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As a means of geological carbon sequestration, in-situ mineral carbonation has enormous potential, owing to
the sheer magnitude of potentially accessible mafic and ultramafic reservoirs. Because carbonation is a solid-
volume-increasing reaction, however, the effective exploitation of such subsurface reservoirs depends critically
on the efficacy of reaction-driven cracking, which in turn rests on still elusive estimates of crystallization pressure
in geological materials. Here we show that, by relating porosity generation with carbonation reaction through

elastic strain energy, the maximum degree of in-situ carbonation in the limit of zero crystallization pressure can
be expressed as a simple function of the confining pressure, the tensile strength of rocks, the initial porosity, and
the relative solid-volume change. This theoretical estimate will help us better interpret laboratory experiments
and integrate them with field-scale studies to assess the storage potential of various geological reservoirs under

different conditions.

1. Introduction

Among the six major approaches to CO, removal and sequestration
discussed in the 2019 National Academies report on negative emis-
sions technologies (National Academies of Sciences, Engineering, and
Medicine, 2019), carbon mineralization, in particular, in situ carbon
mineralization, stands out for its vast potential whereas its ‘safe’ poten-
tial rate of CO, removal is, given current technology and understand-
ing, labeled as “unknown”. Carbon mineralization refers to accelerated
chemical weathering, in which CO, from the atmosphere is sequestered
into carbonate minerals as a result of aqueous (carbonic acid) reactions
with certain silicate rocks such as basalt and peridotite. Resulting car-
bonate minerals are thermodynamically stable at the Earth’s surface and
near-surface conditions, allowing practically permanent carbon seques-
tration. This is in contrast to other means of geologic sequestration such
as injecting captured CO, into a saline aquifer, the long-term stability of
which cannot be guaranteed (Wilson et al., 2003; Rochelle et al., 2024;
Zoback and Gorelick, 2012; Bielicki et al., 2014). A representative car-
bonate forming reaction is Mg,SiO, (forsterite) + 2 CO, = 2 MgCO;
(magnesite) + SiO, (quartz), so one mole of Mg can take up one mole of
CO,. Based on the amount of carbonate minerals naturally sequestered
in geothermal areas in Iceland (Wiese et al., 2008), it has been suggested
that basaltic lavas in the global mid-ocean ridge system might have the
mineral CO, storage capacity of 1 —2.5x 10° Gt CO, (Snaebjornsdottir
etal., 2014). Compared to basalt, peridotite is more enriched in divalent
cations that can react with CO,, and the amount of accessible (in the up-
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per 7 km of the solid Earth) peridotite on continents (~10'7 to 108 kg)
and beneath the seafloor (~1029 kg) translates to the maximum seques-
tration of 4x 10* to 4x 107 Gt CO, (Kelemen et al., 2011). As the current
global CO, emissions are ~50 Gt yr~!, carbon mineralization appears to
be extremely promising. For comparison, the safe potential rate of CO,
removal at a price of less than $100/t CO, is estimated to be at, on a
global scale, 0.13 Gt yr~! for coastal blue carbon, 1 Gt yr~! for afforesta-
tion and reforestation, 1.5 Gt yr~! for forest management, 1.5 Gt yr~!
for enhanced soil carbon storage, and 3.5-5.2 Gt yr~! for bioenergy with
carbon capture and sequestration (BECCS) (National Academies of Sci-
ences, Engineering, and Medicine, 2019). Among these, BECCS comes
with the highest potential rate, but it involves carbon sequestration, in
which in situ carbon mineralization may play a role.

Calculations of the storage potential of such basaltic and peridotitic
reservoirs vary substantially with what assumptions are adopted. One
end-member approach is to consider just the porosity of rocks as space to
store carbonated water or supercritical CO, (i.e., mineralization serves
only as a safeguard for potential leakage) (McGrail et al., 2006; Gold-
berg et al., 2008; Marieni et al., 2013). The other end-member is to
assume that all MgO and CaO components of rocks are available for
mineralization (FeO would be available for carbonation only under re-
ducing conditions) (Kelemen and Matter, 2008; Kelemen et al., 2011).
For example, 1 m> of typical basaltic rock (8 wt% MgO, 10 wt% CaO,
and a density of 3000 kg m?) with 10% porosity would store ~6 kg CO,
with carbonated water or ~20 kg CO, with supercritical CO, (assum-
ing 40 °C and 7.5 MPa), but it could store as much as ~450 kg CO, if
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all MgO and CaO are used for carbonation. As developing geological se-
questration sites involves various scientific, engineering, financial, and
legal concerns, an accurate estimate of a realistic storage potential is es-
sential when evaluating and prioritizing different site candidates. In this
regard, it is important to understand the plausibility of exhaustive reac-
tion of divalent cations (i.e., Mg2+ and Ca?") in rocks, as it corresponds
to the highest estimate of storage potential.

