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Abstract: The underground storage of CO, (carbon dioxide) in basalt presents an exceptionally
promising solution for the effective and permanent sequestration of CO,. This is primarily attributed
to its geochemistry and the remarkable presence of reactive basaltic minerals, which play a pivotal
role in facilitating the process. However, a significant knowledge gap persists in the current literature
regarding comprehensive investigations on the reactivity of basaltic minerals in the context of CO,
sequestration, particularly with respect to different basalt types. To address this gap, a comprehensive
investigation was conducted that considered seven distinct types of basalts identified through the
use of a TAS (total alkali-silica) diagram. Through a thorough review of the existing literature, seven
key factors affecting the reactivity of basaltic minerals were selected, and their impact on mineral
reactivity for each basalt type was examined in detail. Based on this analysis, an M.H. reactivity scale
was introduced, which establishes a relationship between the reactivity of dominant and reactive
minerals in basalt and their potential for carbonation, ranging from low (1) to high (5). The study
will help in choosing the most suitable type of basalt for the most promising CO, sequestration
based on the percentage of reactive minerals. Additionally, this study identified gaps in the literature
pertaining to enhancing the reactivity of basalt for maximizing its CO, sequestration potential. As
a result, this study serves as an important benchmark for policymakers and researchers seeking to
further explore and improve CO, sequestration in basaltic formations.
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1. Introduction

Atmospheric CO, (carbon dioxide) concentrations have reached unprecedented levels
in human history, surpassing 423.6 ppm in 2023 from a preindustrial level of 280 ppm. This
increase has occurred at a rate of approximately 2.3 ppm per year over the past decade,
which is about 100 times faster than natural variations [1,2]. The primary driver behind
the rising CO, concentrations is the extensive use of fossil fuels, leading to an enhanced
greenhouse effect that elevates global average temperatures and impacts various systems,
including climate, ecology, and society. To mitigate these effects, the 2015 Paris Agreement
sets a target of limiting anthropogenic warming to 1.5-2 °C [3,4]. Consequently, it is crucial
to find solutions that effectively and consistently reduce the net flow of CO, into the
atmosphere while ensuring the fulfillment of energy requirements [5,6]. The International
Energy Agency suggests that the goals of the Paris Agreement can be accomplished by
maximizing the practical limits of existing climate-mitigation technologies [7]. These
climate-mitigation techniques include submitting Nationally Determined Contributions
(NDCs) that outline specific emission reduction targets and strategies, transitioning to
renewable energy sources, enhancing energy efficiency, implementing carbon pricing
mechanisms, promoting carbon capture and storage (CCS), conserving and restoring forests,
and prioritizing adaptation and resilience measures. The Paris Agreement recognizes the
need for comprehensive and ambitious actions to address climate change and promote a
sustainable future [8].
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Numerous geological systems worldwide possess the capacity to securely retain CO,
captured from industrial activities for centuries [9,10]. Basalt formations possess superior
CO; storage efficiency compared to other geological formations, thanks to their remarkable
reactivity, widespread availability, and geological durability [11-13]. The reactive minerals
found in basalt facilitate rapid and effective mineral carbonation, enabling efficient storage
of CO, [7,14]. Additionally, the abundance of basalt deposits worldwide offers ample
opportunities for large-scale implementation of CO; storage initiatives [15-17]. Basalt’s
structural stability and long-term resilience make it an appealing choice for long-term CO,
storage, contributing significantly to global efforts to reduce greenhouse gas emissions and
combat climate change [18-20]. Basalt’s capacity to permanently sequester CO, makes it an
appealing choice for carbon capture and storage (CCS) strategies [21,22]. Once the CO; is
stored in basalt formations, it remains trapped within the mineralized rock, preventing its
re-emission into the atmosphere [20,23-25]. There are certain limitations and uncertainties
associated with the CO, storage in basalt; however, its potential of rapid mineralization
and carbonation instills confidence in the efficacy of basalt reservoirs as a viable solution for
mitigating greenhouse gas emissions [26,27]. Moreover, basalt formations offer geological
stability and containment integrity. Basalt is known for its variable permeability, reducing
the risk of CO; leakage [27,28]. The dense structure of basalt hinders the migration of CO,
through fractures, ensuring the confinement of the stored CO, within the reservoir [29,30].
This geological stability enhances the safety and security of the storage operation [31,32].

The reactivity of minerals plays a crucial role in the process of CO, carbonation, which
has significant implications for mitigating climate change and developing sustainable
carbon capture and storage technologies [33,34]. Carbonation involves the chemical re-
action between CO, and minerals to form stable carbonate compounds. The reactivity
of minerals determines the rate and extent of this carbonation process [35-37]. Minerals
that possess high reactivity towards CO, are desirable for efficient carbonation [38]. These
reactive minerals, such as olivine, serpentine, or certain types of basalt, contain elements
like magnesium, calcium, or iron, which readily react with CO; to form solid carbonate
minerals [39]. The carbonation reaction involves the dissolution of CO, in water to form
carbonic acid (H,CO3), which then reacts with the mineral surface to release metal cations
(e.g., Mg2+, Ca?*, Fe?*) and form stable carbonate minerals (e.g., magnesium carbonate,
calcium carbonate, iron carbonate) [40].

The role of mineral reactivity in CO, carbonation is twofold. Firstly, highly reac-
tive minerals accelerate the rate of carbonation, facilitating the capture and conversion of
CO; into stable carbonate compounds [41,42]. This fast carbonation kinetics are desirable
for efficient carbon capture and storage systems, as they enable a rapid transformation
of CO; into solid forms, effectively immobilizing it and reducing its potential for atmo-
spheric release [43,44]. Secondly, the reactivity of minerals affects the overall carbonation
capacity [45-47]. Minerals with higher reactivity can sequester more CO, by providing
a larger surface area for reaction and a greater availability of reactive sites The overall
carbonation capacity of minerals is influenced by their reactivity, which determines how ef-
fectively they can chemically react with CO, to form stable carbonate compounds. Minerals
with higher reactivity possess a greater ability to absorb and sequester CO, through car-
bonation [48]. In context of intrinsic reactivity, surface area, and in situ mineralization, it is
important to understand that minerals with higher reactivity have the potential to sequester
more CO;. This is due to their larger surface area, which provides increased availability
of reactive sites. However, it is crucial to recognize that intrinsic reactivity is influenced
by factors such as mineral composition and crystal structure. Moreover, the surface area
of minerals plays a significant role in facilitating the contact between CO, and minerals,
influencing the carbonation reaction rate and overall efficiency. This understanding is par-
ticularly relevant in the context of in situ mineralization, as the assessment of carbonation
potential within geological formations relies on considerations of intrinsic reactivity and
surface area [49]. Understanding and optimizing the reactivity of minerals in CO, carbon-
ation are vital for advancing carbon capture and storage technologies. Researchers are
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actively investigating methods to enhance mineral reactivity, such as mechanical activation,
thermal treatment, or chemical pre-treatment [50,51]. These techniques aim to increase the
surface area, modify the mineral structure, or introduce catalytic additives to improve the
efficiency of carbonation processes.

Despite the importance of the reactivity of basalt minerals in the carbonation and
mineralization process, thorough study on the reactivity of the minerals present in different
kinds of basalt is lacking. The development of efficient carbon capture and storage methods
is hampered by our inadequate understanding of particular mineralogical compositions
and their related reactivity potentials. Therefore, there is a critical information vacuum
regarding the detailed research of basalt minerals and their reactivity, which hinders the
optimization of carbon sequestration technology and restricts our capacity to successfully
battle climate change.

Various Routes of CO, Sequestration in Basalt

CO; sequestration in basalt involves various routes and methods that leverage the
reactivity of basaltic minerals to capture and store carbon dioxide. Here are some different
routes for CO, sequestration in basalt.

In Situ Mineral Carbonation: In this method, CO; is injected deep into underground
basalt formations that are porous and permeable. Once injected, the CO;-rich fluids come
into contact with the minerals in the basalt, leading to a series of chemical reactions. The
CO;, dissolves in water to form carbonic acid, which reacts with minerals like olivine,
pyroxenes, and feldspars in the basalt. These reactions result in the formation of stable
carbonate minerals, such as calcite, magnesite, and serpentine. These carbonates are
securely stored in the geological formations, effectively sequestering the captured CO, [52].

Enhanced Weathering: Enhanced weathering aims to accelerate the natural weath-
ering process of basaltic rocks by exposing them to the atmosphere and CO,-rich fluids.
This can be achieved by spreading crushed basalt on land surfaces or using ocean-based
platforms to increase exposure. Rainwater or CO;-enriched solutions interact with the
basaltic minerals, leading to mineral dissolution and the subsequent formation of carbonate
minerals. The carbonation reactions lock up the CO, in stable mineral forms [53].

Direct Injection into Basalt Aquifers: Injection of CO; into deep underground basalt
aquifers involves injecting CO, into formations that already contain water. The injected
CO, dissolves in the water, creating carbonic acid that reacts with the minerals in the
basalt. This reaction leads to the dissolution of minerals and the precipitation of carbonate
minerals, which are stored in the aquifer over time [54,55].

Subsurface Injection with Hydrothermal Activation: This method combines CO;
injection with the injection of hot water into basalt formations. The heat from the injected
water enhances the reactivity of the minerals in the basalt, leading to faster dissolution
and carbonation reactions. Hydrothermal conditions accelerate the mineral carbonation
reactions and can improve overall carbon capture efficiency [56].

Ocean-Based Sequestration: Some proposals suggest grinding basaltic rocks into
fine particles and dispersing them in the ocean. The fine particles react with dissolved
CO; in seawater to form carbonate minerals. This process can contribute to ocean carbon
sequestration and potentially mitigate ocean acidification [57].

Hydrothermal Mineralization: Hydrothermal processes involve subjecting basaltic
rocks to high-temperature and high-pressure conditions. These conditions promote rapid
mineral dissolution and the subsequent formation of carbonate minerals. Hydrothermal
mineralization may be applicable in regions where suitable geothermal resources are
available [58].

Coupling with Geothermal Energy: Basalt formations with access to geothermal
resources can use the heat from these resources to accelerate mineral carbonation reactions.
Geothermal fluids are utilized to heat water, enhancing the reactivity of basaltic minerals
and promoting the formation of carbonate minerals [59].
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Hydraulic Fracturing and CO; Injection: In this approach, hydraulic fracturing tech-
niques are employed to create fractures in basalt formations. These fractures provide
pathways for the injection of CO,-rich fluids. The injected CO; interacts with the minerals
in the fractured basalt, leading to mineral carbonation reactions [60].

