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Global warming has greatly threatened the human living environment and carbon capture and storage
(CCS) technology is recognized as a promising way to reduce carbon emissions. Mineral storage is
considered a reliable option for long-term carbon storage. Basalt rich in alkaline earth elements facili-
tates rapid and permanent CO, fixation as carbonates. However, the complex CO,-fluid-basalt interaction
poses challenges for assessing carbon storage potential. Under different reaction conditions, the
carbonation products and carbonation rates vary. Carbon mineralization reactions also induce petro-
physical and mechanical responses, which have potential risks for the long-term injectivity and the
carbon storage safety in basalt reservoirs. In this paper, recent advances in carbon mineralization storage
in basalt based on laboratory research are comprehensively reviewed. The assessment methods for
carbon storage potential are introduced and the carbon trapping mechanisms are investigated with the
identification of the controlling factors. Changes in pore structure, permeability and mechanical prop-
erties in both static reactions and reactive percolation experiments are also discussed. This study could
provide insight into challenges as well as perspectives for future research.

© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The burning of massive amounts of fossil fuels since the In-
dustrial Revolution has led to a surge in greenhouse gas emissions.
According to the Intergovernmental Panel on Climate Change
(IPCC) Special Report on Global Warming of 1.5 °C, anthropogenic
activities have resulted in a global temperature increase of 0.8—
1.2 °C compared to preindustrial levels (IPCC, 2022). Global
warming is roughly proportional to the total amount of CO,
released into the atmosphere, and it is imperative to reduce the CO,
level in the atmosphere. Carbon capture and storage (CCS) tech-
nology is recognized as an effective way to address the current
climate problem (Xu et al., 2019).

The CCS technology refers to capturing and separating CO, from
large carbon emission sources or directly capturing CO, from the
atmosphere and then injecting it into saline aquifers, oil and gas
fields, deep coal seams or the deep ocean regions to achieve
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permanent storage of CO, (Li et al., 2022b). The storage of CO,
mainly involves four mechanisms: (1) Structural trapping. CO; is
blocked from moving upward due to the sealing effect of low
permeability caprock, thus being sealed under the caprock (Iglauer,
2018). (2) Solution trapping. CO; dissolves in formation water as an
aqueous phase. (3) Residual trapping. In the process of water re-
imbibition, the CO, plume is subjected to capillary forces and
dispersed into discontinuous immobile blobs (Bonto et al., 2021).
(4) Mineral trapping. CO; reacts with host rocks to form stable
carbonate minerals. At the initial stage of the CCS project, the
dominant mechanism is structural trapping. Over longer time
scales, CO, will either dissolve into the formation water or become
fixed as carbonate minerals. However, since CO, has a lower density
than water or crude oil, it floats upward and may escape along the
weakest zone of caprock or wells (Song et al., 2023). There is a
potential risk of leakage during long-term geological storage, and
thus, mineral trapping is the most secure and reliable form of
permanent CO, storage. Traditional sandstone reservoirs are typi-
cally unreactive, requiring tens of thousands of years to undergo
complete mineralization.

Several natural phenomena have shed new light on carbon
mineralization in basalt. For example, in the central basin of the
South China Sea, there are abundant carbonate veins occurring at
the top and bottom of lava flows, which are mostly the carbonation
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products of olivine and plagioclase (Li et al., 2022a). In addition, the
brecciated-veined textures pervasively exist in the Malentrata area
with Fe-rich magnesite cores and Fe-poor dolomite borders, which
are the carbonation products of serpentine alteration (Boschi et al.,
2009). The presence of these natural silicate alteration products
confirms the feasibility of basalt mineralization. In fact, mafic basalt
is the most widely distributed igneous rock, constituting about 70%
of the oceanic floor and >5% of the land area, as shown in Fig. 1
(Snaebjornsdottir et al., 2020). Basalt contains many Ca-, Mg- and
Fe-bearing silicate minerals and is rich in alkaline earth elements,
which can quickly form stable carbonate minerals with the injected
CO; (Raza et al., 2022; Seifritz, 1990). Global natural basalt weath-
ering can consume 180 million tons of CO, every year, accounting
for approximately one-third of CO, absorbed by rocks in the at-
mosphere (Matter and Kelemen, 2009). Although this is of great
significance for regulating global climate change and the carbon
cycle, it is still far from meeting the demand for human carbon
emission reduction. It is necessary to artificially inject CO; into the
basalt reservoirs and accelerate in situ carbon mineralization pro-
cess by certain technical means to implement a considerable
number of storage tasks. Currently, in situ carbon mineralization
technology in basalt is in the stage of pilot demonstration world-
wide. The CarbFix pilot in Iceland and the Wallula pilot in the
United States successfully injected 248 t and 1000 t of CO, into
basalt formations and achieved 95% (Matter et al., 2016) and 60%
(White et al., 2020) mineralization within two years, respectively.
These two pilots greatly encouraged the determination to imple-
ment in situ carbon mineralization storage in basalt and promoted
the progress of this technology.

Carbon mineralization process can be divided into three steps,
including CO; dissolution and dissociation, silicate dissolution and
carbonate precipitation. The dissolution and dissociation of CO; is a
function of temperature, pressure and salinity (Mohammadian
et al., 2023), while the dissolution and precipitation processes of
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basalt are controlled by several factors. The major influencing fac-
tors include the mineral compositions and pore structure of the
host rock, temperature, pH, CO, pressure, injection rate and the
chemical compositions of both the formation water and the injec-
ted fluid, etc. Under different reaction conditions, the carbonation
products and rates vary (Gadikota et al, 2020; Kumar and
Shrivastava, 2019). Along with mineral dissolution or precipita-
tion, the pore structure, permeability and mechanical properties of
reservoir also change. In general, the dissolution of minerals might
propagate the preexisting cracks and defects, and lead to the gen-
eration of new pores and etch pits, which would impair the me-
chanical strength concurrently (Guha Roy et al., 2016). The localized
precipitations might obstruct the transport channels and reduce
the permeability of reservoir, thus affecting the long-term injec-
tivity (Peuble et al., 2015b).

Before large-scale industrial application, several key problems
need to be addressed: (1) What about the carbon storage potential
and mineralization rate? (2) What are the major influencing factors
and mechanisms that affect the carbon mineralization reaction? (3)
What conditions are more favorable for carbon storage in basalt?
(4) How do the petrophysical and mechanical properties change
due to CO,-basalt-fluid interaction? (5) How to overcome or reduce
the adverse effect induced by carbon mineralization reaction?
Laboratory experiments provide a fundamental means to address
these questions. However, there is currently a lack of a systematic
summary of the influencing factors on basalt carbonation mecha-
nisms and the existing reviews mainly focus on the implementa-
tion of carbon mineralization in basalt (Matter and Kelemen, 2009;
Oelkers et al., 2008; Snaebjornsdottir et al., 2020).

This study aims to provide a comprehensive understanding of
the mechanisms of CO,-basalt-fluid interaction and the induced
petrophysical and mechanical responses based on laboratory ex-
periments. In Section 2, the methods of carbon storage potential
assessment, carbon mineralization process and experimental
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Fig. 1. Locations of mafic basalts for in situ carbon mineralization (Snaebjornsdottir et al., 2020).
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Table 1
Potential basalt formations for in situ carbon mineralization and preliminary carbon storage capacity estimations.
Location Type Porosity (%) Area (km?) Volume (km?) Capacity (Gt) Evaluation methods References
Offshore Iceland (Iceland) MORB 10 93,000 93,000 2600—6800  Natural analogy method Snaebjornsdottir and Gislason (2016)
India CFB  10-15 500,000 512,000 97-316 Natural analogy method Vishal et al. (2021)
Jizan region (Saudi Arabia) CFB  — 150 150 1.4-10.2 Natural analogy method Oelkers et al. (2022)
Juan de Fuca Ridge (USA) MORB 10 78,000 7800 Pore-filling method Goldberg et al. (2008)
Onshore Iceland (Iceland) MORB 10 103,000 10,300 1210 Pore-filling method Anthonsen et al. (2013)
Leizhou Peninsula (China) OIB 8.9 3940 257 30.8—45.9 Complete mineralization method Li et al. (2023)

China - - 593,831-594,541 —

201.1-1121.4 Complete mineralization method Zhang et al. (2023)

methodology are elaborated. In Section 3, the carbon trapping
mechanism is investigated from silicate dissolution and carbonate
precipitation processes. Additionally, the passivation effect gener-
ated by secondary mineral coating is also stated. In Section 4, the
evolution of petrophysical and mechanical properties induced by
COy-basalt-fluid interaction is discussed. In Section 5, the details of
two successful field pilot projects, CarbFix and Wallula, are pro-
vided. The conclusion, challenges and future perspectives are then
proposed.

2. Carbon mineralization reaction
2.1. Carbon storage potential assessment

Basalt is the most widely distributed igneous rock on Earth, with
SiO; content between 45% and 53%. It is rich in Ca-, Mg-, and Fe-
bearing minerals, such as olivine ((Mg,Fe),SiO4), pyroxene
((Mg,Fe,Ca),Si»06) and plagioclase (albite (NaAlSi3Og) to anorthite
(CaAl,Six0g)), as well as their amorphous equivalents. Empirical
evidence suggests that continental flood basalt (CFB), Mid-ocean
ridge basalt (MORB) and ocean-island basalt (OIB) possess sub-
stantial carbon storage potential (Li et al., 2022c).