A well-recognized hurdle for such an exhaustive reaction is that car-
bonation reactions, being all solid-volume-increasing, may quickly clog
the pore space and thus be self-limiting. At the same time, volume-
increasing reactions may generate enough stresses to crack ambient
rocks and create new pore space, as suggested by field observations
(Jamtveit et al., 2008; Kelemen and Matter, 2008; Kelemen and Hirth,
2012), theoretical considerations (Fletcher et al., 2006; Rudge et al.,
2010; Ulven et al., 2014; Evans et al., 2020), and laboratory experi-
ments (Zhu et al., 2016; Zheng et al., 2018; Lambert et al., 2018; Uno et
al., 2022). In particular, the existence of listwanites—rocks composed
of Mg-rich carbonates, quartz, and chromian spinel, formed by com-
plete carbonation of all MgO and CaO initially in mantle peridotite—
demonstrates that complete carbonation is attainable under some ge-
ological conditions (Kelemen et al., 2011). It is still unclear, however,
whether such exhaustive reaction of divalent cations can be achieved un-
der the conditions achievable by engineering. All known listwanites in
Oman, for example, are likely to have formed as a result of the metamor-
phic dehydration of the CO,-bearing sediments that were overthrusted
by hot peridotite (Kelemen et al., 2011).

One major concern is that crystallization pressure (or force of crystal-
lization), which is instrumental in most of the proposed mechanisms for
reaction-driven cracking, may not be as high as theoretically predicted.
For example, the hydration of periclase has an expected crystallization
pressure of ~1.9 GPa, but experimental results indicate less than 2% of
the theoretical magnitude (Zheng et al., 2018). In light of the existing
uncertainty about the realistic magnitude of crystallization pressure, one
practical way forward is to constrain the minimum extent of reaction-
driven cracking using elastic strain energy only (Fletcher et al., 2006).
This alternative theoretical formulation allows us to derive a simple the-
oretical prediction for the extent of a solid-volume-increasing reaction
and to define the critical depth, above which the exhaustive reaction of
divalent cations is possible even without invoking crystallization pres-
sure. The theoretical framework presented in this study also helps to
reevaluate the previous experimental efforts on quantifying crystalliza-
tion pressure. In what follows, we will first review the major unresolved
issues of crystallization pressure in the context of its geological applica-
tion. We will then present our theoretical framework that is solely based
on elastic strain energy, with some sample applications. We will close
by discussing the implications of our theory for published experimental
results as well as geological carbon sequestration.

2. Volume-increasing reaction and crystallization pressure

Crystallization pressure refers to the pressure exerted by a confined
crystal that continues to grow against a constraint, and there have been
numerous experimental and theoretical studies since its first discovery
in the mid-19th century (e.g., Scherer, 1999; Steiger, 2005). For a crystal
to grow toward its constraint, there must exist a supersaturated solution
film between the crystal’s loaded face and the constraint; a substance
needed for crystal growth cannot be delivered otherwise. As the solubil-
ity of crystals generally increases with pressure, a crystal can potentially
grow until the pressure in such a solution film becomes so high that the
solution becomes no longer supersaturated. For such a solution film to
exist, however, there must be repulsion (called disjoining pressure) be-
tween the growing crystal and the constraint, so crystal growth would
stop when crystallization pressure exceeds disjoining pressure. The clas-
sical situation under which crystallization pressure has been studied is
direct precipitation from a typically stoichiometrically supersaturated
solution, but its thermodynamic framework has been extended for more
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complex chemical reactions appropriate for the hydration and carbona-
tion of geological materials (Kelemen et al., 2011; Kelemen and Hirth,
2012; Wolterbeek et al., 2018). According to these studies, the serpen-
tinization and carbonation of olivine can exert crystallization pressure
on the order of a few hundred MPa to >1 GPa (Kelemen and Hirth,
2012), and the hydration of CaO can exert crystallization pressure of a
few GPa (Wolterbeek et al., 2018). As lithostatic pressure within Earth’s
crust is ~30 MPa and ~300 MPa, respectively, at a depth of 1 and 10 km,
the potential of crystallization pressure to facilitate subsurface reaction-
driven cracking is clear.