This study focusses on the critical review and analysis of the reactivity of basaltic
minerals and their in situ CO, carbonation potentials. Seven different types of basalt based
on their mineralogical composition have been identified based on a TAC diagram. The
reactivity of basaltic minerals has been reviewed in the context of CO, sequestration. Seven
independent factors, i.e., temperature and pressure, fluid pH, rock composition, fluid
composition, dissolution rate, grain size and surface area, and geological settings have been
identified from literature that affect the carbonation process, and the reactivity of all basalt
types has been analyzed based on these parameters. These factors are further categorized
into two sections, i.e., reactivity and favorability factors. Lastly, an M.H. reactivity scale has
been introduced which features the reactivity of dominant minerals in these basalt types
directly relating to their carbonation potential.

2. Importance of Understanding the Geochemistry of Basalt for CO, Storage

A thorough understanding of basalt geochemistry is essential for the effectiveness of
CO; storage programs. Geochemical processes occurring in basaltic rocks play an important
role in determining the long-term fate and stability of CO, storage [61,62]. Understanding
the interactions between CO, and basaltic materials on a geochemical scale will allow
researchers and engineers to optimize storage systems and ensure the long-term viability of
carbon sequestration. Mineral carbonization processes are an important aspect of basaltic
geochemistry [63]. Through this process, CO; chemically reacts with minerals present in the
basalt, forming carbonate minerals [64—68]. The rate and extent of mineral charring depends
on various factors such as temperature, pressure, water availability and basalt mineral
composition [69-71]. By examining these parameters, scientists can identify the optimal
conditions for increasing carbonation rates, thereby maximizing CO, storage efficiency.

Furthermore, understanding the geochemistry of basalts will help assess potential
risks and challenges associated with CO, storage [72-74]. Factors such as the presence of
reactive minerals in basalts can induce mineral alterations that can affect the overall stability
and durability of CO, storage. Gaining insight into these geochemical processes will allow
the scientist to develop strategies to mitigate risks such as deposits and clogging, thereby
ensuring the long-term integrity of CO, storage [75]. In addition, a thorough understanding
of basalt geochemistry helps in selecting suitable sites for CO, storage. Basalt layers exhibit
differences in mineral composition, porosity, and permeability [75,76]. These properties
influence the suitability of a particular basalt reservoir for CO, storage. Through detailed
geochemical analysis, researchers can identify basalt formations with optimal properties
such as high reactivity, low permeability, and favorable water-rock interactions. With this
knowledge, choosing the right storage location will ensure effective and safe CO, storage.
In summary, understanding basalt geochemistry is essential for successful CO, storage
programs. This enables optimization of storage systems, assessment of potential risks,
and selection of suitable storage sites, ensuring long-term stability and availability of CO,
storage. By combining geological and geochemical knowledge, scientists and engineers
can advance their development and implementation of CO, storage in basalt formations,
helping to mitigate greenhouse gas emissions and combat climate change.

2.1. Geochemical Composition of Basalt

The geochemical makeup of basalt is intricate and varied, encompassing a wide array
of elements, minerals, and isotopes [77-79]. Basalt predominantly consists of dark-colored
minerals like pyroxene, olivine, and plagioclase feldspar, which contribute to its distinct
appearance. However, the specific geochemical composition of basalt can exhibit significant
variations influenced by factors such as its origin, the type of volcanic activity involved,
and the geological evolution of the region [80-83].
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Among the major elements present in basalt, silicon (Si), oxygen (O), aluminum (Al),
iron (Fe), magnesium (Mg), calcium (Ca), sodium (Na), and potassium (K) hold substantial
significance [84-86]. These elements combine to form a diverse range of minerals, with
silicate minerals being the most prevalent [87]. Silica (5iO;) plays a vital role in the com-
position of basalt, affecting its overall characteristics [88]. Basalt can be classified into
different categories, such as tholeiitic basalt and alkaline basalt, based on variations in
silica content [88]. Additionally, trace elements assume importance in the geochemical
composition of basalt. Although present in smaller quantities, these elements exert signifi-
cant influence on various processes, including CO; storage. Examples of trace elements
found in basalt include chromium (Cr), nickel (Ni), copper (Cu), zinc (Zn), and cobalt
(Co) [89-91]. The presence and distribution of these trace elements offer insights into the
origins and evolution of basaltic magma and the potential interactions with CO, during
storage. Isotopic compositions of specific elements, such as carbon (C), oxygen (O), and
sulfur (S), can also be utilized in the study of basalt’s geochemical characteristics [92-94].
Stable isotopes like carbon-13 (13C) and oxygen-18 (180) provide valuable information
about the sources and processes involved in basalt formation [95]. Isotopic ratios and
fractionation patterns aid in distinguishing between different basaltic sources and offer
insights into the interaction of basalt with CO; and other fluids during storage [96,97].
A comprehensive understanding of the geochemical composition of basalt is crucial for
various applications, including CO, storage. It enables scientists to evaluate the reactivity
of basaltic minerals, assess the suitability of specific basalt formations for CO, storage, and
predict the long-term behavior of stored CO,. Additionally, geochemical analysis assists
in identifying potential risks associated with basalt storage, drilling through basalts with
appropriate drilling methods and drilling fluids [98-102] and problems such as mineral
alterations or the release of hazardous elements.

2.2. Categorization of Basalts Based on Their Geochemistry

The geochemistry of basalts can be categorized using a variety of classification tech-
niques. The total alkali-silica (TAS) diagram, which plots the weight percent of silica (SiO,)
against the total weight percents of sodium oxide (NayO) and potassium oxide (K,0O), is
one of the most often used classification schemes. This illustration aids in the distinction
between tholeiitic basalts, alkaline basalts, and other forms of basalt. It is important to keep
Johannsen’s (1937) [103] perspective in mind before utilizing the (total alkali-silica) TAS or
any other classification scheme for igneous rocks, i.e., ‘numerous and diverse classifications
have been proposed, reflecting the varied purposes they serve and the inherent complexities of the
rocks themselves. The challenges in classification arise not from the systems themselves, but from the
inherent imperfections of nature. Nevertheless, rock classification is necessary to facilitate compar-
isons with previously described rocks of similar composition and appearance. When a genetic basis is
lacking, an artificial system becomes a useful tool, functioning as a card index for rock descriptions.
While such artificial systems may be viewed as less ideal, they are often the best available option
among several alternatives’.

Furthermore, as extensively discussed by Le Maitre and others (2002) [104], it is essen-
tial to recognize that the classification, including the TAS diagram, cannot be universally
applied to all volcanic rocks. Certain rocks are unsuited for classification using this di-
agram, and for those, additional criteria based on chemical, mineralogical, or textural
attributes must be employed, as exemplified by lamprophyres [105]. It is crucial to limit the
application of the TAS classification to rocks where the mineral mode cannot be determined.
In cases where mineralogy can be established, alternative schemes based on mineralogical
compositions, such as the QAPF (Quartz, Alkali feldspar, Plagioclase, Feldspathoid) di-
agram or other diagrams specific to igneous rocks, should be utilized [106,107]. Prior to
classifying rocks using the TAS diagram, it is necessary to recalculate chemical analyses
to a total of 100%, excluding water and CO, [108-110]. As a part of this review paper,
seven basalt types have been identified based on their alkali and silica content and have
been plotted on TAS diagram as shown in Figure 1 and are summarized in Table 1. It is
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important to note here that TAS diagram does not relate to mineralization capacity, but
rather simply relates to basalt classification.

Na:0 + K:0 (wt %)

Ocean Island
Basalt Alkaline Basalt
High
Magneisu
Basalt Calc— Alkaline Transitional
Basalt Basalt
Tholeiitic Basalt
Island Arc
Basalt

Figure 1. TAS diagram for identification of seven basalt types based on their silica and alkali content.

Based on the Figure 1, the following common basalt categories are listed and discussed
further:

Alkaline basalts are distinguished by their high sodium (Na;O) and/or potassium
(K20) concentrations. They typically contain less silica than other forms of basalt and
are present in the alkali field of the TAS diagram. Alkaline basalts are found in volcanic
environments including continental rift zones and oceanic islands [111-113].

Tholeiitic basalts are characterized by relatively low concentrations of sodium and
potassium. They are present in the tholeiitic field of the TAS diagram and have moderate
to high silica content. Tholeiitic basalts are commonly associated with mid-ocean ridges
and continental flood basalt provinces [114-116].

Transitional basalts exhibit geochemical characteristics between alkaline basalts and
tholeiitic basalts. They are present in the transition zone between the alkali and tholeiitic
fields on the TAS diagram. Transitional basalts are often associated with areas of tectonic
transition or magmatic evolution [117,118].

High-magnesium basalts, also known as boninites or picrites, are characterized by
elevated magnesium (MgO) content and low silica content. They typically have high
concentrations of magnesium oxide and are present outside the alkali and tholeiitic fields
on the TAS diagram. HMB basalts are associated with tectonic environments such as
subduction zones [93,119-121].

Calc-alkaline basalts are characterized by a combination of calc-alkaline and tholei-
itic geochemical signatures. They typically have higher aluminum (Al,O3) and lower
magnesium (MgO) contents compared to tholeiitic basalts. Calc-alkaline basalts are often
associated with volcanic arcs and subduction zones [122-124].

Ocean island basalts are associated with hotspots or mantle plumes and are char-
acterized by distinct geochemical signatures. They often have higher concentrations of
incompatible elements, such as niobium (Nb) and tantalum (Ta), and low concentrations of
high field strength elements (HFSEs) compared to other basalts [125-127].

Island arc basalts are typically found in volcanic arcs associated with subduction
zones. They show a geochemical signature characterized by enrichments in trace elements
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such as lead (Pb) and thallium (T1), as well as high ratios of large ion lithophile elements
(LILEs) to high field strength elements (HFSEs) [128-130].

Table 1. Categorization of basalt based on geochemistry.

