stress on existing fractures and faults (Guha Roy et al.,
2016). This reduction in effective stress can lead to shear failure if the
stress state surpasses the shear strength of the rock, as shown in Fig. 24,
after one year of CO; injection for the Columbian River Basalt Group
(CRBG) (Jayne et al., 2019). Such failures can create new fractures or
reactivate existing ones, providing pathways for CO, leakage, and
compromising the integrity of the storage site. Successful CO, seques-
tration in basalt depends on the rapid conversion of CO, into stable
mineral forms, gradually reducing permeability as fractures fill with
new minerals. This potential self-sealing property could counteract the
increased permeability caused by fracture widening (Wu, 2018). How-
ever, the complex interplay between fluid flow, chemical reactions, and
rock deformation requires further investigation.

9.2. Joint initiation

Joint initiation during CO2 sequestration in basalts involves the
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Fig. 24. Potential shear failure of basaltic rocks. The region enclosed by the
black contour indicates areas exceeding the Mohr-Coulomb failure criterion.
The orange contour encompasses zones with at least a 1% probability of shear
failure. Area within the red contour outlines areas with a minimum of 1% free-
phase CO, saturation (Jayne et al., 2019).

formation or activation of fractures due to increased pressure from CO2
injection, stress redistribution, thermal effects, and chemical in-
teractions. The injection process raises pressure within the basalt,
potentially initiating new fractures or reactivating existing ones, as
shown in Fig. 25, after CO5 injection for 1,3, 6, and 12 months for CRBG.
Changes in stress distribution and temperature can also contribute to
joint formation. Additionally, chemical reactions between CO; and
basalt minerals can weaken the rock, facilitating fractures (Jayne et al.,
2019). Effective reservoir management, including careful control of in-
jection rates and pressures, minimises joint initiation and ensures safe,
long-term CO; storage in basalt formations.

9.3. Borehole breakdown

Borehole breakdown during CO, sequestration in basalts is a signif-
icant concern, as it can undermine the storage process’s integrity and
effectiveness. This breakdown can result from high injection pressures
exceeding the rock’s tensile strength (Fig. 26), thermal stresses caused
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Fig. 25. Joint initiation during CO, sequestration in basalts. The area within black contours indicates areas with at least a 1% probability of joint formation. Red

contours mark zones with 1% CO, concentration (Jayne et al., 2019).

by temperature differentials between injected CO, and the surrounding
rock, and chemical reactions that weaken the rock structure (Jayne
et al., 2019). Additionally, pre-existing fractures in basalt can be reac-
tivated or enlarged during injection, leading to instability. Effective risk
mitigation involves monitoring and managing injection pressures and
temperatures, understanding the formation’s geomechanical properties,
and reinforcing the borehole structure to prevent mechanical failure.

9.4. Fracture dilation in overlying flow interior

Fracture dilation in the overlying flow interior during CO, seques-
tration in basalts is an important geomechanical phenomenon that can
influence the storage capacity and security of the sequestration site.
When COs, is injected into basalt formations, the increased pore pressure

22

can cause existing fractures to dilate or new fractures to form, as shown
in Fig. 27. This process can enhance the permeability of the overlying
flow interior, facilitating the movement and distribution of CO2 within
the rock. However, fracture dilation poses potential risks, as it may
create pathways for CO, leakage to the surface or into adjacent forma-
tions (Jayne et al., 2019). To manage these risks, it is crucial to under-
stand the fracture network’s characteristics and how they respond to
pressure changes. Monitoring fracture dilation and conducting detailed
geological and geomechanical analyses help predict how the fractures
will behave under different conditions. This knowledge allows for
developing strategies to control CO, injection rates and pressures,
ensuring the integrity and effectiveness of the sequestration process
while minimizing the risk of leakage.