Such theoretical predictions of high crystallization pressure are,
however, yet to be verified by experiments. As noted earlier, the hydra-
tion of periclase (MgO) to create brucite (Mg(OH),) is predicted to have
crystallization pressure of ~1.9 GPa at 200 °C, but the experiments con-
ducted under this temperature condition showed that reaction-driven
cracking virtually ceased with the confining pressure (the difference
between solid and fluid pressures) greater than 30 MPa (Zheng et al.,
2018). The authors of this experimental study suggested that disjoin-
ing pressure in the periclase-brucite system might be only ~30 MPa,
which acted as a bottleneck. Disjoining pressure plays a fundamental
role in the wetting of a solid surface with a liquid film, and the physics
of such a thin liquid film, which is usually only a few nanometer thick,
is not well understood, as it can be dictated by microscopic details such
as interaction energy and roughness (Li et al., 2022). Alternatively, it
is suggested that crystallization pressure in these experiments may be
limited by the low frictional yielding of brucite (Kelemen et al., 2018).
Because nearly complete reaction was achieved at lower confining pres-
sures (Zheng et al., 2018), this explanation would work if the cohesive
strength, which is pressure-independent, of brucite in their samples is
~30 MPa. The friction coefficient of brucite gouge has been estimated
to be ~0.45 (Moore and Lockner, 2004, 2007), but its cohesive strength
is assumed to be zero in these measurements. In general, the measure-
ments of cohesive strengths depend on the conditions of sampled used
(Lockner, 1995), and a low friction coefficient does not necessarily in-
dicate a low cohesive strength. Serpentinized peridotites, for example,
have low friction coefficients, but there is no appreciable reduction in
cohesive strength, which is ~100 MPa (Escartin et al., 2001).

Similar discrepancy between a theoretical estimate and experimental
observations is seen for the hydration of CaO to Ca(OH), (Wolterbeek
et al., 2018; Lambert et al., 2018), for which crystallization pressure is
predicted to be as high as >3 GPa. The solid volume increase for this re-
action is 96%, and the sample volume expansion was observed up to the
confining pressure of ~150 MPa in the experiments of Wolterbeek et al.
(2018). At a higher pressure (225 MPa), negative changes in the sam-
ple volume were observed instead. In the experiments of Lambert et al.
(2018), the maximum confining pressure tested is ~27 MPa, at which a
positive change in the sample volume was still observed. In both exper-
iments, a change in the sample volume decreases monotonically with
the confining pressure. In addition to low crystallization pressures com-
pared to what is theoretically predicted, this pressure dependence is
not easy to explain with the thermodynamics of crystallization pres-
sure. For a given chemical reaction, crystallization pressure is primarily
a function of temperature, so its effect would not lessen with increas-
ing pressure until the confining pressure reaches crystallization pressure
or disjoining pressure. Wolterbeek et al. (2018) attributed the observed
pressure dependence to the effect of pressure on sample permeability;
permeability may have been reduced at higher pressure, thereby lower-
ing the efficiency of hydration reaction. However, the time-series data
of sample volume change reported by Lambert et al. (2018) show that
this pressure dependence is observed even from the beginning of their
experiments, at which the sample porosities were likely close to their
initial high values (40-50%).
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3. Reaction-driven cracking with elastic strain energy

With the notion of crystallization pressure, full chemical reaction is
theoretically possible when confining pressure is lower than crystalliza-
tion pressure (or disjoining pressure if the latter is lower). Of course,
such a full reaction may not be achieved owing to various realistic com-
plications such as the reduction of permeability by compaction and
the armoring of reactive surfaces with product phases. Nevertheless,
crystallization pressure offers a simple theoretical upper bound for in
situ mineral carbonation. If crystallization pressure for carbonation is
300 MPa (Kelemen and Hirth, 2012), for example, efficient carbonation
is expected down to the depth of ~10 km. However, given the exist-
ing uncertainties pertinent to the crystallization pressures of geological
materials as discussed in the previous section, it would be beneficial to
explore the effect of confining pressure on volume-increasing chemical
reactions, in the limit of zero crystallization pressure. In fact, such the-
oretical exploration is relatively straightforward with the use of elastic
strain energy, as shown in the following.

Our theoretical formulation is intended to be parsimonious, with
most of realistic complications encapsulated in two efficiency factors
(f1 and f,). For example, we do not consider, at least explicitly, the
effect of permeability, the efficiency of solute transport, the effect of
porosity on tensile strength, and so on. All of these complications sim-
ply lower the likelihood of exhaustive carbonation, thereby increasing
the graveness of the theoretical upper bound indicated by our theory.