Theoretical CO, storage capacity serves as a crucial criterion for
the selection of basalt reservoirs. McGrail et al. (2006) first esti-
mated that Columbia River Basalt (CRB) could sequester 100 Gt of
CO, using a method akin to saline aquifer storage, where CO, exists
in a supercritical form in pore space. However, given the high
reactivity of basalt, most of the injected CO, will be sequestered as
carbonates rather than remaining in a supercritical or aqueous
phase. Based on basalt carbonation reactions, there are three
commonly used methods for evaluating the carbon storage po-
tential of basalt (Amy et al., 2012; Goldberg et al., 2008;
Snabjornsdéttir and Gislason, 2016).

The first approach is the natural analogy method, which utilizes
field or experimental data to obtain the carbon storage capacity per
unit volume of basalt and then extrapolates it to estimate the car-
bon storage potential of the entire site. This procedure considers
the reactivity of basalt in different locations and is relatively ac-
curate and representative. Applying the amount of CO; fixed in
geothermal systems in Iceland (Snabjornsdottir et al., 2014), with a
minimum of 18.8 kg/m> and a maximum of 48.7 kg/m?>, respec-
tively, offshore Iceland has the potential to sequester 2600—
6800 Gt CO, (Snabjornsdottir and Gislason, 2016). The second
methodology is the pore-filling method, which assumes all pore
spaces are filled with carbonate precipitates to estimate the carbon
storage capacity (Goldberg et al., 2008), and is more effective for
reservoirs with lower porosity. Assuming that all of the injected
CO; is fixed as CaCOs, Juan de Fuca Ridge could potentially hold
900 Gt CO, (Goldberg et al., 2008). The third method is the com-
plete mineralization method, which presumes that all CaO, MgO
and FeO in the basalt will react fully with CO, to form Ca—Mg—Fe
carbonates (Amy et al., 2012). On this basis, the carbon storage

capacity of Leizhou Peninsula was estimated to be 30.8—45.9 Gt (Li
et al., 2023). However, in reality, Ca, Mg and Fe are unlikely to be
completely fixed in carbonate minerals, so this method provides an
estimate of the maximum mineralization capacity of the reservoir.
An improved complete mineralization method is thus put forward.
Zhang et al. (2023) introduced an effective storage coefficient that
takes into account the swept area of injected CO, and reaction
degree of silicate minerals, and estimated the effective carbon
storage potential of terrestrial basalts in China reached 201.1—
1121.4 Gt. Table 1 summarizes the carbon storage capacity of some
basalt formations based on the abovementioned methods, but
importantly, the estimations are preliminary.

2.2. In situ carbon mineralization process

The carbon mineralization process in basalt mainly includes CO;
dissolution and dissociation, proton consumption and divalent
cation release during the dissolution of silicate minerals and car-
bonate minerals precipitation, as shown in Fig. 2.

(1) Carbonic acid formation: The injected CO; dissolves in for-
mation water and dissociates into H*, HCO3 and CO3%~ ions.
The pH of the formation water subsequently decreases, and
the extent of the pH decline mainly depends on the tem-
perature, CO, pressure and salinity of the formation water.
The hydration reactions of CO, are as follows:

CO(aq) + H,0 2 H,C03 2 H" + HCO3 = H +C03~ (1)

(2) Silicate dissolution: During the dissolution process, many
divalent cations (Ca®*, Mg?* and Fe?*) are released for CO,
fixation, and H" ions are consumed, resulting in an increased
pH (Eq. (2)), which is conducive to carbonate mineral
precipitation.

2H* + (Ca, Mg, Fe)SiO; = Ca®*,Mg?*, Fe** + Si0,(aq) + H,0
(2)

The progress of silicate dissolution can be divided into three
steps (Oelkers, 2001; Oelkers and Gislason, 2001). First, the
monovalent and divalent cations quickly enter the solution via
exchange adsorption. Then, the Al-O bonds are destroyed by the
Al-proton exchange reaction, and Al atoms are removed. Finally, the
partially detached Si—O structure slowly liberates and hydrolyzes.
Silicate minerals containing no Al atoms exhibit a higher dissolu-
tion rate because the partially detached Si—O bonds are destroyed
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Fig. 2. Schematic diagram of carbon mineralization process (adapted from Oelkers and Gislason, 2001).

after the breaking of the monovalent and divalent metal-O bonds.
Since the liberation of Si—O bonds is the rate-limiting step for sil-
icate dissolution, the dissolution rate of silicate is often determined
by the release rate of Si under far-from-equilibrium conditions
(Shen et al., 2021). Several studies have proposed dissolution rate
equations applied to various minerals, as shown in Table 2. Among
them, a single oxide mineral indicates the dissolution process only
requires destroying one type of metal-O bond, while the dissolution
of a multi-oxide mineral necessitates the disruption of more than
one type of metal-O bond (Schott et al., 2009).

Where r represents the far-from-equilibrium dissolution rate, a;
corresponds to the activity of the subscripted aqueous species, n
refers to the order of dissolution reaction and k signifies the rate
constant derived from Arrhenius’ formula, which describes the
correlation of the chemical reaction rate constant with the tem-
perature (Liu, 2017):

k = Aexp (—%) 3)

where A is the preexponential factor, E; denotes the reaction acti-
vation energy (kJ/mol), and R and T are the molar gas constant (k]J/
(mol K)) and absolute temperature (K), respectively.

(3) Carbonate precipitation: The divalent cations react with
dissolved CO; to generate stable carbonate mineral
precipitation.

Table 2

The equations of dissolution rate for different silicate minerals.

No. The equations of Applications References

dissolution rate

Single oxide mineral  (Guy and Schott, 1989;
Hénchen et al., 2006)

Oelkers (2001)

1 r= ka;‘

Multi-oxide silicate
mineral and glass
Aluminosilicate
minerals

4 r = k(ai‘r /aAl;,)l/'1 Aluminosilicate glass

2 r= lc(azl_l./cz,\,[z+)n

(Gudbrandsson et al., 2014;
Oelkers et al., 1994)
Oelkers and Gislason (2001)

31 =k jays)"

Ca’* ,Mg?* Fe?* + CO, + H,0 = (Ca,Mg,Fe)CO; +2H"  (4)

The precipitation of carbonate minerals involves two distinct
processes: nucleation and growth. The nucleation rate controls the
mineral nucleation process which depends on the size and solu-
bility of the crystal nucleus (Wu et al., 2022). According to classical
nucleation theory, nucleation occurs when the grain size of the
crystal nucleus is equal to the critical particle size. If the crystal
nucleus is greater than the critical particle size, the crystal will
grow; otherwise, dissolution will occur. From a thermodynamic
perspective, mineral nucleation requires overcoming the nucle-
ation barrier, which is the sum of the bulk phase energy (negative)
and interfacial energy (positive) (Liu, 2017). Nucleation also
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requires a critical degree of supersaturation, and when the nucle-
ation rate is high, the dependence of the growth rate on super-
saturation decreases (Pham et al., 2011; Wolthers et al., 2012).

It is generally believed that the dissolution rate of silicate min-
erals is lower than the precipitation rate of carbonate minerals so
that the carbon mineralization reaction is controlled by the disso-
lution reaction of silicate minerals (Marini, 2007; Matter and
Kelemen, 2009; Oelkers et al., 2008).

2.3. Experimental methodology

Laboratory experiments are fundamental to comprehending the
carbon mineralization process and mechanism. At present, labo-
ratory investigations on basalt carbonation reactions are principally
conducted through batch reactions (Fig. 3a) or flow-through/
flooding experiments (Fig. 3b), with mineral powder or intact
core samples. The static batch apparatus is commonly used to study
the long-term reaction, which provides a means to investigate the
CO, mineralization mechanism and determine the possible
carbonation products and reaction extent (Gysi and Stefansson,
2012b; Wells et al., 2017a). Typically, this apparatus includes a
gas entry, reactor vessel, and sampling. Samples are placed inside
the reactor vessel at the designed temperature and pressure under
no-flow conditions that are representative of diffusion-dominated
regions (King et al., 2010). After a period, solid and solution are
taken out and analyzed to evaluate the changes in rock mineralogy

(Hellevang et al., 2017; Kumar et al.,, 2017), fluid compositions
(Galeczka et al., 2014; Rosenqvist et al., 2023), pore structure
(Hovelmann et al., 2012; Kanakiya et al., 2017) and mechanical
properties (Adam et al., 2013; Guha Roy et al., 2016). In contrast, the
flow-through apparatus is designed to replicate advection-
controlled situations (Menefee et al., 2018; Peuble et al., 2015b),
wherein fluid flow, solute transport and chemical reactions are
considered. This apparatus consists of a gas entry, core holder,
confining pressure and back pressure. Alternatively, it can integrate
nuclear magnetic resonance (NMR) (Kanakiya et al., 2017; Wells
et al., 2017b) or computed tomography (CT) (Phukan et al., 2021a;
Xiong et al., 2018) to evaluate the evolution of pore structure and
permeability throughout the whole testing process.