The geomechanical effects influence rock-fluid interactions,
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Fig. 26. A series of injection pressure simulations over time are presented. A
black line marks the pressure threshold (P,,) above which borehole failure is
likely. Simulations where this threshold is exceeded within a one-year injection
period are shown in red, while those remaining below the threshold are in blue.
In half of the simulations, the pressure surpasses Py(Jayne et al., 2019).

particularly mineralization, which is essential for permanent storage.
Optimized injection strategies can be developed by studying geo-
mechanical properties to prevent pressure build-up and ensure efficient
CO4 distribution. Additionally, this knowledge enhances monitoring
systems and risk assessment, ensuring early detection and management
of reservoir changes, and aids in meeting regulatory requirements for
safe and sustainable sequestration projects. However, to optimize CO5
sequestration in basalt formations, in-depth research is essential to
elucidate the geomechanical effects and overall reservoir behavior
under industrial-scale conditions.

10. Estimation of CO; storage capacity in basaltic rocks

Estimating the amount of CO; to be sequestrated in geological for-
mation is very important to ensure effective and safe long-term storage.
The quantity of CO, that can be stored in geological formations is pri-
marily correlated with the type of geological formation and trapping
mechanisms associated with those formations. This storage capacity is
important for selecting sites suitable for COy sequestration (Alalimi
et al., 2022; Pingping et al., 2009). The mineral trapping mechanism is
dominant in basaltic rocks, in which more than 95% of CO; is seques-
trated in this form. Zhang et al. (2023) developed a method to estimate
basalt storage capacity of China as follows:

Mao, = > pofi /Minco, i = CaO, MgO, FeO (20)
Mco, =mco, A-H(1 — ¢) 21
Mco,eff = Mco, -Cefr (22)

where mco, stands for theoretical CO, storage capacity per unit volume
in t/m?3, p, is the density of basaltic rocks in t/m®, f; represent mass
fraction in basaltic rocks of MgO, CaO, and FeO, n; stands for the mo-
lecular weight of MgO, CaO, and FeO in g/mol, n¢o, represent the mo-
lecular weight of CO» in g/mol, M¢o, represent theoretical mineral
storage capacity of CO, in basalt in 10° t, A stands for basalt reservoir
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Fig. 27. Illustrates the possibility of fracture dilation occurring within the
basalt flow interior above the composite injection zone (at depths of 770-775
m) over periods of 1, 3, 6, and 12 months. The areas inside the black contour
lines represent a probability of 1% or greater that existing fractures may un-
dergo dilation (Jayne et al., 2019).

surface area in km?, H stands for the thickness of basalt reservoir in m, ¢
represent porosity of reservoir in fraction, Mo, represent effective
mineral storage capacity of CO, in basalt in 10 t, and Cyy is effective
storage coefficient of CO; in basalts in fraction.

The most important parameter determining the effective storage
capacity of CO3 in basalt is C. based on the sweeping efficiency of CO,
injected (Cswepy) and the utilization factor of carbon-fixing minerals
when it reaches equilibrium (Creact). Hence, Ceff = Cswept-Creact- Upon
computing Mo, and assuming that injected CO filled the whole basalt
rocks in vertical and horizontal directions and carbon fixing minerals are
fully reacted, Cer is equal to one because Cswept = 1 and Creact = 1. In
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general, Cef is determined in the laboratory or through numerical sim-
ulations and is discussed by Gislason and Oelkers (2014), considering
two injection scenarios as discussed in section 2.5. In addition, Creact
depends on the complexity of kinetics geochemical reactions between
metallic cations and injected COj, as discussed by O’Connor et al. (2002)
and Amy et al. (2012). It ranges from 0.06 to 0.265 (Vishal et al., 2021).

It was revealed that basaltic rocks on land in China have significant
potential for CO, storage, which could contribute to mitigating global
climate change. The estimated theoretical capacity for mineral COy
storage ranges from 39,792.5 to 54,325.44 gigatons (P10-P90), with an
average capacity of 46,948.36 gigatons (P50). For injecting CO,
directly, the total theoretical mineral CO storage capacity was
607.79-1121.44 gigatons (P10-P90), with an average of 847.95 giga-
tons (P50). If CO, was injected with water, the total theoretical mineral
CO, storage capacity was 201.13-303.85 gigatons (P10-P90), averaging
249.50 gigatons (P50). The Cgy used at P50 for both injection cases are
0.0181 and 5.31 x 1073, respectively. Moreover, the CO, emission in
China in different provinces is larger than the storage capacity of
basaltic rocks in respective areas, so other storage options need to be
analyzed (Zhang et al., 2023).