Basalt Type Mineralogy Major Elements Trace Elements Petrography
Plagioclase feldspar 30%—45%
. o o Fine to coarse-grained
ALII(allme Pyroxene 20%-40% NayO, K70, SiO, Nb, 113{ b, g h’ZU’I_II“fREE’ texture with
asalts Olivine 5%-30% a 9h 25 small mineral crystals
Amphibole <5%
Plagioclase feldspar 40%-70%
. o o . ) Porphyritic texture
Tholeiitic Pyroxene 20%-40% FeO, MgO, SiO, NI’ZC % (Sjc, \Iil/ITI, P with phenocrysts in a
Basalts Olivine 5%-25% fl, 5.0, AN fine-grained matrix
Magnetite 5%-15%
Plagioclase feldspar 30%-50%
Pyroxene 20%—-40% ol
Vari text
Transitional Olivine 5%-25% NayO, KO, FeO,  REE, Ti, P, Zr, Hf, Ba, a{;i)r;h;;tires
Basalts Alkali Feldspar and 50, MgO, Si0, Sr, Nb, Rb, Th, U intersertal, aphanitic)
clinopyroxene ’
Magnetite 5%-15%
Olivine 30%—-60% L fivi
High- Pyroxene 10%—-40% e
Magnesium : Y MgO, SiO, Ni, Cr, Co, Mn, Sc, V pher.locryst.s with a
Basalts Plagioclase Feldspar <10% fine-grained
— groundmass
Spinifex texture <5%
Plagioclase feldspar 10%-40%
Pyroxene 20%-30% -
Calc-alkaline Olivine 5%-25% Al O3, 5i10,, FeO,  Pb, T, Sr, Ba, Rb, Zr, Porphyritic texture
Basalt MgO Hf, LREE, HFSEs with visible
asalts Amphibole <5% 8 P HREE phenocrysts
Magnetite 5%-15%
Plagioclase feldspar 10%—40%
Pyroxene 10%—-40%
asalts Amphibole <5% ’ s POTPHY
Magnetite 5%-15%
Plagioclase feldspar 30%—-60%
Pyroxene 10%—40% )
. Variable text
Island Arc Olivine 5%-25% Al O3, SiO;, FeO, Pb, T, Ba, Sr, Rb, ar(lzp;ariii: e
Basalts Amphibole <5% MgO LREE, HFSEs, LILEs porphyritic, vesicular)
Magnetite <5%

2.3. Major Minerals in Basalt

The main minerals found in the aforementioned varieties of basalt exhibit varying
degrees of reactivity. There are three major minerals in basalt, i.e., plagioclase, olivine, and
pyroxene, and are commonly found in all types of basalt in different percentages. Various
basaltic minerals are discussed below.
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Therefore, minerals with higher surface areas tend to exhibit greater reactivity in
carbonation processes. Plagioclase exhibits high dissolution rates but has comparatively
larger grain sizes. On the other hand, olivine and pyroxene have lower dissolution rates,
but their surface area is high. When considering carbonation, dissolution rates become
more important. Therefore, among all basaltic minerals, plagioclase is ranked as the most
reactive, followed by feldspathoid, olivine, and then pyroxene. It is important to note
that this ranking is a general simplification of the reactivity of these minerals. Various
other factors, such as pH, fluid composition, temperature (T), and pressure (P), influence
the reactivity of these minerals, which are discussed further in the formulation of M.H.
reactivity scale.

Plagioclase Feldspar: Found in basalt in both calcium- and sodium-rich variants,
plagioclase feldspar can have a variety of chemical compositions. Plagioclase belongs to the
feldspar group and is classified as a series of tectosilicate minerals. Unlike a single mineral
with a distinct chemical composition, plagioclase represents a continuous solid solution
series, referred to as the plagioclase feldspar series, within which various compositions exist.
The composition of a plagioclase feldspar is commonly indicated by its relative proportion
of anorthite (%An) or albite (%Ab). Some major minerals in plagioclase series are albite,
oligoclase, andesine, labradorite, bytownite, and anorthite. Within the plagioclase feldspar
series, there exist several named feldspars that lie between the compositions of albite and
anorthite Plagioclase feldspar’s composition affects its reactivity. While sodic plagioclase
can undergo more extensive alteration, such as sericitization or saussuritization, under
low-grade hydrothermal conditions, calcic plagioclase is often less reactive [35,37].

Olivine: Olivine is a ferromagnesian mineral that is highly reactive and susceptible to
alteration. It can undergo hydration reactions, leading to the formation of secondary miner-
als like serpentine, talc, or chlorite. The alteration of olivine to these secondary minerals is
commonly observed in weathered or hydrothermally altered basaltic rocks [35,44,131]. Pure
Olivine contains the following: olivine: (Mg, Fe),SiO, (86.4%), enstatite: MgSiO3 (6.3%),
magnesiochromite: MgCr,Oy (1.3%), quartz: SiO, (0.5%), serpentine: Mg35irOs5(OH)y
(1.4%), clinochlore: (Mg, Fe?*)5Al(SizAl)O10(OH)g (2.3%), talc: Mg35isO19(OH); (0.8%),
and actinolite: Cap(Mg, Fe?*)5SigOap(OH), (1.0%) [132].

Pyroxene: Basalt frequently contains pyroclastic minerals like clinopyroxene and
orthopyroxene. Members of pyroxene family have a complex chemical composition that
encompasses elements such as iron, magnesium, aluminum, and others. These elements
are bonded to polymerized silica tetrahedra, forming chains, sheets, or three-dimensional
structures. The interconnected tetrahedra share corner oxygen atoms, resulting in polymers.
Pyroxenes are commonly found in mafic igneous rocks like peridotite, basalt, and gabbro,
as well as metamorphic rocks such as eclogite and blue schist.

The structure of pyroxenes consists of long chains of polymerized silica tetrahedra,
where each tetrahedron shares two corner oxygens. Metal cations facilitate the bonding
between silica chains, leading to the formation of crystal structures. Augite, a well-known
member of the pyroxene family, displays various solid solution series and possesses a
complex chemical formula (Ca,Na)(Mg,Fe, Al Ti)(Si,Al),Og, which gives rise to multiple
mineral names within the pyroxene family. Pyroxene’s reactivity might change depending
on the particular mineral makeup. Although clinopyroxene is often less reactive than
olivine, it can nonetheless go through changes that lead to the development of secondary
minerals such as amphibole or serpentine [16,133].

Spinel: Some forms of basalt, such komatiites, include spinel, a trace mineral. Spinel
can be found as a metamorphic mineral in transformed limestones and mudstones with low
silica content. It is also present as a primary mineral in rare mafic igneous rocks. In these
igneous rocks, the magma lacks sufficient alkalis in comparison with aluminum, resulting
in the formation of corundum or the combination of aluminum oxide with magnesia to
form spinel. This association explains why spinel and ruby are often discovered together.
The origins of spinel in mafic magmatic rocks are subject to considerable debate, but it is
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believed to result from the interaction of mafic magma with more evolved magma or rock
types like gabbro or troctolite.

Spinel, represented by the chemical formula (Mg,Fe)(Al,Cr),04, is commonly found in
peridotite within the uppermost layers of the Earth’s mantle, ranging from approximately
20 km to around 120 km in depth, with the possibility of occurrence at even greater depths
depending on its chromium content. At shallower depths, above the Moho discontinu-
ity, calcic plagioclase is the stable aluminous mineral in peridotite, while deeper within
the mantle, below the spinel stability region, garnet becomes the prevailing phase. In
comparison with olivine or pyroxene, it is more stable and less reactive. Spinel has a
stronger resistance to chemical breakdown and can endure weathering and modification
processes [134-136].

Feldspathoids, such as leucite and nepheline: The feldspathoids are a cluster of
tectosilicate minerals that bear resemblance to feldspars, yet possess distinct structures and
considerably lower silica content. These minerals are uncommon and typically found in
rare and peculiar forms of igneous rocks, often absent in rocks that contain primary quartz.
Feldspathoid minerals can substitute for or be present in addition to feldspar in alkaline
basalts and some transitional basalts. In comparison to feldspars, feldspathoids are often
less stable and more reactive.

2.4. Reactivity of Trace Elements in Basalt

The reactivity of trace elements in basalt can vary depending on several factors,
including their chemical properties, environmental conditions, and the presence of other
minerals or fluids. The general overview of the reactivity of some common trace elements
found in basalt is given below [137-139]:

Iron (Fe): Iron is a relatively reactive element, especially in the presence of oxygen
and water. It can undergo oxidation reactions, leading to the formation of iron oxides or
hydroxides.

Manganese (Mn): Manganese can exhibit varying reactivity depending on its oxi-
dation state. Manganese can undergo oxidation reactions, forming manganese oxides or
hydroxides.

Titanium (Ti): Titanium is generally considered relatively stable and less reactive.
However, under specific conditions, such as high-temperature hydrothermal environments,
titanium can participate in redox reactions and form titanium oxides.

Chromium (Cr): Chromium is typically stable and relatively unreactive under normal
geological conditions. However, in oxidizing environments, it can undergo oxidation
reactions and form chromate or dichromate compounds.

Nickel (Ni): Nickel is generally considered relatively stable in basaltic environments.
However, under certain conditions, such as high-temperature hydrothermal systems, nickel
can undergo sulfide mineralization or form nickel-bearing minerals.

Copper (Cu): Copper can exhibit variable reactivity depending on environmental
conditions. In oxidizing environments, it can undergo oxidation reactions and form copper
oxides or hydroxides.

Zinc (Zn): Zinc is generally stable and less reactive in basaltic environments. It can
form secondary zinc minerals under specific hydrothermal conditions.

Lead (Pb): Lead is typically considered relatively stable and unreactive in basaltic
environments. However, it can undergo alteration or incorporation into secondary minerals
under specific circumstances.

2.5. Factors Influencing Mineralization Reactions in Basalt (Parameters for M.H. reactivity scale)

The mineralization reactions occurring in basalt can be influenced by multiple factors.
The following factors will be used to formulate a M.H reactivity scale that will help in
choosing the most suitable type of basalt based on the percentage composition of reactive
minerals. The following are some important variables that can affect the mineralization
process [140-143]:



Minerals 2023, 13, 1154

10 of 34

Temperature and Pressure: The mineralization process is greatly influenced by tem-
perature. Different minerals have a range of stable temperatures within which they can
form or change into other minerals. Lower temperatures may prevent or delay mineral-
ization processes, whereas higher temperatures may promote faster reaction rates and the
creation of some minerals.

The stability and mineral formation of minerals can be impacted by pressure circum-
stances. Phase transitions, which cause minerals to crystallize or change into distinct
mineral phases, can be brought on by variations in pressure. Specific mineral assemblages
can form as a result of high pressure conditions, as those present in subduction zones.

Dissolution Rate: The dissolution rate of minerals refers to how quickly a mineral
dissolves in a fluid, such as water or CO;-rich solutions. Minerals with higher dissolution
rates will react more readily with CO, to form carbonates. While this factor does influence
the overall reactivity, it is not the sole determinant.

Fluid Composition: The composition of fluids interacting with basalt can greatly
influence mineralization reactions. Fluids can introduce new elements or compounds
into the system, leading to the precipitation of specific minerals or the dissolution and
reprecipitation of existing minerals. The presence of different ions, such as metals or sulfur,
in the fluid can drive mineralization processes.

Fluid pH and Redox Conditions: pH and redox conditions play a crucial role in
determining the types of minerals that can form. Varying pH levels can promote the
precipitation or dissolution of specific minerals. Redox conditions, such as the presence
of oxidizing or reducing agents, can control the stability and formation of certain mineral
phases.