3. Carbon trapping mechanism

Under ideal conditions, all injected CO, is permanently se-
questrated in the basalt reservoirs as carbonates. Nevertheless, due
to the complex CO,-fluid-basalt interaction, the products are
frequently accompanied by other minerals, such as clay, chlorite
and zeolite. In addition to injecting CO; at a certain pressure, many
studies have also performed the reaction of basalt with carbonate
or bicarbonate solution to mimic the phase when most protons
have been consumed and aqueous CO, has been converted to car-
bonate alkalinity (Hellevang et al., 2017; Menefee et al., 2018;
Wolff-Boenisch and Galeczka, 2018). Table 3 summarizes the

(a) Pressure
sensor
valve p Sampling
P —p l P [ P
Reactor
Magnetic
stirrer
CO: Heater
cylinder CO, pump
(b)
D> <
P i > t—— 3>
valve
T Back pressure
: —— —— valve et
Brine / i | i Water
tank — —_— =
[ [ i [ - tank
CO:
Brine pump cylinder CO, pump Vacuum pump Confining
pressure pump

Fig. 3. Schematic diagram of the experimental setup. (a) Batch reactor apparatus and (b) Flow-through apparatus.



Table 3

Studies on CO,-fluid-basalt reactions under different conditions.

Method Primary minerals  Location Sample size Aqueous matrix T(°C) CO,, pressure, Time Secondary precipitates References
bco, (MPa) Carbonates Others
Batch reactor Olivine San Carlos (USA) 125—250 um (size fraction) 0.01-0.25 mol/L 30-95 10 8—629 h No No Giammar et al.
MgCl, + 0.02—0.5 mol/L (2005)
NaHCO3
Batch reactor Plagioclase, CRB (USA) 0.42—2 mm (size fraction) Pure water 100 10 225—-1334 d Calcite, siderite and No Schaef et al. (2009)
pyroxene and glass magnesite
Batch reactor Basaltic glass Iceland 45—125 pm (size fraction) Spring water 40 0.2-1.3 100d Ankerite Smectite and  Gysi and Stefansson
ferrihydrite (2012a)
Batch reactor Basaltic glass Iceland 45—125 pm (size fraction) Spring water 75—-250 1.12—-2.39 124d Ankerite, dolomite and Smectite, Gysi and Stefansson
calcite chlorite, zeolite, (2012b)
pyrite and
amorphous
silica
Batch reactor Plagioclase, Juan de Fuca Ridge 75—150 um (size fraction) 0.5—1 mol/L NaCl 50—200 30 4300 h Fe-bearing magnesite No Rosenbauer et al.
pyroxene and (USA) (2012)
olivine
Batch reactor Plagioclase, The Western Snake 2.5 cm x 3.8 cm Basalt-equilibrated water 100 8.3 30 weeks  Fe—Mg carbonates No Adam et al. (2013)
pyroxene and River Plain (USA) (diameter x length)
olivine
Flow-through Olivine San Carlos (USA) 9 mm x 18 mm Artificial seawater 190 19 23d No Serpentine and Godard et al. (2013)
(diameter x length) hematite
Batch reactor Plagioclase, Iceland 33—80 um (size fraction) Pure water 150 28 2—-45d Fe-bearing magnesite  Clay Sissmann et al.
clinopyroxene, and minor calcite (2014)
olivine, and glass
Flow-through Olivine Hawaii (USA) 6.35 mm x 13 mm 0.57 mol/L NaHCO3 180 10 55.8—92.4 h Magnesite and Ca—Fe Silica, iron Peuble et al.
(diameter x length) carbonates oxide and (2015b)
serpentine
Batch reactor Plagioclase, Decan (India) 54.7 mm (diameter) Saturated sample Room 0.25 30-90d Calcite Smectite Guha Roy et al.
clinopyroxene, temperature (2016)
olivine and glass
Batch reactor Plagioclase, CRB (USA) 2.54 cm x 4.2 cm 1.2 mmol/L 100 10 6 weeks Siderite Amorphous Adeoye et al. (2017)
pyroxene, olivine (diameter x length) NaHCOs + 13.8 mmol/L silica
and glass NaCl
Batch reactor Olivine San Carlos (USA) <53 pm (size fraction) Pure water 150 10 28-56d Magnesite Amorphous Wells et al. (2017a)
silica
Flow-through Olivine Cascade Range 1.84 cm x 3.81 cm Pure water and 0.6/1.5 mol/ 150 10 3-7d Magnesite Serpentine Lisabeth et al.
(USA) (diameter x length) L NaHCO3 (2017)
Batch reactor Basaltic glass Iceland 63—125 pm (size fraction) 10 mmol/L Na,CO3 80—150 21-52d Ca-carbonates Smectite Hellevang et al.
(2017)
Batch reactor Plagioclase, Auckland (New 2.5cm x 3.31 cm Pre-equilibrated pure water 100 5.5 140d Ankerite Clay/zeolite Kanakiya et al.
pyroxene and Zealand) (diameter x length) (2017)
olivine
Flow-through Plagioclase, The Eastern Snake 1.3 cm x 2.6 cm 1 mol/L NaCl 150 12.5 0.51-32.8d No Fe oxide and  Luhmann et al.
pyroxene and River Plain (USA) (diameter x length) clay (2017)
olivine
Batch reactor Plagioclase, Iceland 45—125 pm (size fraction) 0.4—4 mol/L 920 46-68d Calcite, magnesite and Clay, chlorite ~ Wolff-Boenisch and
clinopyroxene, NH4HCOs + artificial dawsonite-type and zeolite Galeczka (2018)
olivine and glass seawater carbonate
Batch reactor Plagioclase, CRB (USA) 2.54 cm x 4 cm Pure water 100 10 6—40 weeks Aragonite and calcite  Si-rich Xiong et al. (2018)
pyroxene and glass (diameter x length) precipitate
Flow-through Plagioclase, Colorado (USA) 2.5cm x 3.8 cm 6.3—640 mmol/L NaHCO3; 100—150 10 12d Calcite, aragonite and  Clay, Fe-oxide Menefee et al.
pyroxene, (diameter x length) Mg, Fe-bearing and amorphous (2018)
serpentine, and carbonates silica
glass
Batch reactor Basaltic glass Iceland 45—100 pm (size fraction) Seawater and synthetic Mg- 130 0.25—-1.6 2-228d Smectite and  Voigt et al. (2021)

free seawater

zeolite
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Calcite, aragonite,
magnesite and minor
siderite and ankerite

Batch reactor Plagioclase, Victoria (Australia) 38 mm x 12 mm x 0.8 mm Artificial formation water 60 8 44 d No Smectite, Phukan et al.
feldspar, pyroxene (length x width x thickness) zeolite and Fe- (2021b)
and olivine oxide
Batch reactor Plagioclase, Iceland <63 pm (size fraction) 0.5 mol/L NaHCO3 200—-300 10d Calcite Analcime and  Kikuchi et al. (2023)
clinopyroxene, smectite
olivine and glass
Batch reactor Olivine Henan province 100 pm (average particle size) Pure water 60 10 2.5-31d Magnesite and Amorphous Chen et al. (2023)
(China) dolomite silica
Table 4
The evolution of pore structure and permeability after the CO,-fluid-basalt reaction.
Method Sample  Aqueous matrix Injection rate (mL/h) T(°C)  pco, (MPa) Time Porosity (%) Permeability (mD) References
Before After Before After
Flow-through Peridotite 1 mol/L NaCl + 0.6 mol/L NaHCO; 36 160 11 (1) 200 min (1) 17 (2) 16.49-16.66 (1)23 (1)25 Andreani et al. (2009)
(2) 450 min (2) 17 (2)20 (2)23
Batch reactor Peridotite Pure water (1)200 20 6 weeks Average of 7.1 (1) 8.1 Hoévelmann et al. (2012)
(2) 150 (2)3.5
(3) 100 (3)3.5
Batch reactor Basalt Basalt-equilibrated water 100 8.3 30 weeks (1) 18.08 (1)17.28 (1)1.116 (1)0.311 Adam et al. (2013)
(2) 15.16 (2) 13.03 (2)1.172 (2) 0.094
Flow-through Olivine Artificial seawater 0.02—0.06 190 19 23d 11.7 7.9-10.8 94 x 1074 8 x 107 Godard et al. (2013)
Flow-through Olivine 0.57 mol/L NaHCO3 M1 180 10 (1)9239h (1)6.15 (1) 5.5-5.7 (1)0.33 (1) 1.02 x 103 Peuble et al. (2015b)
(2)0.1 (2)55.8h  (2)6.02 (2)5.8 (2)41 x 1072 (2)1.01 x 1073
Flow-through Olivine (1) pure water Injection pressure = 10 MPa 150 0.8 7d 1 (111 (1)0.63 (1)0.32 Lisabeth et al. (2017)
(2) 0.6 mol/L NaHCO5 (2)1.07 (2)0.13 (2)0.02
Batch reactor Basalt Basalt-equilibrated water 100 5.5 142d (1)483 (1)63.6 (1)9x 1073 (1) 13.209 Kanakiya et al. (2017)
(2)19.5 (2)21.3 (2)19 x 1073 (2)19 x 1073
(3)17.6 (3)17.9 (3)23 x 1072 (3)1.02 x 102
(4)111 (4) 131 (4) 10 (4) 0.95
(5)4.9 (5)13.2 (5)5x 103 (5)2.14x 103
Flow-through Basalt 1 mol/L NaCl (1)6 150 125 (1y051d (1)11.7 (111 (1)0.44 (1)9.8 Luhmann et al. (2017)
(2)6 (2)2.74d (2)6.8 (2)6.1 (2)0.127 (2)0.218
(3)0.6 (3)19.62d (3)6.9 (3)6.1 (3) 0.149 (3)9.3 x 1072
(4) 0.6 (4)3281d (4)73 (4)6.5 (4)0.148 (4)0.119
Batch reactor Basalt Pure water 100 10 40 weeks 3.65 3.58 Xiong et al. (2018)
Batch reactor Basalt Pure water 60 8 12 weeks  9.75 9 Phukan et al. (2021a)
Batch reactor Basalt (1) alkaline solution 30 6 (1)24h (1)17.8 (1)13.07 (1) 7245 (1)36 Ye et al. (2022)
(2) pure water (2)24h (2) 14.03 (2)13.31 (2) 3084 (2)11
(3) alkaline solution (3)48 h (3) 13.86 (3)12.58 (3) 1380 (3)89
(4) alkaline solution (4)24 h (4)9.12 (4) 3.95 (4) 36 (4)4
(5) alkaline solution (5)48 h (5)7.32 (5)3.35 (5)19 (5)3
(6) pure water (6)24h (6)5.4 (6) 3.95 (6) 13 (6)2