Several key factors need to be considered in estimating the CO2
storage capacity of basaltic rocks, such as: 1) Porosity and permeability:
Porosity determines the volume of CO5 that can be stored. Basalts with
higher porosity have more space to store CO,. Permeability affects the
ease with which CO5 can be injected and distributed within the basalt
formation. High permeability facilitates efficient COy injection and
distribution (Wu et al., 2021).2) Mineral composition: basalts rich in
calcium, magnesium, and iron are more reactive with COs, leading to
the formation of stable carbonate minerals such as calcite, magnesite,
and siderite. The presence of these minerals can significantly enhance
CO, sequestration through mineralization (Zhao et al., 2024).3)
Geochemical conditions: The injection site’s temperature, pressure, and
pH conditions influence CO5 solubility and reactivity. Higher tempera-
tures and pressures can enhance the reaction rates between CO, and
basalt minerals (Izadpanahi et al., 2024).4) Geomechanical properties:
Understanding basalt’s mechanical strength and fracture networks is
crucial. Fractures can increase the surface area for reactions, improve
permeability, and pose a risk of induced seismicity (Cao et al., 2024).

11. Challenges encountered during CO5 sequestration in basaltic
rocks

CO, sequestration in basaltic rocks is a viable technology for
reducing greenhouse gas emissions and combatting global climatic
change. While the process has considerable promise, several difficulties
must be overcome during carbon dioxide sequestration in basaltic rocks.
Among the major challenges are site selection; it is important to figure
out suitable basaltic rock formations before CO injection. The avail-
ability and accessibility of suitable basalt reservoirs can be difficult to
obtain. The basalt formation’s depth, porosity, permeability, and
geochemical properties must all be carefully studied (McGrail et al.,
2011; Richardson and Tassinari, 2022). Further, geochemical reactions
and mineralization rate; the efficient CO, sequestration in basaltic rocks
depends on mineral carbonation. The mineralization rate and the effi-
ciency of the process can vary depending on the properties of the basalt
and the amount of CO, injected. Understanding the geochemical
mechanisms and optimizing mineralization rates are continuing scien-
tific endeavors (Harrison et al., 2019; Postma et al., 2022a). Also, stor-
age capacity, understanding basalt’s physical and chemical CO2
trapping mechanisms, and precisely determining the storage capability
are significant issues. However, no accurate estimation method has been
developed to estimate the storage capacity of basalt formation (Postma
et al.,, 2022b; White et al., 2020a). Moreover, for long-term storage
stability to mitigate CO; leakage and storage site risks, it is important to
assess structural deformation, seismic activity, and groundwater in-
teractions. Furthermore, injection efficiency and optimizing injection
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parameters such as rates, pressures, and volumes help CO5 injection into
basaltic rocks efficiently. Maximizing storage capacity requires homo-
geneous CO; distribution in the reservoir (Goldberg et al., 2018; Matter
et al., 2009).

Another challenge is monitoring and leakage detection; establishing
efficient surveillance methods to assure storage site integrity and detect
CO; leakage is difficult. Early leakage identification and mitigation need
continuous monitoring of subsurface pressure, temperature, and
geochemical indicators (Goldberg et al., 2018; Rabiu et al., 2020).
Further, in-situ mineral carbonation, especially CarbFix, causes perme-
ability reduction in host rock after CO, injection due to secondary
mineral precipitation. Reduction in permeability in the formation causes
difficulty in the injection process. In addition, when these secondary
mineral precipitates and solution become supersaturated with one of the
phases within the basaltic rocks, it can reduce the dissolution of primary
minerals (Adeoye et al., 2017; Stockmann et al., 2011, 2013). Moreover,
the cost-effectiveness of basalt CO5 sequestration is difficult to assess.
Site characterization, injection infrastructure, monitoring systems, and
long-term site management must be weighed against climate benefits
and revenue streams like carbon credits (Cao et al., 2020). Also, risk
assessment and mitigation, as well as extensive risk assessments and
effective mitigation techniques, are essential to identify potential haz-
ards and develop appropriate mitigation strategies. Induced seismicity,
groundwater contamination, and surface leaking must be addressed for
safe and sustainable CO; sequestration (Goldberg and Slagle, 2009; Liu
et al., 2022). In addition to regulatory frameworks and public accep-
tance, it is critical to have strong regulatory frameworks and regulations
for basalt sequestration to ensure environmental protection, stakeholder
engagement, and societal acceptance. Addressing legal and governance
issues and maintaining openness and public trust are critical compo-
nents of successful implementation (Babarinde et al., 2023; Goldberg
et al., 2018).