Grain size and surface area: The carbonation reaction of minerals is intricately related
to both grain size and surface area. Smaller grain sizes result in larger surface areas per unit
mass, which translates into faster reaction rates, enhanced reactivity, and reduced diffusion
distances. As a consequence, the increased surface area allows for more contact between
minerals and CO;, leading to improved kinetics and greater efficiency in the carbonation
process.

Rock Composition: The composition of the basalt itself, including the types and
relative proportions of minerals present, can impact mineralization reactions. Different
minerals have varying reactivities and susceptibilities to alteration, which can influence the
formation of secondary minerals during mineralization processes.

Geological Setting: The geological setting in which the basalt is found can provide
specific conditions and processes that influence mineralization. For example, hydrothermal
systems associated with volcanic activity or metamorphic environments can create unique
conditions for mineralization to occur.

The above factors are divided into two categories, i.e., reactivity factors and favora-
bility factor as shown in Figure 2. Grain size and dissolution rate will describe the overall
reactivity of the minerals and the carbonation potential of the basalt thus named as ‘reac-
tivity factors. Other factors such as geological setting, rock composition, fluid pH, fluid
composition, temperature, and pressure are ‘favorability factors’, which indirectly affect
the reactivity of basaltic minerals. There are three major minerals, i.e., plagioclase, olivine,
and pyroxene, and are commonly found in all types of basalt in different percentages.
This discussion focuses on the reactivity of essential minerals, as summarized in Table 2.
The reactivity of basaltic minerals is determined based on their dissolution rate and grain
size that will further help in assigning reactivity rating to different basalt types. Various
research group have utilized various methodologies to report dissolution rates [144], but
one of the most reliable ways is to report the dissolution rates in terms of weathering of
metal ions [145-147].
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Figure 2. M.H. reactivity scale parameters for choosing basalt type for CO, storage.

Plagioclase exhibits high dissolution rates but has comparatively larger grain sizes. On
the other hand, olivine and pyroxene have lower dissolution rates, but their surface area is
high. It is important to note that this ranking shown in Table 2 is a general simplification of
the reactivity of these minerals. Various proofs from literature on grain size and reaction
kinetics of minerals in context of CO, sequestration are reported in Table 3. Various other
factors, such as pH, fluid composition, temperature (T), and pressure (P), influence the
reactivity of these minerals indirectly, which are discussed further in the formulation of
M.H. reactivity scale.

Table 2. Comparative reactivity of basaltic minerals as a function of two intrinsic properties, i.e.,
grain size and dissolution rate for carbonation [145-148].

Overall
. . o 2
Dissolution Rate (NaCl Buffered) at 25 °C (mol/m*-/s) Dissolution Grain Size Area Surt Overall
Mineral (pH 4-5) Rati mm?2 urface ral
ating Area Reactivity
g2+ Mg Cal* AP (No. of Samples)
. _ _ _ . 0.81(65) High to
11 _ 10 11
Plagioclase  5.92 x 10 1.79 x 10 9.90 x 10 High High Low Moderate
Olivine 238 x 1071  1.62 x 1012 - - Low 0.50(28) High Moderate to
Low Low
Pyroxene 1.62 x 1071 65 x 1071 8.2 x 10710 - Moderate l\f)lfjéfit)e Moderate Moderate
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Table 3. Studies on grain size and reaction kinetics of major basaltic minerals in context of CO;

sequestration.
Author/Year Methodology Minerals Studied Findings
CO; sequestration . . .
Mohalid et al. through mineral A particle size of <38 pm resulted in 83.8 g CO, /kg

(2022) [149]

carbonation using Fe-rich
mine waste.

Fe-rich mineral

being sequestered, with smaller particle sizes highly
favoring the carbonation process

Alexandar et al.
(2017) [150]

Studied reaction variables
in the dissolution of
serpentine for mineral
carbonation

Serpentine

The study suggests that reducing the particle size to
<168 um enhances structural defects within the silicate
crystal lattice, leading to increased exposure of labile
magnesium, primarily attributed to the expanded
surface area

Zirandi et al.
(2017a) [151]

Mineral carbonation of
ultramafic mining wastes

Ultramafic formation

A trend of decreasing grain size and increasing
reactivity of heterogeneous rock samples was reported

Zirandi et al.
(2017b) [152]

Ambient mineral
carbonation of different
lithologies

Various lithologies

The finer the median particle size, the better the
kinetics were observed in all four lithologies

Harrison et al.,
2015 [153]

Kinetic of brucite-doped
quartz column under
elevated CO, conditions

Brucite

Higher conversion of brucite and apparent kinetics
are obtained using very fine and fine particles

Kelemen et al.,
2011 [154]

Calculation of mineral
dissolution rates using
grain size data

Wollastonite

Wollastonite is a fast-reacting silicate mineral suitable
for carbonation, but economic deposits are limited,
making it impractical for large-scale CO, storage due
to high costs

Matter and
Kelemen,
2009 [155]

Calculation of mineral
dissolution rates using
grain size data

Olivine

Olivine, a major mineral constituent of the upper
mantle, reacts rapidly with CO;-bearing fluids,
making it a crucial mineral for CO,
mineralization processes

O’Connor et al.,

Experimental carbonation

Wollastonite (CaSiO3)

The study suggests that olivine-rich ultramafic rocks,
such as mantle peridotite, are highly favorable for

2005 [156] of wollastonite CO; storage due to their high reactivity and absence
of passivation issues
Park and Fan, pH swing method for .. pH swing method with NaHCOj3 buffer yields rapid
. . Olivine . .
2004 [157] olivine carbonation olivine carbonation
Chizmeshya pH swing method for Olivine NaHCO3 acts as a catalyst and increases reaction rates
et al., 2007 [158] olivine carbonation of olivine for carbonation
Bearat et al,, Observation of S%Oz-rlch . SiO;,-rich layer observed on partially dissolved
layer on partially Olivine .
2006 [159] ; . olivine surfaces
dissolved olivine
Bruni et al,, Reaction path modeling Olivine pH of CO,-rich fluids reacting with olivine-rich rocks
2002 [160] of olivine carbonation is rapidly buffered to high pH
Eikeland et al., Experimental carbonation .. Constant rate of olivine carbonation until
. Olivine
2015 [161] of olivine

passiveness occurs

Lewis et al.,
2021 [162]

Reaction kinetics of
minerals

Various minerals

Plagioclase (Ca/Na rich) and olivine have high
reaction rate constant as Compared to other
trace minerals

3. Role of Basalt Geochemistry in CO; Storage

The geochemistry of basalt plays a crucial role in the storage of CO,, as it possesses
natural properties that enable the capture and sequestration of CO;. Basalt exhibits a
remarkable ability to react with CO, and form stable carbonate minerals, a process known as
mineral carbonation or carbon sequestration. This phenomenon is highly significant in the
context of addressing climate change and reducing greenhouse gas emissions. Basaltic rocks
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contain reactive minerals that readily interact with CO;, including calcium, magnesium,
and iron-bearing minerals. These minerals can undergo dissolution and reprecipitation
reactions when exposed to CO,, resulting in the transformation of CO; into solid carbonate
compounds. This process effectively stores the CO, over extended periods, providing a
means of long-term carbon sequestration.

Water-rock interactions are critical for mineral carbonation to occur. Basalt acts as
a host rock, allowing water and dissolved CO; to infiltrate its structure. This interac-
tion enables the dissolution of basalt minerals and subsequent precipitation of carbonate
minerals. Furthermore, the geochemical composition of basalt is conducive to mineral
carbonation. The presence of calcium, magnesium, and iron-bearing minerals in basalt
provides the necessary chemical elements for the formation of stable carbonate minerals.
The compatibility of basalt’s geochemistry with the carbonation process makes it an ideal
candidate for CO; storage.

The utilization of basalt geochemistry for CO, storage involves injecting CO, into
deep basalt formations, where the natural reactions with the rock can lead to the permanent
sequestration of CO; in the form of stable carbonate minerals. This approach has gained
considerable attention as a potential method for carbon capture and storage, as well as
CO;, removal, offering a promising solution to mitigate greenhouse gas emissions and
combat climate change. Various studies have been conducted that discussed the dissolution
potential of various basaltic minerals and effect of grain size on CO, sequestration as
shown in Table 3. The findings of the studies in Table 3 have been further explored in the
development of M.H. reactivity scale for carbonation reactions in basalt.

3.1. Carbonation Reactions in Basaltic Minerals

In this section, the step-by-step carbonation reactions occurring in basalt for different
minerals will be discussed. The carbonation process involves the reaction of CO, with
minerals present in basalt, leading to the formation of carbonate minerals. The initial steps
of CO; dissolution are universally observed in all carbonation reactions. However, the
subsequent reactions and mineral products can vary depending on the specific minerals
present in the basalt. A detailed exploration of the reactions involved in the carbonation of
different minerals found in basalt will be provided, shedding light on the transformative
process and its significance in carbon sequestration efforts.

3.1.1. Generic Reactions

The first step of CO; dissolution is fundamental and occurs universally in all types
of minerals found in basalt during the carbonation process. These initial stages lay the
foundation for subsequent reactions and mineral transformations. The introduction of CO,
into basalt formations can be achieved through direct injection or by dissolving it in water
prior to injection. This process begins with the dissolution of CO, in water, leading to the
formation of carbonic acid. The formation of carbonic acid is influenced by various factors,
including pressure, temperature, and salinity. As carbonic acid is generated, it alters the
pH of the in situ water, enhancing its reactivity. This heightened reactivity prompts the
hydrogen ions (H*) in the solution to interact with the basalt glass and dissolve the primary
minerals present in the rock matrix, liberating cations like calcium (Ca?*) magnesium
(Mg?"), and iron (Fe?*) into the solution. This elucidates the pivotal role played by the
reactivity of carbonic acid in the process of mineral dissolution and subsequent release
of cations during CO, injection into basalt formations [14]. These early steps play a
crucial role in creating the chemical environment necessary for further interactions and
the eventual formation of carbonate minerals [163]. While the subsequent reactions may
differ depending on the specific mineral composition of the basalt, these initial two steps
provide a common starting point for the carbonation process in all mineral types within
basalt [164,165].
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Step 1: CO, dissolution

C02 (g) + HzO ) — H2C03 )

H,CO; aq) — H* aq * HCO;™ (aq)

3.1.2. Specific Reactions for Minerals

In the subsequent sections, we will delve into the specific carbonation reactions that
occur for various minerals found in basalt during the carbonation process. Different
minerals within basalt, such as olivine, plagioclase, pyroxene, spinel, and others, exhibit
distinct chemical reactions as they undergo carbonation in following steps, which are
tabulated in Table 4.