3.1. Theoretical formulation

Consider the chemical reaction taking place in a homogeneous
porous medium located at a depth of z:

A+ W - B, (€D)

where A represents unreacted solid components collectively, W repre-
sents a fluid phase (e.g., water with or without some dissolved compo-
nents such as CO,), and B represents reacted solid components collec-
tively. The relative change in the solid volume after the reaction is de-
noted as AV, /V, (= (Vg —V4)/V,). To simplify the notation, the above
phases A and B can contain unreactive components (i.e., it also includes
a reaction like A + C + W — B + C), and the presence of such unre-
active components in the system reduces the effective volume change.
The temporal evolution of porosity, ¢, and the fractions of the phases A
and B, ¢4 and ¢p, respectively, may be described by

o9
_—= —R, 2
or 2
Oy AV
—2 =—_R s 3
- 7 ®)
o AV,
—L_R(1+=—). 4
ot < v, “)
Here R is the reaction rate defined as
R= aSUVL, 5)
datdp

where a is the specific surface area density, which may be calculated
as 2¢/w with w being the width of void opening, and v, is the speed at
which reaction propagates. This formulation of the reaction rate guaran-
tees that the phase A, as long as it exists, is always available for reaction
in its relative proportion. Given the likely armoring of reactive surfaces
by reaction products, this formulation corresponds to the maximum re-
action rate. The initial condition is set as ¢(0) = ¢, $ 4(0) =1 — ¢, and
¢p(0) =0, and the following conservation of volume holds at all time:

o+du+¢p=1 (6)

The relative change in the solid volume can also lead to the linear
elastic strain, ¢, as

Earth and Planetary Science Letters 652 (2025) 119200

AV
= (7)

Vs

o

de 5
3

where f| denotes the fraction of the system volume change contributing
to the linear elastic strain. With a free-moving fluid phase, a change in
the solid volume does not necessarily result in elastic strain, so f; can
be lower than unity. Assuming f; of 1 corresponds to zero eigenstrain
(Mura, 1987). The strain starts at zero at ¢t = 0, and it can continue to
grow until it reaches the maximum strain (ep,,), which is determined
by the tensile strength (o) and Young’s modulus (E) of the rocks under
consideration as
O

Emax = ET )
When the linear strain exceeds it maximum value, the accumulated
elastic energy will be released by fracturing, which can create a new
porosity, and the linear elastic strain is reset to zero. An increase in
porosity, A¢, and the elastic energy must be related as

2

Ee
APPeon= 12 1 :m‘l/x’ )

where f, denotes the fraction of elastic energy density used for increas-
ing porosity and v is the Poisson ratio of the rocks. The left-hand side of
the above equation represents the energy density required to increase
the porosity by A¢ under the confining pressure, P, . The factor f,
can be lower than unity because part of elastic strain energy may be
used to generate new surfaces (Fletcher et al., 2006) or adjust the pore
geometry. Viscoelastic relaxation is, however, deemed unlikely because
the viscosity of the rock matrix should be sufficiently high at shallow
geological reservoirs where temperatures do not exceed a few hundred
°C.
The confining pressure increases with depth as

Peons = Apgz, (10)

where Ap is the density difference between the rocks and water and g
is gravitational acceleration. This assumes that the pore fluid is at the
hydrostatic pressure, which is appropriate for the open aquifer setting
required for continuous fluid injection (Zhou et al., 2008; Thibeau et
al., 2014). In the closed aquifer setting, the pore fluid pressure could
reach lithostatic, nullifying the confining pressure, but in this case, the
degree of maximum reaction is simply determined by the volume of the
pre-existing pore fluid. When the porosity is increased by A¢ at time 7,
¢4 and ¢y are multiplied by the factor (1 — ¢p(+))/(1 — ¢p(7)), where
@) = p(t7)+ Ag, to maintain mass balance (equation (6)). This can be
interpreted to result from the expansion of the relevant system volume
(see equation (18)).

As can be inferred from equations (9) and (10), creating new porosity
is more difficult at greater depths. If the initial porosity has no depth
variation, we may define the critical depth, z_, as the depth below which
the complete reaction of the phase A is impossible. At the critical depth,
the following energy balance holds:

AVs Eex%nax €total
<¢A(0)7_¢(0)) Apgz. =[5 T—v <€—>, an

where the left-hand side represents the energy density required to cre-
ate a new porosity to compensate for the solid volume increase by full
reaction and the right-hand side is available elastic energy density pro-
duced during such a full reaction. Because the total linear elastic strain,
€rotal> 1S given as

N AV,
€total = ?¢A(O) VSY > 12)
equation (11) may be solved for the critical depth as
Vo
ZC=f1f2 or (1_ PO Vi > . 13)
3 Apg(l-v) @ 4(0) AV,
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Equation (13) is valid only when ¢(0) < ¢ 4(0)AV,/V,, that is, when the
creation of new porosity is required for full reaction. With a sufficiently
high initial porosity (¢(0) > ¢ ,(0)AV/V}), full reaction is possible re-
gardless of depth.