To improve CO, sequestration in basaltic rocks as a climate change
mitigation approach, scientists, engineers, policymakers, and stake-
holders must work together to address these challenges.

12. Research gaps and future works

Basaltic rocks present significant potential for long-term CO, storage,
critical for mitigating global climate change. These rocks can mineralize
over 95% of injected CO5 through mineral carbonation. Within 24
months, injected CO, can transform into stable carbonate minerals.
Despite their advantages, basaltic rocks have not received as much focus
as other geological storage options. This section highlights areas
requiring further research as identified in this review:

1. A study by Mohammed et al. (2024) analyzed the impact of CO3 on
mineral surface charge, understanding the broader geomechanical
implications of mineralization as crucial for long-term CO; storage in
basalts. However, future research should investigate how CO;
interaction with rock minerals alters the mechanical properties of the
formation, such as porosity, permeability, and overall rock strength.
Additionally, assessing the potential for induced seismicity associ-
ated with CO; injection and developing mitigation strategies is
essential. These investigations will contribute to a more compre-
hensive evaluation of candidate site selection for COy storage in
basalts, considering the chemical suitability for mineralization and
the geomechanical stability during CO; injection. A holistic under-
standing of these factors will enhance the overall reliability of CO,
sequestration in basalts as a technology for mitigating climate
change.

2. Future studies on CO2 mineralization in altered basalt should also
focus on understanding long-term reaction kinetics and the temporal
evolution of mineral phases to ensure the stability of carbonates over
extended periods. Research should investigate the impact of the
initial alteration state of basalt, varying brine compositions, and
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geomechanical properties post-carbonation. Additionally, the spe-
cific reaction pathways and the potential role of microbial commu-
nities in enhancing or inhibiting carbonation need thorough
exploration. Field-scale validation is essential to confirm laboratory
findings and assess practical scalability and challenges. These efforts
will provide a comprehensive understanding of the carbonation
process in altered basalt, optimizing it for effective CO,
sequestration.

3. Wettability alteration (COg-water-basalt) is the key factor for min-
eral carbonation in basaltic rocks during CO injection for COy
sequestration because it influences the spread and movement of the
CO, inside the basalt’s rock pore network, mass transfers, and
mineralization rates. However, there is a lack of information on
basalt-COy-water wettability change and how it can be improved;
hence, more research is needed in this area (Iglauer et al., 2020).

4. From an experimental perspective, it has been revealed that NaHCO3
is one of the best enhancements for the mineral carbonation process
in basaltic rocks during CO sequestration for water-basalt-NaHCO3
interactions under high temperatures (200-300 °GC). The Na™ pres-
ence in the solution helped rapidly to form Na' silicates like anal-
cime and promoted further dissolution of metallic divalent cations
from the basaltic rocks for mineral precipitations. However, the
chemical mechanisms behind this process need investigation
(Kikuchi et al., 2023).

5. Numerical modeling and simulation can improve our understanding
of CO4 behavior and storage in basaltic rocks. This is because most
modeling and simulation results using different software do not
match the experimental results. Hence, advanced geological,
geochemical, and hydrological models are needed because they can
forecast long-term storage capacity, analyze potential consequences,
and optimize injection tactics.