Table 4. Carbonation reactions in various basaltic minerals.

Mineral

Carbonate Minerals

Weathering (Step 2) Formation (Step 4)

Precipitation (Step 3)

Olivine [166,167]

(Mg,Fe)2SiO4 s) T 4H* (aq) — Mg2+
(aq) + F62+ (aq) + 5102 (s) + ZHQO )

Mg?* (ag) + 2HCO3™ (o) —
MgCOS (s) + COZ (g) + HZO 0)

(i) MgCOs3 (magnesite)
(ii) (FeCO3) (siderite)

Overall Olivine
Carbonation

(Mg,Fe),SiO4 + 2CO, ®* H,0 () — 2(Mg,Fe)CO3 (s) + S102- HyO ()

Pyroxene [143,168]

Mg2+ (aq) + 2HC037 (aq) —
MgCO3 )t CO, () + H,0O o)

(Mg,Fe,Ca)(Si,Al)206 (s) +4H* (aq)
— 2Mg2+ (aq) + Fe2+ (aq) + Ca2+ (aq)
+ 2A13+ (s) + 48102 (s) + 4H20 0

MgCQOj3 (magnesite),
FeCO3 (siderite), and
CaCOj; (calcite)

Fe2+ (aq) + 2HCO3_ (aq) —
FeC03 s) C02 (2 + Hzo 0)
Ca® (3q) + 2HCO3™ (aq) —
CaCO3 s) T C02 (2 + HzO 0]

Overall Pyroxene
Carbonation

3(Mg,Fe,Ca)(Si,AD)20¢ (st 3CO, Sk 8H,O o — 3(Mg,Fe,Ca)CO3 + Al,03-2H,0 )+ 6Si0,-H,O ()

Plagioclase [56]

(Na,Ca)(Al,Si)AlSizos (s) + 4H* (aq)
— Ca2+ (aq) + Nat (aq) + 2A13+ (s) +
45102 (s) + 4H20 [0

Ca® (3q) +2HCO3™ (3q) —

CaCO3 (s) T COZ () + HQO 0)

Nat (aq) + 2HCO;~ (aq —
NaHCO3 (aq) + C02 (g)

CaCOs3 (calcite) and
NaHCOj; (sodium
bicarbonate)

* Overall
Plagioclase
Carbonation

(Na,Ca)(Al,Si) AISizog s) T COZ (® + Hzo o) — CaCO3 (s) NaHCO3 (aq) + A1203~H2O (s) * SiO2 (s)

* Stoichiometric coefficients are not provided since plagioclase has repeating units on the reactant side.

Step 2: Weathering of Minerals (Dissolution)

During the carbonation process, the minerals present in basalt undergo weathering,
leading to their dissolution. This step involves the interaction between the mineral surface
and the surrounding solution, resulting in the release of metal ions and the formation of
silicate species. The specific reactions vary depending on the mineral type.

Step 3: Reaction between Metal Ions and Bicarbonate

In this step, the metal ions released during the weathering process react with bicar-
bonate ions present in the solution. These reactions contribute to the overall carbonation
process by forming carbonate minerals.

Step 4: Formation of Carbonate Minerals

In this step, the carbonate minerals precipitate from the solution as a result of the
reactions between metal ions and bicarbonate ions. The specific carbonate minerals formed
depend on the availability of metal ions and the prevailing conditions.
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3.2. Factors Affecting Reactivity of Basaltic Minerals in Different Basalts

In this section, we will delve into the factors that influence the reactivity of basaltic min-
erals and their carbonation potential. The reactivity of these minerals can vary depending
on several factors, including the specific composition and type of basalt.

3.2.1. Alkaline Basalt

CO; storage in alkaline basalt is particularly influenced by the mineralogy of the rock
and specific factors that impact mineral reactivity. Alkaline basalts is characterized by
the presence of minerals such as plagioclase feldspar, clinopyroxene, and olivine, which
play a crucial role in the carbon sequestration process. Plagioclase, a key mineral in
alkaline basalts, exhibits high reactivity and can rapidly react with CO, to form stable
carbonate minerals [169,170]. Olivine and clinopyroxene also contribute to the overall
reactivity, although their carbonation rates may vary and require specific conditions or
longer reaction times.

The mineralization reactions involved in CO; storage for alkaline basalts primarily
include the dissolution of minerals and the subsequent precipitation of carbonate minerals.
Dominant minerals are olivine and pyroxene and the key mineralization reactions that
occur during the carbonation process are tabulated in Table 4.

The dissolved calcium ions and bicarbonate ions react to form calcium carbonate
(CaCOs), water (H,O), and release CO,. These mineralization reactions involve the trans-
formation of CO; into stable carbonate minerals, effectively sequestering CO; in a solid
form within the alkaline basalt formations. It is important to note that the reactions men-
tioned above are simplified representations of the complex processes occurring during
mineral carbonation. The actual reactions and reaction rates can be influenced by various
factors, including temperature, pressure, fluid composition, and the specific mineralogy of
the alkaline basalts [171].

Several factors influence the reactivity of minerals in alkaline basalts and, consequently,
the efficiency of CO, storage. Here are some specific values and considerations for these
factors:

Temperature and Pressure: The reactivity of minerals in alkaline basalts increases
with higher temperatures. Typically, mineral carbonation reactions occur more rapidly at
elevated temperatures. Optimal temperatures for efficient carbonation of olivine range
from 150 to 300 degrees Celsius [172]. Mostly, alkaline basalts are present in the upper
layer of the Earth’s crust so it can undergo carbonation at atmospheric pressure, i.e.,
1 atm. However, the basalt located deep in the Earth’s crust or in the subduction zone
may undergo carbonation at higher pressures ranging to a few hundred MPa. However,
extreme pressures can affect the mineralogical composition and physical properties of
basalt, potentially impacting reactivity [173].

Dissolution Rate: Alkali basalt contains 30-45% plagioclase, and plagioclase have the
highest dissolution rates as depicted in Table 2 compared to olivine and pyroxene.

Fluid Composition: The composition of fluids interacting with alkaline basalts affects
mineral reactivity. Fluids rich in dissolved CO, and alkaline ions, such as calcium and
magnesium, enhance mineral dissolution and the subsequent precipitation of carbonate
minerals [174].

Fluid pH and Redox Conditions: The pH of the fluid is a crucial factor in mineral
reactivity. In the case of alkaline basalts, slightly alkaline to neutral pH conditions (pH 7 to
9) generally favor mineral carbonation. Redox conditions, such as the presence of oxidizing
or reducing agents, can influence the stability and reactivity of minerals but are typically
controlled within a range suitable for carbonation [175].

Grain Size and Surface Area: Alkali basalt have dominant percentage of plagioclase.
According to Table 2, plagioclase demonstrates high reactivity due to its smaller grain size
and larger surface area, making it particularly favorable for carbonation processes.
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Rock Composition: The specific mineralogical composition of alkaline basalts affects
its reactivity. Basalts rich in olivine minerals, with a higher olivine content and reactive min-
eral pyroxene, generally exhibit greater reactivity and higher carbon storage potential [176].

Geological Setting: The geological setting influences the availability of fluids and
other factors that impact mineral reactivity. Basaltic formations in hydrothermal areas
or areas with enhanced fluid circulation are more favorable for mineral carbonation
reaction [177].

3.2.2. Tholeiitic Basalt

The mineralization reactions that occur in tholeiitic basalts during CO; storage involve
the dissolution of certain minerals and the subsequent precipitation of carbonate minerals.
Here are the detailed mineralization reactions that occur:

Tholeiitic basalts typically contain minerals such as plagioclase feldspar, pyroxene
(including augite and pigeonite), magnetite, and sometimes olivine. These minerals play a
significant role in the carbon sequestration process. The reactivity of minerals in tholeiitic
basalt determines their ability to undergo mineral carbonation reactions with CO,. Olivine
and pyroxene minerals are generally more reactive compared to plagioclase feldspar.
Magnetite can also contribute to carbonation reactions but to a lesser extent. The key
mineralization reactions that occur during the carbonation process are tabulated in Table 4:

The factors that influence the reactivity of minerals in tholeiitic basalt and, conse-
quently, the efficiency of CO; storage are as follows:

Temperature and Pressure: Higher temperatures generally increase the rate of min-
eral carbonation reactions. Elevated temperatures can enhance the kinetic rates of reactions,
promoting the conversion of CO, into carbonate minerals. The optimal temperature range
for efficient carbonation of minerals in tholeiitic basalts typically falls between 100 and
200 degrees Celsius [178]. Pressure conditions can impact the stability and reactivity of
minerals. High-pressure environments may favor mineral carbonation reactions by promot-
ing closer contact between minerals and CO,. However, depending upon the geological
settings (mid-ocean ridges, continental flood basalts, and rift zones), the carbonation pres-
sure may vary in tholeiitic basalts. In the case of tholeiitic basalts, pressure conditions
ranging from atmospheric pressure to a few hundred megapascals (MPa) are commonly
encountered [179].

Dissolution Rate: Tholeiitic basalt contains 40%-70% plagioclase and plagioclase has
the highest dissolution rates as depicted in Table 2 compared to Olivine and Pyroxene.
Thus, tholeiitic basalt has higher carbonation potential than alkali basalts.

Fluid Composition: The composition of fluids in contact with tholeiitic basalts affects
mineral reactivity. Fluids can introduce dissolved CO, and other ions that participate in
carbonation reactions. The presence of certain ions, such as calcium, magnesium, and iron,
can enhance mineral dissolution and precipitation, leading to effective CO, storage [180].

Fluid pH and Redox Conditions: The pH and redox conditions of the fluid signifi-
cantly impact mineral reactivity. Different minerals have specific pH ranges at which they
are more prone to dissolution or precipitation. Tholeiitic basalts generally exhibit slightly
acidic to neutral pH conditions (pH 5 to 7) favorable for mineral carbonation. Redox
conditions can affect the stability of minerals and their ability to react with CO, [181].

Grain Size and Surface Area: It has dominant percentage of plagioclase. According
to Table 2, plagioclase demonstrates high reactivity due to its smaller grain size and larger
surface area, making it particularly favorable for carbonation process.

Rock Composition: The specific mineralogical composition of tholeiitic basalt af-
fects its reactivity. Basalts rich in olivine and pyroxene minerals tend to exhibit higher
reactivity due to the presence of highly reactive phases. The relative abundance and distri-
bution of these minerals within the tholeiitic basalt can influence the overall carbonation
potential [182].