Below the critical depth, the maximum degree of reaction may be
given as a function of confining pressure:

£ = _ Pu(o)
T 9,400
-1
_ 90 ¥ <1— frhor ) , a4
¢40) AV 3(1 = V)Pt

which converges to ¢(0)V;/(¢p4(0)AV;) as oy — 0 or P,y s — oo. Note
that equations (13) and (14) are only approximate because the creation
of new porosity during the process under consideration prevents equa-
tions (11) and (12) to be exact.

The critical depth is defined as the depth below which complete reac-
tion is impossible, but new porosity generation by the release of elastic
strain energy is still possible below the critical depth. To better illustrate
the effect of confining pressure, therefore, it is convenient to introduce
the critical depth of the second kind, below which new porosity gen-
eration becomes negligible. Because the number of crack opening is
approximately e, /€, the total porosity generation may be expressed
as

max>

fifoor
3P one(1 = V)

Below the critical depth (&, < 1), by using equation (14), the above
expression reduces to

3Pone(1=V) 1)“
Sfifaor

In this paper, the second critical depth, z,, , is defined as the depth below

which A¢, < Ag,, where Ag, is set to 0.01. Using equation (16), it

may be explicitly written as

A op $(0)
2= T3 Rpg—w) (” Aqbc)’ a7

Note that the total porosity generation is equivalent to the total expan-
sion of the system volume, i.e.,

N

0 AV,
d)A( )émax V.

s

Aor = (15)

Ao = $(0) ( (16)

AV

- =A . 18
( |4 )tot Pt as)
3.2. On the magnitude of effective solid-volume expansion

The magnitude of effective solid-volume expansion by carbonation,
AV, [V, can vary considerably depending on rock composition and fluid
chemistry. To derive rough estimates for discussion, however, we as-
sume that all CaO component is consumed by

CaSiO;5 + CO, — CaCO; + SiO,, (19)
and all MgO component by

Mg, Si0, + 2CO, — 2MgCO; + Si0,. (20)

The first and second carbonation reactions result in ~46% and ~84%
solid-volume expansion, respectively. To calculate the effective solid-
volume expansion, we treat the SiO,, FeO, and Al,0; components as
quartz, wiistite, and corundum, respectively, and use their molar vol-
umes. For a basalt composition (50.5 wt% SiO,, 7.6 wt% MgO, 10.4 wt%
FeO, 14.7 wt% Al, 05, and 9.4 wt% CaO (Gale et al., 2013)), the effec-
tive solid-volume expansion is ~30%, and for a peridotite composition
(40.0 wt% SiO,, 40.9 wt% MgO, 7.3 wt% FeO, and 0.6 wt% CaO (Lip-
pard et al., 1986)), it is ~76%. These values are presented here just to
indicate that the solid-volume expansion is on the order of a few 10s of
%, and that we expect a greater solid-volume expansion for peridotitic
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Fig. 1. (a) The critical depth, above which the exhaustive reaction of divalent
cations is possible, as a function of initial porosity (¢,), with different values
of relative solid-volume change (AV,/V, = 0.2 (black), 0.4 (blue), and 0.96
(orange)) and different conversion efficiencies (f| = f, = 1 (solid) and f, = f, =
0.5 (dashed)). Also shown in gray is the second critical depth, below which new
porosity generation becomes less than 1%. The corresponding critical pressure
is shown to the right. (b) The maximum degree of reaction (&,,,) as a function
of depth, for a few representative cases: ¢, = 0.15 (black), ¢, = 0.1 (blue), and
¢y =0.01 (red). Conversion efficiencies are set to f; = f, =0.5 for the first two
and f; = f, =1 for the last. Two values of solid-volume change are used: 0.4
(solid) and 0.2 (dotted). Thin vertical lines denote respective limits at z — oo. (c)
The increase in the system volume by new porosity generation, corresponding
to the cases shown in (b). Panels (b) and (c) share the same depth and pressure
scales.

rocks. Other carbonation reactions with different degrees of volume ex-
pansion may be thermodynamically favored, in which some of divalent
cations are consumed by hydration instead of carbonation. For example,
the following reaction (Kelemen et al., 2011),