S8FL—291 ($20Z) 91 SunaauiSug [PANUYII03D) PUD SIUDYIIN 320y Jo [DUInof / b 3 00D X

€Lyl



1474

studies on CO,-fluid-basalt reactions under different conditions. It
can be seen there are differences in the produced secondary min-
erals under different reaction conditions even though the mineral
compositions are similar. Therefore, the impact of the mineral
compositions and the pore structure of the host rock, temperature,
pH, CO, pressure, the chemical compositions of the formation
water and the injected fluid, and other influcing factors are dis-
cussed, which helps to augment the conversion to carbonates and
promote the mineralization rate.

3.1. Silicate dissolution

3.1.1. Mineral compositions and pore structure

Mineral compositions and pore structure are the primary factors
determining the dissolution rate of silicate minerals. Generally
speaking, both basaltic glass and crystalline basalt dissolve at a
faster rate with lower silica content because Si—O bonds are more
difficult to break than metal-O bonds (Wolff-Boenisch et al., 2004).
Olivine has the fastest dissolution rate among the primary minerals
of crystalline basalt, followed by pyroxene. However, at tempera-
tures above 300 °C, the breaking of the Si—O bond becomes easier
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due to changes in water density and dielectric constant (Zhang
et al, 2013). Basaltic glass, formed through rapid quenching in
the diagenetic process, is less stable than the corresponding crys-
talline basalt (Gislason and Oelkers, 2003). Its dissolution rate is
nearly the same as the dissolution rate of corresponding crystalline
basalt at low silica content, but can reach twice that with high silica
content (Wolff-Boenisch et al., 2006). A low dissolution rate of the
glassy matrix was observed mainly resulting from its high Si:O
ratio, which is almost 0.5 (Wells et al., 2017a). In addition to mineral
compositions, the reaction surface area and pore structure of the
minerals also have an impact on the dissolution rate. For fine par-
ticles, the specific surface area exposed to the reaction fluid is
larger, and the dissolution rate is thus higher (Marieni et al., 2020).
Similarly, host rocks with higher pore space and fractures have
higher dissolution rates. Therefore, the selection of reservoirs with
high reactivity and sufficient pore space is favorable for acceler-
ating the carbon mineralization reaction process.

3.1.2. Temperature
Temperature plays a crucial role in the dissolution process of
silicate minerals. According to Arrhenius’ formula (Eq. (3)), the
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Fig. 4. The dissolution rates (r ) of (a) forsterite, (b) albite, (c) diopside, (d) CRB, (e) Iceland basalt and (f) Iceland glass under different temperatures (Gislason and Oelkers, 2003;
Gudbrandsson et al., 2011; Hanchen et al., 2006; Knauss et al., 1993; Pokrovsky and Schott, 2000; Schaef and McGrail, 2009; Schott et al., 2009).
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Fig. 5. The dissolution rates (r, ) of silicate minerals, basalt and basaltic glass with a
wide range of pH values at 25 °C (Chou and Wollast, 1985; Gislason and Oelkers, 2003;
Gudbrandsson et al., 2011, 2014; Knauss et al., 1993; Oxburgh et al., 1994; Pokrovsky
and Schott, 2000).

chemical reaction rate constant increases with increasing temper-
ature. In addition, the increased concentration of H* resulting from
the dominance of carbonic acid dissociation at higher temperatures
also contributes to the positive effect on the dissolution rate, as
shown in Table 2 (Li et al., 2013). Fig. 4 displays the dissolution rates
of several silicate minerals and basalt over a wide range of pH
values at different temperatures. For identical minerals, the disso-
lution kinetics at different temperatures present similar pH-
dependent patterns. All dissolution rates increased by approxi-
mately 0.5 log units when the temperature rose from 25 °C to 50 °C.
When the temperature was elevated from 25 °C to 90 °C under both
weakly acidic and neutral conditions, the CRB dissolution rate
increased by 10 times (Schaef and McGrail, 2009) and the forsterite
dissolution rate increased by nearly 100 times (Hdnchen et al.,
2006). Although temperature has a varying degree of influence
on the silicate mineral dissolution, injecting the CO, into deeper
formations is advantageous for expediting the dissolution process
and subsequent release of divalent cations.

3.13. pH

The impact of pH on the dissolution rate of the silicate minerals
is complex and displays variations depending on the specific type of
mineral. Fig. 5 presents the dissolution rates of various silicate
minerals, basalt and basaltic glass over a wide range of pH values at
25 °C, which exhibit either descending in a linear or parabolic
fashion. Under acidic conditions, higher ion release rates are
observed with a lower pH value, which can be ascribed to the
higher activity of H and the subsequent increase in diffusion ex-
change between divalent cations and H' and the surface proton-
ation reaction (Eick et al., 1996). This finding is consistent with the
dissolution rate equations, which describe a positive correlation
between the dissolution rate and the H" activity. When the pH is
between 6 and 7, the dissolution rates of the majority of minerals
reach their minimum levels. At a higher pH, the dissolution rates of
forsterite (Pokrovsky and Schott, 2000) and diopside (Knauss et al.,
1993) decrease with an increasing pH, while the dissolution rates of
albite (Chou and Wollast, 1985) and anorthite (Gudbrandsson et al.,
2014) increase with an increasing pH. This is because the Al in
aluminosilicates has amphoteric characteristics, enabling it to form
complexes with OH™ under alkaline conditions. This reaction

reduces the activity of AI>*, thereby enhancing the dissolution rate
(Xu et al., 2005). Moreover, basaltic glass dissolves fastest under
neutral to alkaline conditions (Gislason and Arnérsson, 1993).

The dissolution behavior of silicate minerals determines the
release rate of the elements. Gudbrandsson et al. (2011) measured
the crystalline basalt dissolution rate at a temperature of 25 °C and
a pH ranging from 2 to 11. The release rates of Fe and Mg decreased
with an increasing pH, which was consistent with the dissolution
rates of olivine and diopside, while the release of Ca mainly came
from the dissolution of plagioclase, leading to an initial decrease in
its release rate followed by an increase as the pH increased. It is
evident acidic conditions are more conducive to the dissolution of
silicate minerals, and differences in mineral dissolution rates will
further affect the preferential release of ions.

3.14. CO, pressure

It is generally believed the effect of CO; on the dissolution rate of
silicate minerals is achieved by altering the pH value of the reaction
system. In the study conducted by Prigiobbe et al. (2009), no direct
relationship was found between the dissolution rate of olivine and
the CO; pressure when the CO, pressure varied within the range of
0.2—10 MPa. Nevertheless, the logarithm of the olivine dissolution
rate demonstrated a good negative linear relationship with the pH
value. This indicates that the dissolution process is primarily
influenced by the proton-promoting effect. Under higher CO,
pressure, the pH is lower, and the concentration of dissolved H is
also higher, leading to a faster dissolution rate of the silicate min-
erals. Consequently, when the CO, pressure is not sufficient to
affect the pH, the dissolution rate of the silicate minerals remains
relatively unchanged (Brady and Carroll, 1994; Golubev et al,
2005). However, the logarithms of the Al release rates from anor-
thite present a positive correlation with the logarithms of the CO3~
concentrations (Berg and Banwart, 2000), which indicates CO also
has an accelerating effect by forming an Al-carbonate complex,
commonly referred to as the complex-promoting effect. It remains
unclear whether the CO, pressure itself has an impact on the
dissolution rate of silicate minerals. Further research is required to
gain a comprehensive understanding of the underlying mechanism
of the CO, pressure effect.