Geological Setting: The geological setting in which tholeiitic basalt is located can also
impact its reactivity for CO, storage. Factors such as the availability of fluids, hydrothermal
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activity, and the presence of other minerals or rock types can influence the effectiveness of
mineral carbonation processes [182].

Considering these factors, CO, storage in tholeiitic basalts can be optimized by control-
ling temperature, pressure, fluid composition, pH, and redox conditions. Proper selection
of basaltic rocks with favorable mineralogy and considering the geological setting can
enhance the reactivity and carbon storage potential of tholeiitic basalt formations.

3.2.3. Transitional Basalts

CO; storage in transition basalts is influenced by the reactivity of its minerals and
various factors that affect mineral reactivity. Transition basalts typically contain minerals
such as plagioclase feldspar, pyroxene (including augite and pigeonite), olivine, and mag-
netite. These minerals play a crucial role in the carbon sequestration process. The reactivity
of minerals in transition basalts determines their ability to undergo mineral carbonation
reactions with CO,. Olivine and pyroxene minerals are generally more reactive compared
to plagioclase feldspar. Magnetite can also contribute to carbonation reactions but to a
lesser extent.

The mineralization reactions involved in CO; storage in transition basalts include the
dissolution of certain minerals and the subsequent precipitation of carbonate minerals. The
key mineralization reactions that occur during the carbonation process are tabulated in
Table 4. The following factors influence the reactivity of minerals in transition basalts and,
consequently, the efficiency of CO, storage:

Temperature and Pressure: Higher temperatures generally increase the rate of min-
eral carbonation reactions. Elevated temperatures enhance the kinetic rates of reactions,
promoting the conversion of CO, into carbonate minerals. The optimal temperature range
for efficient carbonation of minerals in transition basalts typically falls between 100 and
200 degrees Celsius [183]. Pressure conditions can impact the stability and reactivity of
minerals. High-pressure environments may favor mineral carbonation reactions by pro-
moting closer contact between minerals and CO;. In the case of transition basalts, pressure
conditions ranging from atmospheric pressure to a few hundred megapascals (MPa) are
commonly encountered [184].

Dissolution Rate: Transition basalt contains 30%-50% plagioclase and plagioclase
has the highest dissolution rates as depicted in Table 2 compared to Olivine and Pyroxene.
Thus, these basalts have carbonation potential ranging between alkali and tholeiitic basalts.

Fluid Composition: The composition of fluids in contact with transition basalts affects
their mineral reactivity. Fluids can introduce dissolved CO, and other ions that partici-
pate in carbonation reactions. The presence of certain ions, such as calcium, magnesium,
and iron, can enhance mineral dissolution and precipitation, leading to effective CO,
storage [185].

Fluid pH and Redox Conditions: The pH and redox conditions of the fluid signifi-
cantly impact mineral reactivity. Different minerals have specific pH ranges at which they
are more prone to dissolution or precipitation. Transition basalts generally exhibit slightly
acidic to neutral pH conditions (pH 5 to 7), which are favorable for mineral carbonation.
Redox conditions can affect the stability of minerals and their ability to react with CO, [186].

Grain Size and Surface Area: It has a dominant percentage of plagioclase. According
to Table 2, plagioclase demonstrates high reactivity due to its smaller grain size and larger
surface area, making it particularly favorable for carbonation process.

Rock Composition: The specific mineralogical composition of transition basalts af-
fects their reactivity. Basalts rich in olivine and pyroxene minerals tend to exhibit higher
reactivity due to the presence of highly reactive phases. The relative abundance and distri-
bution of these minerals within the transition basalt can influence the overall carbonation
potential [187].

Geological Setting: The geological setting in which transition basalts are located
can also impact their reactivity for CO, storage. Factors such as the availability of fluids,



Minerals 2023, 13, 1154

18 of 34

hydrothermal activity, and the presence of other minerals or rock types can influence the
effectiveness of mineral carbonation processes [188].

3.2.4. High-Magnesium Basalts (HMB)

The mineralization reactions that occur in high-magnesium basalts (HMB) during CO,
storage are primarily driven by the reactivity of minerals present in the rock. The major
minerals in HMB include olivine, pyroxene (augite and pigeonite), plagioclase feldspar,
and magnetite. These minerals undergo chemical transformations as they react with CO,,
leading to the formation of carbonate minerals. The mineralization reactions specific to
HMB are tabulated in Table 4. CO, storage in high-magnesium basalts (HMB) is influenced
by several factors that affect the reactivity of minerals and, subsequently, the efficiency of
carbon sequestration. These factors specific to HMB include:

Temperature and Pressure: The temperature range for optimal carbonation in HMB
typically falls between 150 to 350 degrees Celsius. Higher temperatures generally enhance
the rates of mineral carbonation reactions, facilitating the conversion of CO; into carbonate
minerals [189]. Pressure conditions encountered in HMB usually range from atmospheric
pressure to a few hundred megapascals (MPa). Pressure can influence mineral stability and
enhance the contact between minerals and CO,, promoting carbonation reactions [190].

Dissolution Rate: HMB contains dominant percentage of olivine that has lower
dissolution rates as depicted in Table 2 compared to Plagioclase and Pyroxene. Thus, HMB
will have lower carbonation potential as compared to above-mentioned basalts.

Fluid Composition: The composition of fluids interacting with HMB affects mineral
reactivity. Fluids can introduce dissolved CO; and other ions that participate in carbonation
reactions. Ions such as calcium, magnesium, and iron can enhance mineral dissolution and
precipitation, increasing CO, storage capacity [191].

Fluid pH and Redox Conditions: HMB typically exhibits slightly acidic to neutral
pH conditions (pH 5 to 7), which are favorable for mineral carbonation. Redox conditions
can influence mineral stability and their ability to react with CO, [192].

Grain Size and Surface Area: It has dominant percentage of olivine. According
to Table 2, olivine demonstrates moderate reactivity due to its moderate grain size and
moderate surface area, making it moderately favorable for carbonation process.

Rock Composition: The mineralogical composition of HMB, with high concentrations
of olivine and pyroxene, contributes to its reactivity. Basalts rich in these minerals tend to
exhibit higher carbonation potential due to their highly reactive nature [193].

Geological Setting: The geological setting in which HMB is located can impact its
reactivity for CO; storage. Factors such as the availability of fluids, hydrothermal activity,
and the presence of other minerals or rock types can influence the effectiveness of mineral
carbonation processes [193].

3.2.5. Calc-Alkaline Basalts

The mineralization reactions that occur in calc-alkaline basalts during CO, storage
involve the reactivity of specific minerals present in the rock. The major minerals in
Calc-alkaline basalts, including plagioclase feldspar, pyroxene (augite and pigeonite),
amphibole, and occasionally olivine, undergo chemical transformations as they react with
COy, resulting in the formation of carbonate minerals. The mineralization reactions specific
to calc-alkaline basalts are tabulated in Table 4. These mineralization reactions contribute
to the storage of CO; in calc-alkaline basalts by converting CO; into stable carbonate
minerals. The extent of mineral carbonation depends on factors such as temperature,
pressure, fluid composition, pH, redox conditions, time, and the specific mineralogy of the
rock. By optimizing these conditions, the efficiency of CO; storage in calc-alkaline basalts
can be improved, offering a promising avenue for carbon sequestration and climate change
mitigation.

The minerals commonly found in calc-alkaline basalts include plagioclase feldspar,
pyroxene (augite and pigeonite), amphibole, and sometimes olivine. These minerals exhibit
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different degrees of reactivity and contribute to the carbonation reactions. The specific
factors that affect their reactivity and, consequently, CO, storage efficiency in calc-alkaline
basalts are as follows:

Temperature and Pressure: The temperature range for optimal carbonation in calc-
alkaline basalts typically falls between 150 to 350 degrees Celsius. Higher temperatures
generally enhance the rates of mineral carbonation reactions, promoting the conversion of
CO;, into carbonate minerals [194]. Pressure conditions encountered in calc-alkaline basalts
usually range from atmospheric pressure to a few hundred megapascals (MPa). Pressure
affects mineral stability and influences the availability of fluids and reactants, influencing
the carbonation reactions [195].

Dissolution Rate: Calc-alkaline basalt contains 10%—40% plagioclase, which is rela-
tively low. Though plagioclase higher dissolution rates as depicted in Table 2 compared to
olivine and pyroxene, but in context of dissolution rates, its carbonation potential will be
the lowest among alkali, tholeiitic, and transition basalts.

Fluid Composition: The composition of fluids interacting with calc-alkaline basalts
affects mineral reactivity. Fluids can introduce dissolved CO, and other ions that participate
in carbonation reactions. The presence of calcium, magnesium, and iron ions can enhance
mineral dissolution and precipitation, increasing CO, storage capacity [196].

Fluid pH and Redox Conditions: Calc-alkaline basalts typically exhibit slightly acidic
to neutral pH conditions (pH 5 to 7), which favor mineral carbonation. Redox conditions
can also influence mineral stability and their ability to react with CO, [197].

Grain Size and Surface Area: It has dominant percentage of plagioclase. According
to Table 2, plagioclase demonstrates high reactivity due to its smaller grain size and larger
surface area, making it particularly favorable for carbonation process.

Rock Composition: The mineralogical composition of calc-alkaline basalts, with
plagioclase feldspar, pyroxene, amphibole, and occasionally olivine, contributes to their
reactivity. The proportions and reactivity of these minerals affect the overall carbonation
potential of the rock [198].

Geological Setting: The geological setting in which calc-alkaline basalts are found can
influence their reactivity for CO, storage. Factors such as the presence of other minerals
or rock types, hydrothermal activity, and fluid availability can affect the effectiveness of
mineral carbonation processes [199].

3.2.6. Ocean Island Basalts (OIB)

Ocean island basalts (OIBs) have specific mineral compositions that play a vital role in
the carbonation process during CO, storage. The reactivity of minerals such as plagioclase
feldspar, pyroxene, olivine, and occasionally amphibole in OIBs allows them to undergo
chemical transformations when exposed to CO,, resulting in the formation of stable car-
bonate minerals. These mineralization reactions are crucial for sequestering CO; in basalt,
offering a potential solution for climate change mitigation.

Temperature and Pressure: Several factors influence the efficiency of carbon seques-
tration in OIBs. Temperature is a significant factor, as the optimal range for carbonation
in OIBs typically falls between 150 to 350 degrees Celsius. Higher temperatures promote
faster rates of mineral carbonation reactions, facilitating the conversion of CO; into car-
bonate minerals [200]. Pressure conditions encountered in OIBs range from atmospheric
pressure to a few hundred megapascals (MPa). Pressure affects the stability of minerals
and influences the availability of fluids and reactants, thereby impacting the carbonation
reactions [201].