4Mg25104 + CaMg51206 + C02 + 6H20 d 3Mg351205 (0H)4 + CaCO3,
2D

causes a solid-volume expansion of ~40%.
3.3. Representative results

The critical depth, above which the exhaustive reaction of divalent
cations is possible even without crystallization pressure, is controlled
primarily by the initial porosity and the relative solid-volume increase
by carbonation (Fig. 1a). The critical depth is also affected by the tensile
strength and the Poisson ratio of rock matrix and the density difference
between the rock matrix and the pore fluid, but their variations are
limited. Greater uncertainties come from two efficiency factors, f; (the
fraction of solid-volume change resulting in elastic strain) and f, (the
fraction of elastic energy used for porosity generation); we use f; =
f> =1 for maximum critical depths and f; = f, = 0.5 for more realistic
estimates. At low initial porosities (¢ ~ 0), the maximum critical depth
is predicted to be ~230 m for the tensile strength of 10 MPa. A greater
critical depth is possible with a greater tensile strength, but available
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rock mechanical data suggest that it is unlikely (Cai, 2010; Perras and
Diederichs, 2014). The critical depth reduces to only ~100 m with more
plausible efficiency factors (f| = f, =0.5). These shallow depths clearly
reflect the influence of confining pressure on porosity generation in the
absence of crystallization pressure.

The critical depth is just one measure for the effect of confining pres-
sure, and as it is defined as the depth above which a complete reaction
is possible, it may be too strict. This is why we introduced in the above
the second critical depth, below which the new porosity generation be-
comes less than 1%. As seen in Fig. 1a, the second critical depth can be
a few times deeper than the first critical depth. Naturally, a greater ini-
tial porosity lowers the impact of volume increase by reaction, and the
(first) critical depth eventually exceeds the second one and diverges at
sufficiently high initial porosities (Fig. 1a), meaning that exhaustive re-
action is possible without new porosity generation. The possible extent
of carbonation below the critical depth can be assessed by the maxi-
mum degree of reaction, which is also controlled primarily by the initial
porosity and the relative volume increase by carbonation (Fig. 1b). The
maximum degree of reaction converges to a simple limit that can readily
be derived from the initial porosity and the relative solid-volume in-
crease, but for sufficiently large initial porosity, the convergence takes
place over a few hundred meters to >1 km, allowing substantial reac-
tion even below the critical depth. Shown in Fig. 1c is the system volume
changes corresponding to the cases shown in Fig. 1b. The volume change
is inversely proportional to confining pressure, and this pressure depen-
dence is linear above the critical depth, and below the critical depth, the
dependence remains nearly linear with high initial porosities (Fig. 1c).

The prediction of a higher initial porosity yielding more complete
reaction (equation (14)) may appear contradicting the previous studies
suggesting that confined crystal growth capable of fracturing rocks is
difficult to achieve in high-porosity rocks (e.g., Royne and Jamtveit,
2015; Heap et al., 2021; Jackson et al., 2024). But this prediction simply
stems from the fact that complete reaction is possible, even without any
new porosity generation, if an initial porosity is sufficiently high. When
reaction-driven cracking is ineffective unless both porosity and pore size
are low, this effect can readily be emulated by reducing f; and f,.

4. Discussion and outlook
4.1. Comparison with experimental studies

The critical depth is estimated to be at most ~230 m (equivalent to
the confining pressure of ~4.5 MPa) for the tensile strength of 10 MPa,
when the initial porosity is small, but it can diverge to infinity if the
initial porosity is sufficiently large for a given solid-volume increase
(Fig. 1a). This dependence on initial porosity is important when dis-
cussing previous experimental efforts on crystallization pressure. For
example, the CaO-hydration experiments of Lambert et al. (2018) show
nearly complete reaction up to the confining pressure of ~27 MPa, but
this observation alone does not automatically support the existence of
crystallization pressure. Because the initial porosity of their sample used
for the highest confining pressure is as high as ~50%, it is possible to
achieve complete reaction down to the confining pressure of ~100 MPa,
even without crystallization pressure (Fig. la, orange lines). On the
other hand, the MgO-hydration experiments of Zheng et al. (2018) show
nearly complete reaction up to ~30 MPa even with the low initial poros-
ity (~1%). A more recent experimental study on MgO hydration also
shows that a substantial reaction is possible at the confining pressure
of 20 MPa even with a very low initial porosity (<0.1%) (Uno et al.,
2022). The effect of crystallization pressure seems to be essential to ex-
plain these experimental results.