3.1.5. Fluid chemistry

Formation water and seawater contain abundant salts and ions
such as Ca®*, Mg?*, K*, Na*, CI~, SO3~, CO3~ and HCO3, which have
complex influences on the silicate mineral dissolution process.
Overall, the increased salinity favors the dissolution of the silicate
minerals (Marieni et al., 2020; Wang and Giammar, 2013). Based on
the dissolution rate of basaltic glass under salinities ranging from
0.035%, to 3.5%,, parabolic growth and leveling off of the dissolu-
tion rate were observed with an increasing salinity (Morin et al.,
2015). A salinity of 3.5%, increased the dissolution rate by 3.5
times and this phenomenon is due to the increased dissolution
rates of quartz and amorphous silica and the complex-promoting
effect produced by some anions (Dove, 1999). Increased ionic
strength also benefits the dissolution process due to the strength-
ened chemical polarity of the reaction solution, thus helping the
polymerization of the aqueous H4Si04 (Wang et al., 2019).

Excluding salinity and ionic strength, the salt type also controls
the dissolution behavior of basalt. The mechanism behind Na®,
which is the most prevalent and extensively studied cation, is still a
matter of debate. The batch experiments between San Carlos
olivine powder and NaCl solution conducted by Wang and
Giammar (2013) indicated an increase in the dissolution rate,
which was enhanced by a factor of 27 with 0.87 mol/L NaCl after a
reaction time of 1 month. They suggested the promoting effect was
generated by Na* on or near the mineral surface in two aspects. On
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the one hand, Na™ promoted the Mg-proton exchange reaction. On
the other hand, it facilitated the formation of aqueous H4SiO4 and
its decomposition into amorphous silica, consequently removing
the Si-rich layer. While the San Carlos olivine dissolution rate did
not show any relationship with the sodium salt concentration even
in the presence of 2.5 mol/L NaCl or NaNOj3 in the study by
Prigiobbe et al. (2009). In contrast, observations from Stillings and
Brantley (1995) argued the feldspar dissolution rate decreased with
increasing NaCl concentration, which is attributed to the compe-
tition between Na*™ and H™ for cation exchange sites. At present, the
mechanism of fluid compositions on basalt dissolution is not clear
and needs further study.

3.1.6. Other influencing factors

In addition to the factors mentioned above, other factors also
play a non-negligible role in the dissolution process of basalt, but
the mechanism necessitates further research. Organic ligands, such
as acetate, citrate and oxalate, have been found to benefit basalt
dissolution by promoting metal cation exchange adsorption
through surface complexation (Franklin et al., 1994; Sun et al,,
2023; Welch and Ullman, 1996). For instance, in Mg-silicates,
negatively charged organic ligands attached to positively charged
Mg atoms to form surface complexes and dissociated from the
structure; meanwhile, protons attached to oxygen atoms and the
Si—O structure was released (Olsen and Donald Rimstidt, 2008).
The olivine dissolution rate with the addition of 0.001 mol/L
ascorbic acid increased by 6 times at pH = 4 but only 2 times at
pH = 2 (Wogelius and Walther, 1991). This is because the complex-
promoting effect is pH-dependent and typically more pronounced
at pH > 4 due to the reduction of hydrolyzed organic ligands under
strongly acidic conditions (Liu et al., 2006). In addition, organic li-
gands exhibit varying chemical affinities for different cations (Perez
et al., 2015). Oxalic acid and desferrioxamine preferentially adsorb
on trivalent cations such as A" and Fe>", while 2,2’-bipyridyl has a
stronger complexation capacity with divalent cations such as Mg?™,
Fe?* and Ca®*. Similarly, fluoride can also promote the dissolution
rate of silicate minerals through its complexation effect (Harouiya
and Oelkers, 2004; Matter et al., 2011). An inference can be made
that as the concentration of organic ligand or fluoride increases, the
promotion effect on the dissolution rate becomes stronger, but
there may exist a threshold. Simultaneously, suitable organic li-
gands should be selected for different silicate minerals to fully
exploit the potential of enhancing dissolution rates.

The promoting effect of microorganisms on silicate mineral
dissolution in the short term is well established, although the
mechanism remains controversial. Some studies suggest that
adhered bacteria display a complex-promoting effect on silicate
mineral dissolution, which has a high affinity for polyvalent atoms.
For example, Pseudomonas aeruginosa has been observed to attach
to Fe(Ill), while Paenibacillus polymyxa prefers to break Al—O—Si
bonds by complexing Al and Si atoms (Perez et al., 2019; Zhou et al.,
2011). Different from breaking structural bonds, some other re-
searches indicate microorganisms can accelerate dissolution by
preventing the formation of an iron oxide passivation layer (Gerrits
et al., 2020) or reducing the pH (Pokrovsky et al., 2021). However,
during the long-term reaction processes, the growth of the mi-
crobial community on the mineral surface might limit the exchange
adsorption of divalent cations, thereby inhibiting dissolution
(Oelkers et al., 2015). Further research is necessary to understand
the intricate mechanisms underlying the microbial facilitation of
silicate mineral dissolution.

When injected at the industrial scale, CO, gas may contain im-
purity mixtures such as H,S and SO,. At the initial injection stage,
the acidity of the reaction system is enhanced to some extent, fa-
voring basalt dissolution. Under acidic environments, sulfate can

also accelerate the dissolution of basalt and basaltic glass by
forming a monodentate sulfate-Al complex (Flaathen et al., 2010).
This complex has been discovered experimentally to enhance the
anorthite dissolution rate by 1.36 times (Min et al., 2015). However,
this promoting effect was nearly suppressed in the presence of
oxalic acid, which can form a more stable bidentate complex.
Notably, the role of CO, and salts should be accounted when
investigating the complex-promoting effect.

3.2. Carbonate precipitation

3.2.1. Mineral compositions and pore structure

The mineral compositions and spatial distribution in host rocks
are of great importance to the precipitation behavior of secondary
minerals. In coarser-grained basalt, carbonates usually crystallize in
clusters, while in finer-grained basalt, they are more uniformly
distributed on the mineral surface in the form of small crystals
(Adeoye et al., 2017). Interestingly, Ca-carbonate grains precipitated
on pyroxene were larger than those on olivine due to the former
being the primary Ca source, even on the same basalt (Menefee
et al., 2018). Pore structure also plays a vital role in the precipita-
tion of secondary minerals. Two olivine carbonation reaction ex-
periments were designed in a static reactor and a nuclear magnetic
resonance (NMR) reactor (Wells et al., 2017b). Analysis of the re-
sults revealed magnesite crystals tend to undergo heterogeneous
nucleation and form independent particles or nodules in larger
reactor volumes, while homogeneous nucleation usually occurs in
smaller reactor volumes, resulting in fine-grained magnesite.
Furthermore, preexisting fractures and large pores may act as
diffusion-limited zones where preferential mineral precipitation
occurs (Chen et al,, 2023). These findings underscore the impor-
tance of considering the mineral compositions, the spatial distri-
bution and the pore structure when studying secondary mineral
precipitation in host rocks.

3.2.2. Temperature

Elevated temperatures favor the dissolution of silicate minerals,
and thus more divalent cations are released. Meanwhile, the solu-
bility of the CO, and the concentration of the CO3~ decrease. Many
experimental studies have indicated basalt carbonation is more
favorable at temperatures no higher than 100 °C. Higher temper-
atures can easily lead to the precipitation of secondary silicate
minerals (Kumar and Shrivastava, 2020). Results from a series of
basaltic glass carbonation experiments conducted at a pressure of
2 MPa and a temperature range of 75—250 °C revealed ankerite and
dolomite were the main carbonation products at 75 °C (Gysi and
Stefansson, 2012b). However, at higher temperatures, only calcite
was produced due to the incorporation of many divalent cations
Mg?* and Fe?* by smectite and chlorite. Similarly, in a static reac-
tion experiment between basalt and 0.5 mol/L NaHCOs3 solution at
200—-300 °C, smectite occupied major divalent cations Mg?* and
Fe?*, resulting in calcite as the only carbonate product (Kikuchi
et al,, 2023). Carbon mineralization experiments carried out at
30 MPa and 50—200 °C, however, did not observe the formation of
clay minerals, and the reaction product was iron-bearing magnesite
(Rosenbauer et al., 2012). Higher CO; pressure may have contrib-
uted to this observation. However, analysis of the experimental
results suggested the reaction extent was still highest at 100 °C,
with the amount of CO, uptake being four and five times the
amount of CO, uptake at higher temperature and lower tempera-
ture, respectively. Additionally, increasing temperature can reduce
the solubility of carbonate minerals, thus increasing the degree of
carbonation (Bénézeth et al., 2011; Weyl, 1959).

Particularly, among the divalent cations, Mg?* has a strong hy-
dration property due to the high specific surface area charge and
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Fig. 6. The carbonate minerals formed under different temperatures and pressures (Adam et al.,, 2013; Adeoye et al., 2017; Chen et al., 2023; Guha Roy et al., 2016; Gysi and
Stefansson, 2012a, 2012b; Kanakiya et al., 2017; Kumar et al., 2017; Lisabeth et al., 2017; Menefee et al., 2018; Peuble et al., 2015b; Rosenbauer et al., 2012; Schaef et al., 2009;

Sissmann et al., 2014; Voigt et al., 2021; Wells et al., 2017a; Xiong et al., 2018).

often bonds H,O molecules to form metastable hydrous Mg-
carbonates at low temperatures, such as nesquehonite
(MgC0s3-3H,0), lansfordite (MgCO3-5H50) and hydromagnesite
((MgCO3)4 Mg(OH),-4H,0) (Hdanchen et al., 2008), which inhibit
the precipitation of stable magnesite. The elevated temperature is
beneficial to the dehydration process of Mg?* (Prigiobbe and
Mazzotti, 2013). Furthermore, the nucleation temperature of
magnesite should be greater than 50 °C (Montes-Hernandez and
Renard, 2016). In general, increasing temperature can accelerate
the dissolution and precipitation reaction rates, but when the
temperature is too high, the rapid decline in CO solubility will lead
to the reduction of CO5~ in the solution, which will reduce the
proportion of carbonate precipitations in the products and CO,
storage efficiency. Therefore, it is crucial to inject CO, into forma-
tions with an appropriate temperature to optimize the basalt
carbonation reactions.