6. Despite successful pilot tests in the USA and Iceland proving that
basaltic rocks have great potential for sequestrating COs, full-field
scale operations are hampered by a lack of understanding of multi-
phase flow properties in highly heterogeneous basalt fracture net-
works. So, this area needs more research. Further, scale-up and
demonstration projects, moving from pilot-scale to commercial-scale
basalt sequestration, are crucial. To speed up this technology’s
climate change mitigation deployment, studies should prove its
feasibility, scalability, and economic viability.

7. Even though CO; diffusion and convection in porous media have
been well studied, more work needs to be done to simulate reactive
transport, analyze how reactions affect transport in heterogeneous
porous media, and disclose the dynamic nature of CO5 mineraliza-
tion in basalts. Specifically, there is a need for advanced simulations
that can accurately model the coupled processes of fluid flow,
chemical reactions, and mineral transformations over varying spatial
and temporal scales. Research should focus on understanding the
impact of heterogeneous pore structures on COy transport and
reactivity, as these can significantly influence the efficiency and
stability of the mineralization process. Furthermore, detailed
experimental studies and in-situ observations are necessary to vali-
date these models and provide insights into the kinetics and path-
ways of mineral formation. Investigating the role of different basalt
compositions and environmental conditions on the mineralization
process will also be crucial for optimizing CO, sequestration strate-
gies. Additionally, exploring the long-term implications of CO;
mineralization on the mechanical properties of basaltic formations
will help to assess the sustainability and safety of using basalt for
large-scale CO; storage.

13. Conclusions and recommendations
This review paper explored the latest developments in CO5 seques-

tration within basaltic rocks. Experimental, modeling and simulations,
and pilot tests findings have been analyzed. It has been found that
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basaltic rocks can store more than 95% of injected CO, as carbonate
minerals through the mineral carbonation process within 2 years, as
reported from two pilot tests with a minimum leakage risk than other
storage geological options. The following points have been noted from
this review paper:

1. Forsterite is the most effective mineral for CO, sequestration in
basaltic rocks; however, to store 4 million tons of carbon dioxide, 6.4
million tonnes of forsterite are required. This results in 2.6 million
m® of magnesite being produced.

2. Today’s scientific and technical knowledge of carbon mineralization
to support pilot and demonstration projects is insufficient. Field pi-
lots and research endeavors could enhance monitoring and verifi-
cation techniques and increase understanding of carbon
mineralization’s possible effects and costs.

3. A high temperature, approximately 250 °C, is required for the min-
eral carbonation during CO, sequestration in basaltic rocks. How-
ever, 250 °C is the maximum temperature needed; beyond that, it
results in decarbonization reactions within basaltic rocks.

4. The pilot tests and scale operations conducted in CarbFix projects
found that injecting pure CO3 into the basaltic rocks tends to lower
permeability and bring difficulty during the injection process.
However, injecting gas mixtures (CO2 and H,S) into basaltic rocks
did not reduce permeability. The injected fluids, concerning minerals
in the targeted reservoirs, were undersaturated and acidic, which
open fluid channels around injection wells.

5. Recent experiments have revealed that nanoparticles can enhance
CO3 sequestration through mineral carbonation and other trapping
mechanisms for long-term storage plans in basaltic rocks. Nano-
particles help with wettability change to water wet, influencing
mineral carbonation and other trapping mechanisms; hence, high
amounts of CO; can be sequestrated.

6. From the modeling and simulation perspective, it has been found
that clays and alumino-silicate help to enhance mineral carbonation
in basaltic rocks through the dissolution of basaltic rocks to form
metallic divalent cations, which plays a significant role in the min-
eral carbonation process. Also, clays reduce reservoir conductivity to
enhance geochemical reactions. Furthermore, in most cases, simu-
lation results overestimate experimental findings on mineral
carbonation; hence, simulations must be combined with experiments
for validation.

7. Adding surfactants, especially sodium dodecyl benzene sulfonate
(SDBS), to basaltic rocks changes the rocks’ wettability to water wet
even if used in small concentrations. However, other surfactants’
effects on basaltic rocks’ wettability are recommended before
upgrading to pilot and field operation regarding economic costs. In
contrast, NaHCOg3 enhances CO, sequestration in basaltic rocks by
promoting the dissolution of host rocks
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