Dissolution Rate: OIB contains olivine (40%-50%) as a dominant mineral that has
lower dissolution rates as depicted in Table 2 compared to plagioclase and pyroxene. Thus,
OIB will have lower carbonation potential as compared to alkali, tholeiitic, and transition
basalt.

Fluid Composition: The composition of fluids interacting with OIBs also influences
mineral reactivity. Fluids introduce dissolved CO; and other ions that participate in
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carbonation reactions. Calcium, magnesium, and iron ions, in particular, can enhance
mineral dissolution and precipitation, increasing the capacity for CO, storage [202].

pH and Redox Reactions: Fluid pH and redox conditions play a role in OIBs, with
slightly acidic to neutral pH conditions (pH 5 to 7) favoring mineral carbonation. Redox
conditions can also influence mineral stability and their ability to react with CO, [203].

Grain Size and Surface Area: It has a dominant percentage of olivine. According
to Table 2, olivine demonstrates moderate reactivity due to its moderate grain size and
moderate surface area, making it moderately favorable for carbonation process.

Rock Composition: The specific mineralogy and proportions of minerals in OIBs
impact their reactivity and CO; storage potential. Certain minerals, such as olivine, ex-
hibit higher reactivity to carbonation, significantly influencing the overall CO, storage
capacity [204].

Geological Setting: The geological setting of ocean island basalts (OIBs) significantly
impacts the efficiency of CO, storage. Factors such as rock permeability, porosity, fractures,
fault networks, water—rock interactions, geological heterogeneity, and depth/pressure
conditions influence the availability of reactants, fluid flow, mineral reactivity, and the
overall carbon sequestration potential. Understanding and characterizing these geological
aspects are crucial for optimizing CO, storage strategies in OIBs and ensuring long-term
stability [204].

3.2.7. Island Arc Basalts (IAB)

CO; storage in island arc basalts (IAB) involves the reactivity of its minerals and is
influenced by various factors that affect the efficiency of carbon sequestration. Island arc
basalts are formed in subduction zones where oceanic plates are being subducted beneath
continental plates, leading to the formation of volcanic arcs. The mineralogy and specific
characteristics of island arc basalts influence their potential for CO, storage.

The mineralization reactions involved in CO, storage in island arc basalts (IAB) pri-
marily depend on the reactivity of the minerals present in the rock. The specific reactions
can vary based on the mineralogy and composition of the basalts. However, Table 4 con-
tains general mineralization reactions that may occur during CO,; storage in island arc
basalts:

Temperature and Pressure: The temperature range for optimal carbonation in island
arc basalts varies, typically ranging from 200 to 500 degrees Celsius. Higher temperatures
enhance the rate of mineral carbonation reactions [205]. Island arc basalts experience
moderate- to high-pressure conditions due to the subduction process. The pressure range
encountered can vary from several hundred megapascals (MPa) to gigapascals (GPa).
Pressure affects mineral stability and the availability of reactants, impacting carbonation
reactions [206].

Dissolution Rate: OIB has high percentage of plagioclase (30%—60%) that has the
highest dissolution rates as depicted in Table 2 compared to Olivine and Pyroxene. Thus,
OIB will have lower carbonation potential as compared to above-mentioned basalts but
lower than tholeiitic basalt in context of dissolution rates.

Fluid Composition: The composition of fluids interacting with island arc basalts influ-
ences mineral reactivity and carbonation processes. The presence of water-rich fluids with
dissolved CO, and other ions enhances mineral dissolution and precipitation, facilitating
carbon storage [207].

Fluid pH and Redox Conditions: Island arc basalts typically experience slightly
acidic to neutral pH conditions (pH 5 to 7), which can promote mineral carbonation. Redox
conditions, including the presence of oxidizing or reducing agents, influence mineral
stability and reactivity [208].

Grain Size and Surface Area: It has dominant percentage of plagioclase. According
to Table 2, plagioclase demonstrates high reactivity due to its smaller grain size and larger
surface area, making it particularly favorable for carbonation process.
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Rock Composition: The specific mineralogy and proportions of minerals in island arc
basalts affect their reactivity and carbonation potential. The presence of reactive minerals,
such as olivine or pyroxene, can significantly contribute to CO, storage [209].

Considering the mineralogy of island arc basalts and optimizing temperature, pressure,
fluid composition, pH, redox conditions, time, and rock composition, the efficiency of CO,
storage can be enhanced. Carbonation reactions convert CO, into stable carbonate minerals,
effectively sequestering CO, from the atmosphere. Island arc basalts provide a potential
reservoir for CO, storage, contributing to climate change mitigation efforts.

A summary of the above discussion related to the parameters affecting reactivity of
basalt for its carbonation potential is given in Table 5.

Table 5. Summary of parameters affecting reactivity of basaltic minerals for favorable carbonation
reactions in various basalt types.

o . Fluid Grain Size Primary Geological
Basalt Type T Range (°C) P Range Mineralogy Composition (Avg) Reaction Setting
Bigger grain Mineral
1 atm to f
Alkaline atm to few Plagioclase, CO;-rich size and carbonation Continental
130-150 hundred . . .
Basalts MPa Pyroxene fluid smaller (Ca-bearing rift zones
surface area silicates)
. Bigger grain Mineral
Tholeiitic latm to few Plagioclase, COy-rich size and carbonation Mid-oceanic
100-200 hundred Pyroxene, . . .
Basalt - fluid smaller (Ca-bearing ridges
MPa Olivine 1
surface area silicates)
.. 1 atm to few Plagioclase, . Blgger gram Mmera.l Transitional
Transition CO,-rich size and carbonation .
100-200 hundred Pyroxene, . . tectonic
Basalt . fluid smaller (Ca-bearing .
MPa Olivine o settings
surface area silicates)
High- 1 atm to few .. . Sma}ller gram Mlnera.l Hotspot
. Olivine, CO;-rich size and carbonation .
Magnesium 150-300 hundred . . volcanic
Pyroxene fluid smaller (Mg-bearing -
Basalt MPa 2. regions
surface area silicates)
Bigger grain Mineral
Cal.c latm to few Plagioclase, CO;-rich size and carbonation Subduction
alkaline 150-300 hundred . .
Pyroxene fluid smaller (Ca-bearing zones
Basalt MPa o
surface area silicates)
1 atm to few Plagioclase, . Sma'ﬂler gramn Mlnera.l
Ocean COy-rich size and carbonation Hotspot
150-350 hundred Pyroxene, . . .
Island Basalt - fluid smaller (Ca-bearing volcanism
MPa Olivine o
surface area silicates)
Plagioclase Bigger grain Mineral
Island Arc Hundreds of & ’ COy-rich size and carbonation Volcanic arc
200-500 Pyroxene, . . .
Basalt MPa ) fluid smaller (Ca-bearing settings
Amphibole o
surface area silicates)

4. Formulation of a M.H. reactivity scale for Mineralization Process in Seven
Basalt Types

Table 6 presents a critical analysis of mineral reactivity in form an M.H. reactivity
scale for carbonation reactions and CO; storage potential across different basalt types.
The M.H. reactivity scale consists of two aspects. The first aspect is the direct indicator of
reactivity, which are the grain size and dissolution rate. The remaining factors represent
the favorable conditions under which mineralization reactions will occur in these types of
basalts. In alkaline basalts, the moderate to high reactivity scale (4) indicates a moderate
to high potential for carbonation. The dominant mineral, plagioclase feldspar (30%-45%),
can participate in mineralization reactions, suggesting its role in CO; storage. Tholeiitic
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basalt, with a high reactivity scale (4), exhibits a relatively high potential for carbonation.
The presence of plagioclase as the reactive mineral with higher percentage highlights its
contribution to efficient mineralization processes, thus enhancing CO, storage capabilities.
Transition basalt, with a moderate to high reactivity scale (4.5), shows promising potential
for carbonation. The dominant minerals, plagioclase (30%-50%) and reactive minerals
such as clinopyroxene and spinel, contribute significantly to the mineralization reactions,
indicating favorable CO, storage prospects. High-magnesium basalt, scoring a moderate
reactivity scale (3), demonstrates moderate potential for carbonation reactions. The second
reactive mineral, olivine (30%—-60%), exhibits lower reactivity with CO, as compared to
plagioclase, further enhancing the mineralization process and CO, storage capacity. Calc-
alkaline basalt, with a low—moderate reactivity scale (2.5), shows a moderate potential for
carbonation. Plagioclase feldspar (10%—40%) as the dominant mineral, along with reactive
minerals like feldspathoids and olivine, contributes to the overall reactivity, suggesting
a role in CO, storage. Similarly, for OIC which gets a rating of 2.5 due to absence of
plagioclase as a dominant mineral but it still has olivine, which has higher surface area.
Lastly, IAB containing high percentage of plagioclase gets a 4.5 rating. These critical
analyses provide valuable insights into the reactivity of minerals in each basalt type, offering
guidance for effective CO, sequestration strategies and carbon storage potential. However,
it is crucial to mention here that M.H. reactivity scale gives the qualitative information about
the carbonation potential of the different types of basalts based upon reactive and dominant
minerals present in respective basalt types. The less reactive and minerals in low percentage
will also contribute to overall carbonation potential of these basalts. Therefore, it is worth
mentioning here that this scale is not an absolute scale but mere a qualitative relative scale
where carbonation potential of different basalt types can be compared and visualized based
upon specific factors.

Table 6. M.H. reactivity scale rating reactivity of basaltic dominant and reactive minerals for carbona-
tion reactions.

Basalt Type Dcoolﬁgzgitt?:in(i:)ﬂ Reactive Mineral Disi;):::!tion Szrlia:e Reactivity Scale
Alkaline Basalts Plagi((;%l;os_eéllgf/}slspar Plagioclase High Low (Mo derati to High)
Tholeiitic Basalt Plagi((:(j)l;:_e%;}jlspar Plagioclase High Low (Hi5gh)
Transition Basalt gggfgéiz; Plagioclase High Low (Mo derat:Sto High)

High-Magnesium Basalt Q,hvmf Olivine Low High 3
(30%—60%) (Moderate)
Calc-alkaline Basalt Plagi((icg(;osilﬁislspar Plagioclase Olivine High Low (Low to ?\/[’50 derate)
Ocean Island Basalt (OIB) ( 48,2‘_7;1;/0) Olivine Low High (Low to ?\./!Iso derate)
Island Arc Basalt Plagi((;%l;()s_e&l;f/(l;lspar Plagioclase High Low (Mo deraifto High)

Influence of Basalt Geochemistry on CO, Capillary Trapping and Retention

Basalt geochemistry plays a vital role in the process of capillary trapping, a funda-
mental mechanism for the geological storage of CO, within basalt formations. Capillary
trapping involves the physical confinement of CO, in the capillary spaces between mineral
grains or fluid interfaces due to capillary forces. Basalt’s geochemical characteristics have a
direct impact on this process. [210]. The distribution of pore sizes within basalt formations
is influenced by their mineral composition, and this affects the effectiveness of capillary
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trapping. Basalts typically possess a variety of pore sizes, including small capillary pores,
which are crucial for capillary forces to come into play and retain CO,. Additionally, the
wettability of mineral surfaces within basalt determines the interaction between CO, and
the rock. If CO; is less wetting than the resident fluids, it can be preferentially trapped in
capillary spaces due to capillary pressure differences. [211,212].