3.23. pH

Injecting supercritical CO, or aqueous CO, into the target
reservoir causes a sharp drop in pH, which gradually rises with the
consumption of protons and the release of divalent cations during
the process of silicate dissolution. During this phase, it is important
to create favorable pH conditions for the precipitation of carbonate

minerals. Under acidic conditions, the solubility of siderite is two
orders of magnitude lower than other carbonate minerals, making
it easier to reach the saturation state (Clark et al., 2019). At pH = 4.2,
siderite precipitation was found on the surface of Colorado basalt
(100 °C and 10 MPa) (Adeoye et al., 2017). In the diffusion-limited
zone where the pH buffering capacity was stronger, the precipita-
tion product was Ca-carbonate, with a higher pH about 5.5
(Menefee et al., 2018). Typically, the Fe-rich carbonates formed first,
followed by Mg-carbonates and then Ca-carbonates with
increasing pH. Under alkaline conditions, Ca-carbonate is known to
be predominant (Gislason et al,, 1993). Note that Fe is readily
oxidized when the pH exceeds 5.5 (Gysi and Stefansson, 2012a).
Adequate pH buffering capacity of the host rock is required to
create suitable alkalinity for carbonate mineral precipitation.

3.2.4. COy pressure

The dissolution-precipitation process of minerals is thought to
be influenced by CO, pressure by altering the pH of the reaction
system. Batch experiments conducted on basaltic glass and spring
water under different CO, pressures (0.2 MPa and 1.3 MPa) at a
temperature of 40 °C provided insight into this phenomenon (Gysi
and Stefansson, 2012a). In the experiment charged with a CO;
pressure of 1.3 MPa, ankerite, smectite and ferrihydrite precipitated
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with pH < 6.5. However, only ferrihydrite was observed for the
experiment charged with a CO, pressure of 0.2 MPa and a pH above
6.5.

Several studies also suggest CO, can influence the processes of
mineral nucleation and growth by changing the stoichiometry
(CO%~/M?*) activity ratio (Hinchen et al., 2008; Hellevang et al.,
2017; Sayles and Fyfe, 1973). In the reaction of basalt with an
ammonium bicarbonate solution of 40 mmol/L at 90 °C, the prod-
ucts were silicates and zeolite. However, dawsonite-type carbonate
(NH4AICO3(0OH);) was also generated at a higher concentration of
400 mmol/L (Wolff-Boenisch and Galeczka, 2018). The pH differ-
ence between these two reaction systems was relatively small, but
the CO3~ activity of the latter was one order of magnitude higher
than the CO5™ activity of the former. Experimental results con-
ducted on basalt powder and seawater at 130 °C demonstrated
aragonite and smectite were produced when the CO, pressure was
0.25 MPa. Nevertheless, at 1.6 MPa, magnesite replaced these
minerals as the dominant product, and the initial CO, mineraliza-
tion was almost three times higher than the CO, mineralization at
low CO, pressure (Voigt et al., 2021). In addition, the carbonate
crystals formed at high CO, concentrations usually grow into larger
grains (Prikryl et al., 2018). It follows that elevating the CO, pres-
sure can increase the carbon mineralization rate and the proportion
of carbonates in secondary minerals, thereby improving the effi-
ciency of CO, mineralization storage.

Indeed, higher CO, pressure is associated with higher CO3~ ac-
tivity and lower pH, both of which control the formation sequence
of carbonates and clay minerals (Clark et al., 2019). The data dis-
played in Fig. 6 illustrates the carbonates formed under varying
temperature and CO, pressure conditions. Ca-carbonates are the
most common carbonates formed across a broad range of tem-
peratures and CO; pressures, while Mg-rich carbonates are more
likely to form at elevated temperatures and CO, pressures due to
their strong hydration properties. Fe is often incorporated in Ca/Mg
carbonates.

3.2.5. Fluid chemistry

Alkaline groundwater or seawater can improve the pH buffering
capacity of the CO,-fluid-basalt reaction system and provide a
supportive environment for carbonate precipitation (Wolff-
Boenisch, 2011). Remarkably, the temperature reacting with
seawater should not exceed 150 °C, above which a conspicuous
amount of anhydrite will be generated (Bischoff and Seyfried,
1978). In the reaction between basaltic glass and seawater, the
formation of magnesite was observed, which was not produced
when reacting with freshwater due to the presence of Mg?* in
seawater (Voigt et al., 2021).

Sodium salt was found to work well on the transformation
process of hydrous Mg-carbonate to magnesite by reducing the
activity of the water, thus making dehydration of Mg?* easier (King
et al., 2010). However, the generated magnesite hardly changed or
even decreased when the concentration was excessive (Ji et al.,
2022). In the presence of 1 mol/L NaHCO3; and 1 mol/L NaCl, the
olivine carbonation was increased by 15 times and 2 times,
respectively (Gadikota et al., 2014). Under the same temperature
and pressure conditions, 1 mol/L NaHCOs enhanced the
carbonation of labradorite, anorthite and basalt by 3—5 times, while
1 mol/L NaCl presented no positive effect (Gadikota et al., 2020).
Obviously, the ability of NaHCO3 to promote carbonation is more
significant than the ability of NaCl to promote carbonation. This is
because Na™ mainly works by accelerating the silicate dissolution
and inhibiting the formation of a Si-rich layer, while HCO3 also
contributes to buffering and providing carbon sources. Progres-
sively increasing the NaHCO3 concentration to 2 mol/L, however,
slightly increased the olivine carbonation. The rationale was the

limited availability of Mg?>* when the CO3~ concentration exceeded
the Mg?* concentration. Various ions have the potential to either
accelerate or inhibit the precipitation rate, as well as modify the
types of carbonates produced, and this requires more study.

3.2.6. Other influencing factors

The acceleration effect of organic ligands on silicate dissolution
has been widely accepted, but the inhibition effect on carbonate
growth has also been noted. First, ligand complexation limits the
availability of divalent cations for carbonates. Second, the adsorp-
tion of ligands on the growth sites of carbonate reduces the kinetic
rate constant of carbonate growth, thus hindering the precipitation
of carbonate (Gautier et al., 2016). Furthermore, organic ligands
have a positive effect on carbonate dissolution, especially at con-
centrations greater than 0.01 mol/L (Miller et al., 2014; Pokrovsky
et al.,, 2009). The co-injection of SO, and H,S with CO, usually
leads to the precipitation of (hydrated) sulfates (Schaef et al., 2014)
and pyrite (Snaebjornsdottir et al., 2017). It is unclear whether
sulfates or pyrite has a passivation effect and whether carbonates
can continue to form after SO, and H,S are consumed.

The slow kinetics of nucleation predominantly control the pro-
cess of carbonate precipitation. To overcome the kinetic limitation,
several studies have proposed seeding with carbonate or oxide
particles to accelerate the precipitation rate of carbonates. In fact,
carbonates are also presented in basalt reservoirs as alteration
products during the natural weathering process that occurs over a
long geological period. Direct precipitation of magnesite seeds in a
CO,-saline-olivine reaction system has been observed, which
significantly enhanced the precipitation rate (Giammar et al.,
2005). This phenomenon was more prominent at higher temper-
atures (Swanson et al., 2014). The acceleration effect of carbonate
seeds on the carbonation process of basalt was agreed upon by
Voigtetal.(2021). However, they argued the acceleration effect was
induced by increasing the pH buffering capacity and alkalinity of
the reaction system since the calcite seeds dissolved initially.
Analogously, the addition of MgO favored the formation of
magnesite, but magnesite was formed by MgO hydration (Ji et al.,
2022). Further research is needed to understand the seeding
mechanism.

3.3. Secondary mineral coating

The mineral coatings appear to decrease the dissolution rate of
the underlying mineral by reducing the reaction surface area. As the
most common carbonation products, the effects of carbonate, silica
and secondary silicate coatings on the reaction rate of the under-
lying mineral have been extensively studied, but they are still
ambiguous. Fig. 7 illustrates some secondary mineral coatings
deposited on the surface of the olivine. Crystalline carbonate pre-
cipitates (Fig. 7a) have little effect on the basalt carbonation rate
due to their porous nature, which allow the interaction between
minerals and bulk solution (Stockmann et al., 2011, 2013). The
limited influence of separate amorphous silica layer (Fig. 7b) is also
confirmed (Daval et al., 2009; Saldi et al., 2013). Previous research
results suggest the passivation effect is related to the performance
of structure matching. When the crystallographic structure of the
newly formed mineral is similar to that of the underlying mineral, it
tends to precipitate via epaxial growth and produce a significant
passivation effect. Conversely, if the crystallographic structures are
different, the secondary mineral will precipitate via random three-
dimensional nucleation and growth, resulting in a weaker passiv-
ation effect or will hardly impact the dissolution rate of coated
minerals (Cubillas et al., 2005). In contrast, the intergrowths of Si-
rich layers with carbonates, iron oxides, iron oxyhydroxides, Fe-,
Mg-, Al-bearing phyllosilicates and so on significantly reduce the
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Fig. 7. Scanning electron microscope (SEM) images of secondary mineral precipitation (Bonfils et al., 2012; Saldi et al., 2013; Wang et al., 2019). (a) Crystallized carbonates and
poorly crystallized, denser carbonates layer; (b) Highly porous silica layer; (c) Fe—Si-rich silica layer; (d) Thin sheet of Mg-silicate layer.

permeability of coating layers and passivate the underlying mineral
even a thin layer (Fig. 7c) (Miller et al., 2019). Apart from crystal-
lography and chemical compositions, a faster densification rate of
the silica layer than olivine dissolution also contributes to the
forming of a denser structure (Daval et al., 2011).