However, it may still be possible to explain these hydration exper-
iments with our theory of elastic strain energy, because the critical
depth becomes deeper for higher tensile strength. Experimental stud-
ies on volume-increasing reactions typically use sintered samples with
small grain size (e.g., <20 um (Zhu et al., 2016) and 50-80 pm (Uno
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Fig. 2. Relative change in system volume observed at a time of 1 hour in the
CaO-hydration experiments of Lambert et al. (2018) (conducted at 22°C (gray
circles) and 55 °C (open circles)), compared with the theoretical prediction of
porosity generation through elastic strain energy (equation (18)). The following
parameters are used for the reference prediction (black line): f, = f, = 0.5,
v=0.25, ¢,0)=0.5, 6, =5 MPa, £ =0.1, and AV,/V, = 0.96. The effect of
varying the product of f, f,o,& by a factor of 2 or 4 is shown by colored lines.

et al., 2022)), and as the tensile strength is inversely proportional to
the square-root of grain size (the Hall-Petch effect (Paterson and Wong,
2005; Scholz, 2019)), the tensile strength can easily be one order of
magnitude greater (i.e., ~100 MPa). Sintered synthetic samples are also
expected to be stronger than natural rocks. The solid-volume change of
MgO hydration is 119%, so if the tensile strength of the samples used by
Uno et al. (2022) is >36 MPa, for example, their experimental results
are fully consistent with our theory.

Our theory also offers a simple explanation for the pressure de-
pendence of system volume change observed in the CaO-hydration ex-
periments (Wolterbeek et al., 2018; Lambert et al., 2018) (Fig. 2). As
mentioned earlier, this pressure dependence is not readily derived from
the theory of crystallization pressure. On the other hand, the depen-
dence is expected in our theory because the generation of new porosity
is regulated by confining pressure (equation (9)). The time-series data
of volume change reported by Lambert et al. (2018) are useful for this
kind of comparison with theory. As reaction proceeds, the total porosity
generation can become very high (Fig. 1c) at low confining pressures,
meaning that a sample porosity can become very high. Naturally, too
high porosities are structurally unstable, and a dynamic balance be-
tween compaction and new porosity generation is expected to determine
the evolution of system volume change. As done in Fig. 2, therefore,
comparison between theory and experiments makes sense only for the
early phase of experimental runs, where such complications are likely
to be minimal.

Our theory is derived in the limit of zero crystallization pressure, but
as the above discussion implies, it will also be useful for future experi-
mental efforts on crystallization pressure. First and foremost, it will be
important to include the measurement of the tensile strengths of sam-
ples. For example, two experimental studies on CaO hydration used sim-
ilar experimental setups (Wolterbeek et al., 2018; Lambert et al., 2018),
but their sample preparations are different. CaO powder was compacted
at the pressure of 250 MPa in Wolterbeek et al. (2018) whereas it was
done at 24-45 MPa in Lambert et al. (2018), and this difference may have
resulted in stronger samples in the former, allowing positive changes in
the system volume even at the pressure of 150 MPa. Even without the
direct measurement of sample tensile strength, it may be possible to es-
timate it by conducting experiments at a wide range of initial porosity
and confining pressure, as our theory predicts that the critical depth
is a simple function of these variables (Fig. 1a). Existing experimental
efforts are limited to exploring the effect of pressure with limited vari-
ations in initial porosity (Zheng et al., 2018; Wolterbeek et al., 2018;
Lambert et al., 2018) or the effect of initial porosity at constant pres-
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sure (Uno et al., 2022). It will also be important to better understand
the frictional strength of reactants and products, which could limit the
efficacy of crystallization pressure (Kelemen et al., 2018).

4.2. Importance of initial porosities

In the absence of crystallization pressure, the restriction imposed
by the critical depth is particularly severe when the initial porosity is
low (Fig. 1b). With 50% conversion efficiencies from reaction to poros-
ity generation, the critical depth would be less than 60 m (Fig. 1a).
Within the framework of our theory, the possibility of exhaustive car-
bonation at depths thus depends heavily on the preexisting porosity,
because porosity generation by hydraulic fracturing is limited. A per-
meability of 10~15 m? achieved by hydraulic fracturing (Audigane et
al., 2002), for example, corresponds to the porosity of only 103, when
interpreted with the Blake-Kozeny porosity-permeability relation (Dul-
lien, 1979).

Understanding crystallization pressure in carbonation reaction,
therefore, becomes critical to evaluate the sequestration potential of
peridotitic reservoirs, which are typically characterized with low porosi-
ties (Kelemen et al., 2011). It should also concern the effort to combine
the mining of critical minerals such as nickel from peridotite with in-situ
carbon mineralization (Nagurney et al., 2023). There are a number of
field observations that suggest efficient reaction-driven cracking at sub-
stantial depths (Kelemen and Matter, 2008; Kelemen et al., 2011, 2018).
However, the geological occurrence of deep hydration or carbonation,
e.g., the serpentinization of the forearc mantle (Hyndman and Peacock,
2003), does not necessarily require high crystallization pressure. When
fluids are tectonically bought down to great depths such as in the sub-
duction of hydrated oceanic crust and its subsequent dehydration, the
fluid pressure would be lithostatic, thereby eliminating the confining
pressure. In other words, if the fluid pressure can become as high as
lithostatic, our theory predicts that volume-increasing reaction would
proceed to its completion even without crystallization pressure. In con-
trast, fluid injection for in situ carbon mineralization likely requires the
open aquifer setting, in which the pore fluid pressure would remain
hydrostatic. As noted in the introduction section, the carbon storage
potential of peridotitic reservoirs is vast. This underlines the need for
further studies to unambiguously quantify the magnitude of crystalliza-
tion pressure for reactions involving peridotite, and our theory should
help the design and interpretation of such experimental efforts.