The interfacial tension between CO, and fluids present in the formation also affects
capillary trapping. Basalt’s geochemical composition can influence this interfacial tension,
further impacting the capillary forces responsible for retaining CO,. Moreover, the surface
properties of basalt, such as mineral coatings and roughness, influence the interaction
between CO, and solid surfaces, which, in turn, affects the distribution and entrapment of
CO, within the pore spaces. [213]. Basalt’s geochemical properties not only facilitate initial
capillary trapping but also contribute to the long-term stability of stored CO,. Mineral
reactions triggered by the presence of CO, can lead to changes in pore structure, min-
eral precipitation, and even mineralization over time. These reactions can enhance the
permanence of capillary trapping by altering the rock matrix and further immobilizing
CO,. [20,214].

In summary, the geochemical characteristics of basalt, encompassing pore structure,
wettability, interfacial tension, and surface properties, collectively dictate the extent and
efficiency of capillary trapping of CO;. The intricate interplay of these factors creates
an environment conducive to physically confining CO, within the rock matrix for long
periods, which is crucial for ensuring the stability and permanence of geological carbon
storage efforts. Understanding and leveraging basalt’s geochemistry in the context of
capillary trapping contribute to the development of effective carbon capture and storage
strategies. [215,216].

5. Challenges in Understanding Basalt Geochemistry for CO; Storage

The study of basalt geochemistry for CO, storage presents several challenges and
uncertainties that need to be addressed in order to fully understand and optimize the
potential of basalt formations as CO; storage sites. These challenges arise from the complex
nature of basalt geochemistry and the dynamic processes involved in CO, storage [217].
Basalt formations display significant variations in terms of their mineral composition,
porosity, permeability, and interactions with water and rocks [218]. These differences,
known as heterogeneity, play a crucial role in accurately predicting how CO, behaves
within the reservoir. The geochemical makeup of basalt can impact the rates at which
minerals dissolve, carbonate minerals precipitate, and CO; is efficiently trapped [219]. One
important aspect that remains poorly quantified is the reactive surface area of basalt rocks.
This surface area influences the speed at which minerals dissolve and carbonation reactions
occur [220,221]. To measure the reactive surface area, advanced techniques like electron
microscopy are required to capture the micro-scale features of the rocks. The lack of precise
measurements introduces uncertainties when estimating the storage capacities of CO, and
predicting reaction kinetics [14,222].

The kinetics of mineral dissolution and carbonation reactions in basalt formations are
not yet fully understood. The rates at which minerals react with CO, and water depend on
various factors, including temperature, pressure, mineralogy, and water chemistry [223].
A better understanding of these reaction kinetics is essential for optimizing injection
strategies and accurately predicting the long-term stability of CO, storage. Although
numerous studies have examined basalt geochemistry and CO, storage at laboratory or
small-scale field sites, scaling up these findings to larger, real-world basalt formations
presents challenges [224]. Complex interactions between CO,, water, and rock occur at
different spatial and temporal scales. Bridging the gap between laboratory experiments
and field-scale applications requires extensive research and validation [225].

Assessing the long-term stability of CO; storage and the potential for leakage path-
ways in basalt formations is a critical challenge [226]. Monitoring techniques must be
developed to accurately detect and quantify the migration and fate of CO, within the
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reservoir over extended periods. Understanding the potential risks associated with CO,
leakage, such as through fractures or faults in the basalt, is crucial for ensuring the effective-
ness and safety of CO, storage. Basalt formations can contain complex geological features
like faults, fractures, and volcanic intrusions, which can impact fluid flow pathways, rock
permeability, and the stability of CO; storage [52]. Precisely characterizing these geological
uncertainties and their influence on basalt geochemistry is essential for reliable CO, storage
assessments [227].

Addressing these challenges and uncertainties requires collaborative research efforts
involving experts from geology, geochemistry, hydrology, and engineering. Advancements
in laboratory experimentation, modeling techniques, and field-scale demonstrations are
necessary to improve our understanding of basalt geochemistry for CO, storage [228]. By
overcoming these obstacles, we can fully utilize the potential of basalt formations as a
viable and effective option for CO, storage, thus contributing to global efforts in mitigating
climate change. The process of mineralizing basalt for CO, storage involves complex
geochemical reactions that introduce uncertainties and challenges. These uncertainties
arise due to the intricate nature of the reactions and our limited understanding of certain
factors that influence mineralization [229]. The reactivity of minerals in basalt formations
towards CO is not well-characterized for all mineral phases. While some minerals, such as
olivine and plagioclase, are known to readily react with CO; and form stable carbonate
minerals, the reactivity of other minerals present in basalt, such as pyroxene and magnetite,
is less understood [230,231]. Quantifying the reactivity of different minerals and their
contribution to CO, mineralization is crucial for accurately predicting storage capacity. The
kinetics of carbonation reactions in basalt formations are still not fully understood. The
rates at which minerals react with CO, and convert into carbonates depend on factors such
as temperature, pressure, water chemistry, and mineralogy [15,232,233].

Future Directions for Research in Basalt Geochemistry for CO, Storage

Investigating the reactivity of underexplored minerals in basalt: This research topic aims
to explore the reactivity of minerals that are less understood in terms of their carbonation
potential, such as pyroxene and magnetite. By conducting laboratory experiments and
characterizing the reaction kinetics, researchers can determine the extent to which these
minerals contribute to CO, mineralization in basalt formations.

Quantifying the role of impurities in mineral reactivity: This topic focuses on understand-
ing the impact of impurities, such as clay minerals, sulfides, and organic matter, on the
carbonation reactions in basalt. Researchers can study the interaction between these impu-
rities and CO; to assess their catalytic or inhibitory effects on mineralization. This research
will help refine the understanding of the overall reactivity of basalt minerals in the presence
of impurities.

Evaluating the influence of surface area of minerals on mineral reactivity: Surface area of
minerals play a vital role in mineral reactions. This research topic aims to investigate the
effect of varying surface areas under varying fracture conditions and its effect on reactivity
of basalt minerals towards CO,.

Characterizing the carbonation pathways in basalt: This topic involves studying the specific
mechanisms and pathways through which CO; is incorporated into minerals during basalt
mineralization. By employing advanced analytical techniques, researchers can track the
transformation of minerals and identify the dominant carbonation pathways. This research
will provide insights into the kinetics and reaction mechanisms involved in mineralization.

Assessing the long-term stability of mineralized carbonates: Understanding the long-term
stability of CO, mineralization in basalt formations is crucial for assessing the permanence
of storage. This research topic focuses on investigating the potential for mineral dissolution,
reprecipitation, and alteration under various geological conditions over extended periods.
By simulating long-term storage scenarios and conducting field observations, researchers
can evaluate the durability and stability of the mineralized carbonates.



Minerals 2023, 13, 1154

25 of 34

Scaling up laboratory findings to field-scale applications: This topic addresses the challenge
of extrapolating laboratory results to field-scale CO, storage in basalt formations. It
involves developing advanced modeling approaches to capture the scale-dependent effects,
including fluid flow, heat transfer, and reactive transport processes. The research aims to
improve the reliability of predictions and optimize the design and operation of large-scale
basalt mineralization projects.

Assessing the influence of temperature and pressure on mineral reactivity: This research topic
focuses on understanding how temperature and pressure conditions affect the reactivity
of minerals in basalt formations. By conducting experiments at different temperature and
pressure ranges representative of subsurface conditions, researchers can investigate the
effect of these variables on the rate and extent of mineral carbonation. This knowledge will
help refine predictions of CO, storage efficiency in basalt reservoirs.

Investigating the influence of mineralogy on CO; trapping capacity: This topic aims to
explore how variations in basalt mineralogy, including mineral composition and crystalline
structure, influence the capacity of the formation to trap and retain CO,. By comparing the
reactivity and trapping efficiency of different mineral assemblages, researchers can identify
mineralogical factors that enhance or hinder CO,; storage. This research will contribute to
optimizing site selection and reservoir characterization for basalt-based CO; storage.

These research topics address the gap in understanding the reactivity of basalt minerals
for CO, mineralization and provide avenues for further investigation to improve the efficacy
and predictability of basalt-based CO; storage technologies.

6. Conclusions

In conclusion, the study of basalt geochemistry and its influence on CO, trapping
and retention is of paramount importance in understanding the mineralization potential of
basalt formations. Through extensive research, the reactivity of different basalt minerals
has been investigated, and a reactivity scale has been formulated to assess their carbonation
potential. This understanding is crucial in determining the feasibility and efficiency of CO,
storage in basalt reservoirs. By examining various factors such as mineral composition,
grain size, surface area, and water chemistry, researchers have been able to elucidate the
mechanisms and kinetics of mineralization reactions in basalt. The reactivity scale provides
valuable insights into the relative carbonation rates of different minerals, allowing for
the identification of highly reactive minerals that can maximize CO, uptake and storage.
Moreover, the study of basalt geochemistry has revealed the complexities and uncertainties
associated with geochemical processes and reactions involved in mineralization. Factors
such as temperature, pressure, water—rock interactions, and impurities can significantly
influence the efficiency and long-term stability of mineralized carbonates. Understanding
these uncertainties is crucial for accurately predicting and optimizing CO, storage in basalt
formations.

The research conducted on basalt reactivity and mineralization potential has paved the
way for the development of effective strategies for carbon capture and storage. It provides
a scientific basis for site selection, reservoir characterization, and the design of large-scale
basalt mineralization projects. This knowledge is essential for mitigating climate change by
safely and securely storing CO; in a stable mineral form.

In summary, the comprehensive study of basalt geochemistry and its impact on CO,
trapping and retention has highlighted the importance of understanding mineral reactivity
for assessing the mineralization potential of basalt formations. Through the formulation
of a reactivity scale and investigation of geochemical processes, researchers have made
significant strides in unraveling the complexities and uncertainties associated with basalt
mineralization. This research lays the foundation for the development of efficient and
sustainable carbon capture and storage technologies, contributing to global efforts to
combat climate change
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