Particularly, when the CO, pressure is insufficient to completely
crystallize the carbonates, a dense passivation layer (Fig. 7a) occurs
(Wang et al., 2019). This indicates the initial conditions and rates of
mineral nucleation and growth also have an impact on the micro-
structure of coating layers in addition to the precipitated matrix,
thereby changing the porosity and permeability of the coating
layers and controlling the dissolution rate of minerals (Arvidson
and Mackenzie, 1999; Béarat et al., 2006). The passivation effect
of secondary silicates has been widely recognized, as they act as an
impermeable barrier (Fig. 7d) (Callow et al., 2018; Kumar and
Shrivastava, 2020). At a temperature of 150 °C and CO, pressure
of 28 MPa, basalt and olivine were reacted with pure water
(Sissmann et al., 2014). After a month of reaction, both Fe-rich and
Fe-poor magnesite were generated. Notably, the amount of the
former was 2.5 times that of the latter. However, it is widely
accepted that olivine has a faster reaction rate. This observation
suggests that the Al- and Fe-bearing silica layer on the olivine
surface has a more significant passivation effect compared to the
clay minerals on the basalt surface.

The formation of a passivating layer may impair or even halt the
carbonation reaction of the coated mineral. Mitigating the passiv-
ation effect of secondary mineral precipitation is of great signifi-
cance for long-term basalt carbonation. One approach is to create
new reaction surfaces through hydraulic fracturing or other
methods. Additionally, selecting appropriate injection conditions
also helps to avoid or minimize the formation of passivation layers.
As mentioned in Section 3.2, decreasing the temperature and
elevating the CO, pressure are favorable for reducing secondary

silicate precipitation and relieving passivation effect. The passiv-
ation barriers were also overcome using organic acids in the study
by Bonfils et al. (2012) and Sissmann et al. (2013). However, large
amounts of Mg atoms were complexed by ligands, which had little
effect on improving the carbonation extent. Therefore, developing
more effective methods is needed.

4. Petrophysical and mechanical evolution

The interaction between CO,-fluid-basalt not only causes
changes in the mineral compositions, but also alters the pore
structure, seepage characteristics and mechanical properties of the
host rock, thus affecting the long-term injectivity and safety of
carbon storage. In situ carbon mineralization storage requires suf-
ficient pore volume and permeability for CO, injection and the
precipitation of carbonates. Typically, mineral dissolution results in
the dissolution and expansion of pores, throats and cracks, which
may connect previously disconnected pores as well as generate
new ones. This leads to an increase in porosity and permeability of
the host rock. Mineral dissolution may also create new fractures in
the reservoir, serving as leakage channels for CO, escape while
simultaneously weakening the mechanical properties of the orig-
inal rock. In contrast, mineral precipitation tends to clog pores,
narrow throats and cracks, thus reducing porosity and perme-
ability. This impedes further mineral exposure to the fluid while
enhancing mechanical properties. Therefore, it is crucial to inves-
tigate the effect of CO,-fluid-basalt reactions on the pore structure,
permeability and the corresponding mechanical response of the
host rock. Table 4 summarizes the experimental findings regarding
the evolution of the pore structure and permeability after the CO,-
fluid-basalt reaction.
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4.1. Pore structure and permeability

In static reaction experiments, the transport of reactive species
is constrained and governed by diffusion. It is common to observe a
decrease in permeability, while the response of porosity varies. The
results of a series of high-temperature and high-pressure olivine
carbonation experiments run by Hovelmann et al. (2012) reported
porosity decreased with the progression of the carbonation reac-
tion, and the change value was negatively linearly correlated with
the degree of olivine carbonation. Analysis of backscattered elec-
tron images showed magnesite formed around olivine mineral
particles and filled pores and fractures, which led to a decrease in
the pore volume. Additionally, the precipitation rate increased with
higher temperatures. Comparably, a 2%—3% reduction in porosity
after the interaction of ferro-basalt with CO,-rich water for 30
weeks was found, while the permeability was markedly reduced by
0.5-1 order of magnitude (Adam et al., 2013). Being different, five
groups of basalt cores with different initial crystallinities, geome-
tries and porosities were reacted with CO,-rich water (Kanakiya
et al., 2017). After 142 d, the porosity increased by 0.3%—15.3%
although abundant ankerite and aluminosilicate minerals pre-
cipitates were found, suggesting a dissolution-dominated reaction.
Permeability, however, showed a decreasing trend, primarily due to
the localized precipitation of secondary minerals within the rock,
resulting in a decrease in pore connectivity and blockage of the flow
channels. In addition, spatial chemical gradients also led to varia-
tions in precipitation locations. Results from an experiment con-
ducted on basalt with a prefabricated dead-end fracture occupying
0.2% of the core volume revealed that 5 mm?> carbonates precipi-
tated within the fracture, whereas only 7 mm? carbonates precip-
itated in the pore space of the entire rock. This finding indicated
preferential transport occurred within the fracture so that more

carbonates deposited in the region closer to the dead-end of the
fracture with higher cation concentrations (Xiong et al., 2018).
Flow-through/flooding reaction experiments are more repre-
sentative of the geological conditions in reservoirs than static re-
action experiments. Reactive transport experiments effectively
couple the kinetics of mineral dissolution-precipitation with the
transport of fluid and solute, reflecting the competition in chemical
reaction and fluid transport under varying injection rates. In a core
flooding experiment performed by Godard et al. (2013) using
olivine at an injection rate of no higher than 0.2 mL/h, it was
discovered that olivine was already impermeable by 23 d, despite a
decrease in porosity of less than 4%. Similarly, two reactive perco-
lation experiments on olivine with injection rates of 0.1 mL/h and
1 mL/h also confirmed the drastic decline in permeability (Peuble
et al., 2015b). At the higher flow rate, the permeability of the core
decreased from 0.33 mD to 1.02 x 103 mD after 92 h, while it
decreased from 4.1 x 1072 mD to 1.01 x 103 mD at the lower flow
rate with 56 h of displacement. However, the porosity only
decreased by less than 1%. This finding suggests that the perme-
ability decreases more pronounced than the porosity due to the
heterogeneous distribution of flow paths. The localized precipita-
tion of secondary minerals leads to blockage or closure of flow
paths, thus causing a sharp decrease in permeability (Andreani
et al., 2009), particularly at lower flow rates (Peuble et al., 2015a).
In contrast, the experimental finding on basalt subjected to flow
rates of 6 mL/h reported an increase in permeability of more than
one order of magnitude, although porosity decreased (Luhmann
et al., 2017). In fact, to some extent, the injection rate controls the
permeability change. At low flow rates, the transport of fluid and
solute is diffusion-controlled, allowing sufficient time for divalent
cations to carbonize. This leads to a higher carbonation efficiency,
but adversely, might result in the reduction of pore volume and

Sccondaryﬁ :
precipitates

Fig. 8. Images of reaction-induced morphological changes under different physical and chemical processes (Hovelmann et al., 2012; Lisabeth et al., 2017; Prikryl et al., 2017; Zhu
et al., 2016). (a) Etch pits developed by dissolution; (b) Cracks originated from dissolution; (c) Fracturing resulting from volume expansion; (d) The secondary minerals precipitated

inside the cracks.
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permeability. If all pores are filled instantaneously by precipitation,
the porosity will disconnect sharply (Macente et al, 2022). In
contrast, advection-controlled transport dominates at high flow
rates. Since some divalent cations are carried away by the fluid
without reacting, the carbonation efficiency is lower, and the
damage to porosity reduction is also impaired. Whether
dissolution-dominant or precipitation-dominant, the reactions are
much more intense upstream (Luhmann et al., 2017; Peuble et al.,
2015b), mainly resulting in a decrease in H* activity along the
flow path. Also, the changes in porosity and permeability along the
flow channels are often heterogeneous (Prikryl et al., 2017). In
addition, the complete dissolution of minerals with smaller parti-
cles often results in the formation of etching pits, while mineral
dissolution with larger particles usually results in micro-sized
textures (Wells et al., 2017a).

The precipitation of secondary minerals in pores, throats and
fractures of rock might obstruct the transport channels of fluid and
solute, posing a threat to the long-term feasibility of CO, mineral-
ization. Necessary rock modification methods are needed to
improve the CO, injection capacity and carbon storage potential. To
this end, microwave irradiation was used to increase the perme-
ability of the cores, which resulted in 2—3 times more CO; miner-
alization (Ye et al., 2022). However, the rock modification in the
study was carried out before the reaction, which would be more
reasonable to evaluate the sustaining mineralization ability of the
post-reacted cores.