4.3. Implications for in situ carbon sequestration

In contrast to peridotitic reservoirs, geological reservoirs with high
porosities, such as flood basalt provinces, may look more promising.
For example, the Columbia River basalt group is estimated to cover the
164,000 km? with a total of 100-m-thick, high-porosity (~15%) lava
flow tops distributed within the top 1 km (McGrail et al., 2006). The high
porosity of the lava flow tops, combined with the relatively low volume
increase expected for the carbonation of basaltic rocks (the Columbia
River basalt has ~5 wt% MgO and ~9 wt% CaO), indicates the pos-
sibility of nearly exhaustive carbonation down to the depth of ~1 km
(Fig. 1b). However, the amount of CO, that can be dissolved in water is
rather low at these depth levels, and CO, can be in a supercritical state
only below the depth of ~800 m. Thus, the process of CO, transport is
likely to be the rate-limiting factor that prevents exhaustive carbona-
tion.

The maximum degree of reaction for deep-water basaltic reservoirs
is more limited because of high confining pressures, but high confin-
ing pressures also allow supercritical CO,. For example, an area of
~78,000 m? around the Juan de Fuca Ridge, within a few hundred kilo-
meters from the northwestern U.S., is covered with >200 m of sediments
and located at >2.7 km depth, thus being suitable for structural and
gravitational trapping. Utilizing its top 100 m of high-porosity (10%)
basaltic layer, it has been suggested that the region can store 780 Gt CO,
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as liquefied CO,, or 930 Gt CO, as carbonate (Goldberg et al., 2008).
With 10% initial porosity and 20% relative solid-volume increase, our
theory predicts that the maximum degree of reaction is ~0.55 at the
limit of P, — oo (Fig. 1b), which translates to 1.5 Tt CO,. This is
~60% greater than the estimate based on simply filling the porosity
with carbonate. As it can be understood from equation (14), taking the
limit of P,y,¢ — oo is equivalent to taking the limit of the product of the
efficiency factors (f) f,) to zero, i.e., with no generation of new poros-
ity by reaction-driven cracking. This corresponds to the most effective
use of the preexisting porosity by carbonation, which has to overcome
the likely armoring of reactive surface.

The concept of the critical depth and the maximum degree of re-
action will be useful for synergizing laboratory experiments, field-scale
experiments, and geological records to better assess the storage poten-
tial of different geological reservoirs. For example, the Hellisheidi field
of Iceland, which is the site of the CarbFix project (Gislason et al., 2010;
Matter et al., 2016), has a 2-km-deep record of natural carbonation, with
up to ~100 kg m~3 CO, down to ~800 m depth and little carbonation
below (Wiese et al., 2008). With the composition of the Icelandic basalt
(8 wt% MgO and 11 wt% CaO (Alfredsson et al., 2013)) and the maxi-
mum degree of reaction of 50%, it could store up to ~260 kg m—3 CO,
at all depths because the Icelandic upper crust has the porosity of ~10%
down to ~2 km (Jonsson and Stefansson, 1982). The difference between
the storage potential and the actual degree of carbonation, even after the
period of 70,000 to 400,000 years (Franzson et al., 2005), may be ex-
plained by multiple factors, such as the availability of carbon in natural
water, the efficiency of hydrothermal circulation, low reaction rates, the
consumption of divalent cations with hydration, and the armoring of re-
active surface. The success of the CarbFix and CarbFix2 projects (>95%
and >50%, respectively, of injected CO, were fixed as carbonated min-
erals (Matter et al., 2016; Gunnarsson et al., 2018; Snaebjornsdottir et
al., 2020)) suggests that the observed degree of natural carbonation is
not the upper bound, and approaching the full storage potential may
be possible by optimizing injection strategy and fluid chemistry. The
confining pressure presents inescapable constraints on in-situ mineral
carbonation, but the maximum degree of reaction, as predicted by our
theory, could serve as an ideal that motivates various engineering solu-
tions.
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