4.2. Mechanical properties

The mechanical response of the basalt is closely related to the
dissolution-precipitation reaction and the evolution of pore struc-
ture. In a study carried out by Guha Roy et al. (2016), saturated
basalts were exposed to CO, of 0.25 MPa at room temperature for
30, 50, 70, and 90 d. A comprehensive evaluation of mechanical
parameters suggested that the compressive strength, tensile
strength, Young’s modulus and shear modulus were all impaired
with increasing reaction time, accompanied by a decline in P wave
and S wave velocities. Meanwhile, newly formed cracks were
observed along mineral boundaries and vesicles, indicating that
dissolution was dominant. In contrast, the increment in ultrasonic
wave velocities after the carbonation reaction of ferro-basalts for 30
weeks varied from 3.1% to 22%, which was attributed to the pre-
cipitation of carbonates in vesicles and cracks (Adam et al., 2013).
Furthermore, the stress—strain curves of olivine interacting with
pure water, 0.6 mol/L NaHCOj3 solution and 1.5 mol/L NaHCO3 so-
lution under hydrostatic pressure for approximately 72 h were
measured by Lisabeth et al. (2017). The results revealed all samples
exhibited localized brittle failure characteristics. Interestingly, the
compressive strength of olivine reacting with NaHCO3 solution was
higher than the compressive strength of olivine reacting with pure
water, but the Young’s modulus was the opposite. This was due to
the uneven precipitation of serpentine and magnesite within the
cracks, which caused the self-sealing of cracks when reacting with
NaHCOs3 solution (Phukan et al., 2021a), while a large amount of
etch pits appeared in the sample reacting with pure water.

Of course, mineral precipitation does not always enhance me-
chanical properties. The crystallization pressure (Jamtveit et al.,
2011; Kelemen and Hirth, 2012) or nonuniform volume expansion
(Zhu et al.,, 2016) can sometimes fracture or even create collapse
channels for CO, and impair the mechanical strength. However, no
crystallization pressure has been observed during the basalt
carbonation process. Fig. 8 displays the presence of reaction-
induced etch pits, cracks, and secondary mineral fillings. The me-
chanical behavior also feeds back to chemical reactions. New crack
spaces increase the reaction surface area exposed to CO,-rich fluid

Ankerite
nodules

(b)

Fig. 9. Evidence of CO, mineralization (Polites et al., 2022; Snaebjornsdottir et al.,
2017). (a) Calcite precipitation in the field of the CarbFix project; (b) Ankerite nod-
ules in the field of the Wallula Pilot project.

and promote the mineral carbonation process, while the blockage
of cracks or pore volume hinders further reaction. At present, the
mechanical characterization of the basalt after a chemical reaction
is still poorly understood, especially when initial cracks are present.

5. Field pilot projects

The natural weathering process of basalt has proven to be
effective in regulating the CO level over geological time. Two pilot
projects, CarbFix and Wallula, further demonstrate the feasibility of
rapid CO, mineralization in basalt. In the CarbFix project, aqueous
CO, was injected, while supercritical CO, was injected in the
Wiallula project. In comparison, injecting dissolved CO, greatly re-
duces the risk of leakage caused by CO, buoyancy. However, this
method needs to consume a substantial amount of water, and the
cost will increase. The details of these two pilots are discussed
below.

5.1. The CarbFix pilot

The CarbFix pilot project is located 3 km south of the Hellisheidi
geothermal power station in Iceland. The target injection formation
is at a depth of 400—800 m, with a porosity of 8.5% and horizontal
and vertical permeabilities of 300 and 1700 mD, respectively. The
temperature ranges from 20 to 50 °C, and the pH is between 8.4 and
9.4 (Sigfusson et al., 2015). The chemical composition is olivine
tholeiite, consisting of basaltic lava and hyaloclastite (Alfredsson
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et al., 2008). From January 2012 to August 2012, a total of 175 t of
pure CO; and 73 t of CO, + H3S + H, mixtures were injected. The
14C jsotope was injected along with traditional tracers of volatile
sulfur hexafluoride (SFg) and trifluoromethyl sulfur pentafluoride
(SF5CF3) to monitor the migration of CO,. Calculations suggested
CO; mineralization reached 95% within 2 years of injection, and the
precipitation on the water sample pump was confirmed to be
calcite (see Fig. 9a) (Matter et al., 2016; Snaebjornsdottir et al.,
2017). The success of the CarbFix pilot project led to the upscaled
CarbFix2 project, which has injection depths greater than 1300 m
and temperatures greater than 250 °C (Clark et al., 2020). The in-
jection began in 2014 and increased year by year, with the injection
amount of CO, and H3S accounting for 34% and 68% of total emis-
sions until 2017 (Sigftisson et al., 2018).

5.2. The Wallula pilot

The Wallula Project is situated in the Columbia River Basalt in
Wiallula, Washington, USA. The target injection location is at 828—
887 m and encompasses three brecciated flowtop and interflow
zones. The flowtop is a medium permeability formation with a
porosity of 15%—25% and a permeability of 75—150 mD, while the
interflow layer has an extremely low permeability. The average
temperature at the injection site is 36 °C (McGrail et al., 2011, 2017).
It mainly consists of plagioclase, pyroxene and glass, with calcite and
quartz filling veins, fractures and vesicles (McGrail et al., 2011). From
July 2013 to August 2013, a total of 1000 t of supercritical CO, was
injected. A perfluorocarbon tracer, perfluorodimethylcyclobutane
(PFT), was also injected (McGrail et al., 2014). The fluid temperature
survey showed most of the injected free CO, existed in the top
interflow region, and the sidewall core revealed the formation of
spherical carbonate nodules, which were identified as ankerite by X-
ray diffraction (XRD) analysis (see Fig. 9b) (McGrail et al., 2017). It has
been calculated mineralized CO, accounts for approximately 60% of
the total injection amount after 2 years (White et al., 2020).

6. Conclusions and future work

In situ carbon mineralization in basalt is a safe, rapid and
promising approach to achieve carbon neutrality. Accurately eval-
uating the carbon storage potential, carbon mineralization rate,
long-term injectivity, and storage safety of a basalt reservoir, as well
as accelerating the mineralization reaction rate necessitates a
comprehensive understanding of the mechanisms of carbon
mineralization. This work reviewed the factors influencing CO,-
fluid-basalt interaction, and the petrophysical and mechanical re-
sponses induced by basalt carbonation reaction based on labora-
tory experiments. The main conclusions and future work are as
follows:

(1) High reactivity and sufficient pore space are the primary
factors in choosing a reservoir. Given the acceleration effect
of temperature, injecting CO, into deeper formations utiliz-
ing the geothermal gradient can enhance the rate of miner-
alization reaction. However, excessively high temperatures
can generate secondary silicates, zeolites, gypsum, and other
undesired products that are unfavorable for carbonate for-
mation. Similarly, higher CO, pressure also promotes CO»
mineralization, increases the proportion of carbonates in
reaction products, and reduces water usage. It is worth
noting that most of the existing studies focus on the
carbonation process and products, thus more research is
needed on the quantitative characterization of carbonation
rate and carbonate conversion.

(2) The impact of fluid chemistry on CO, mineralization is still
controversial and most of the experiments have been con-
ducted with pure water or sodium salt solutions, but there is
an growing interest in exploring the use of seawater due to
its potential economic benefit, which is the future direction
for implementing CO, storage in basalt. The effects of various
ion components, salinity levels and ionic strengths should be
fully considered and distinguished.

(3) Organic ligands, fluoride, microorganisms and gas mixtures
have been reported to have a complex-promoting effect and
benefit basalt dissolution, however, complexation also limits
the availability of divalent cations for carbonates so that the
acceleration effect needs further research.

(4) The passivation effect of secondary silicates and Si-rich
layers’ intergrowths with carbonates, iron oxides, iron oxy-
hydroxides, and Fe-, Mg-, Al-bearing phyllosilicates has been
widely recognized, which greatly threatens the reactivity of
the host rock. It is of great significance to study the mecha-
nism of the passivation effect and how to weaken it.

(5) At lower flow rates, the transport of fluid and solute is
diffusion-controlled, allowing sufficient carbonation time,
which usually results in higher carbonation efficiency and
the reduction of the pore volume and permeability.
Conversely, advection-controlled transport dominates at
higher flow rates. Some divalent cations are carried away by
the fluid without reacting, resulting in lower carbonation
efficiency but less damage to the porosity and permeability
reduction. It is necessary to carry out reactive-percolation
experiments under different injection rates, thus balancing
carbonation efficiency and long-term CO; injectivity.

(6) The mechanical response is closely related to the dissolution
and precipitation of minerals. A dissolution-controlled re-
action commonly impairs the mechanical properties. When
precipitation dominates, the sealing of pores, throats and
cracks may lead to the strengthening of the mechanical
properties, while the crystallization pressure or nonuniform
volume expansion may also fracture the host rock. Research
on chemo-mechanical coupling effect during carbon storage
in basalt is expected. Considering the slow reaction rate,
micromechanical test methods such as atomic force micro-
scopy (AFM) and nanoindentation may provide insightful
information.
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