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Hydration and carbonation reactions within the Earth cause an
increase in solid volume by up to several tens of vol%, which can
induce stress and rock fracture. Observations of naturally hydrated
and carbonated peridotite suggest that permeability and fluid
flow are enhanced by reaction-induced fracturing. However, per-
meability enhancement during solid-volume–increasing reactions
has not been achieved in the laboratory, and the mechanisms
of reaction-accelerated fluid flow remain largely unknown.
Here, we present experimental evidence of significant permeabil-
ity enhancement by volume-increasing reactions under confining
pressure. The hydromechanical behavior of hydration of sintered
periclase [MgO + H2O fi Mg(OH)2] depends mainly on the initial
pore-fluid connectivity. Permeability increased by three orders of
magnitude for low-connectivity samples, whereas it decreased by
two orders of magnitude for high-connectivity samples. Perme-
ability enhancement was caused by hierarchical fracturing of the
reacting materials, whereas a decrease was associated with homo-
geneous pore clogging by the reaction products. These behaviors
suggest that the fluid flow rate, relative to reaction rate, is the
main control on hydromechanical evolution during volume-
increasing reactions. We suggest that an extremely high reaction
rate and low pore-fluid connectivity lead to local stress perturba-
tions and are essential for reaction-induced fracturing and acceler-
ated fluid flow during hydration/carbonation.

reaction-induced fracturing j reaction-enhanced permeability j
volume-increasing reactions j serpentinization j carbonation

Hydration and carbonation reactions in the crust and mantle
transport H2O and CO2 from Earth’s surface to the inte-

rior and control volatile budgets within the Earth (1–6). These
reactions are characterized by solid-volume increase, by up to
several tens of vol%, which induces stress that may lead to frac-
turing (7–10). The driving force of such stress generation is the
thermodynamic free energy released when metastable anhy-
drous/noncarbonate minerals react with fluids (7). The stress
generated by the reaction has the potential to cause rock frac-
ture and fragmentation (7, 11–13), thereby increasing the reac-
tive surface area and fluid flow and further accelerating the
reactions (7, 8, 14). Such chemical breaking of rocks, or
reaction-induced fracturing, appears to be important in driving
hydration and carbonation reactions to completion (8, 15, 16)
in an otherwise self-limiting process where reaction products
can clog pores and suppress fluid flow, thereby hindering the
reaction (15, 17).

Observations of naturally serpentinized and fractured ultra-
mafic rocks indicate a volume increase of 20 to 60% during
hydration reactions (13, 18–20), providing evidence of an accel-
erated supply of fluids during hydration (Fig. 1 A and B).
Natural carbonation of ultramafic rocks is also associated with
extensive fracture networks, and reaction-induced fracturing
is considered a key process in mineral carbonation (Fig. 1C)
(7, 8, 21). Numerical simulations indicate a positive feedback
between volume-increasing reaction, fracturing, and fluid flow
(10, 22–32). Laboratory experiments partially reproduce fractur-
ing during peridotite carbonation, serpentinization, and periclase

hydration (29, 33–36); however, hydrothermal flow-through
experiments of peridotite serpentinization and carbonation show
a decrease in permeability and deceleration of fluid flow and
reaction rate (37–42). Observations of the natural carbonation of
serpentinized peridotite indicate the decrease in permeability
and reduced fluid flow and reaction rate are a consequence of
pore clogging related to carbonation (43). Until now, no experi-
mental studies have shown a clear increase in permeability dur-
ing expansive fluid–rock reactions under confining pressure. As
such, despite their geological and environmental importance, the
evolution of expansive fluid–rock reactions remains difficult to
predict, owing to the complex hydraulic–chemical–mechanical
feedbacks underlying these reactions (15, 16, 44). The processes
controlling the self-acceleration or deceleration of these reac-
tions remain largely unknown.

Here, we use the hydration of periclase to brucite [MgO +
H2O ! Mg(OH)2] as an analog for solid-volume–increasing
reactions in the Earth. This reaction produces an extreme
solid-volume increase of 119%, with a high reaction rate at 100
to 600 °C (45). Previous experimental studies on periclase
hydration have revealed that extensive fracturing occurs under
certain conditions (29, 33, 35), yet the links between fracturing
experiments (periclase hydration), nonfracturing experiments
(peridotite hydration/carbonation), and natural observations
are unknown. On the basis of in situ observations of fluid flow
during the reactions, we clearly show that fluid flow and asso-
ciated permeability are strongly enhanced by solid-volume–
increasing reactions under confining pressure (i.e., at simulated
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depth). Based on the experimental results and nondimensional
parameterization, we propose that the ratio of the initial fluid
flow rate to the reaction rate has a primary control on the self-
acceleration and deceleration of fluid flow and reactions during
hydration and carbonation within the Earth.

Hydrothermal Flow-through Experiments
We conducted hydrothermal flow-through experiments on sin-
tered periclase (MgO) with average grain sizes of 50 to 80 μm
(SI Appendix, Table S1). To explore the effects of connectivity
on the hydromechanical response, sintered periclase samples
were prepared with three different initial connected porosities
(ϕc0): ∼19%, 7 to 11%, and <0.1% (Suzuki Rika Co.). These
samples were produced by sintering electrofused MgO at 1,000
to 1,500 °C to achieve the designated porosities. The initial
porosities were measured using the standard triple weight
method (e.g., ref. 46; SI Appendix, Table S1). The initial perme-
abilities (k0) of these samples were measured under a confining
pressure of 20 MPa and room temperature, with the same
apparatus as used for the hydrothermal flow-through experi-
ments (SI Appendix, Fig. S1), and were ∼3 × 10�15, 4 × 10�17,
and <10�19 m2, respectively (SI Appendix, Table S1). Herein,
these MgO sample types are referred to as permeable (P-
MgO), moderately permeable (MP-MgO), and impermeable
(IP-MgO), respectively. Experiments were conducted at 200 °C
and under a confining pressure (Pc) of 20 MPa (SI Appendix,
Fig. S1). Pore fluid was supplied with a pressure of 5 MPa at
the inlet (Pf

in), and the outlet back-pressure (Pf
out) valve was

set to 4, 2, and 3 MPa for P-MgO, MP-MgO, and IP-MgO,
respectively (SI Appendix, Fig. S1 and Table S1). The outlet end
of the sample contained no fluids at the beginning of each
experiment. Consequently, the outlet fluid pressure changed
with time as fluid flowed through the sample and was moni-
tored by a pressure gauge. The inlet flow rate (Q) was moni-
tored at the syringe pump. Details of the experimental setup
are described in Methods. The time-sequence data for inlet and
outlet pressures, inlet flow rate, and resultant permeability for
all the experiments are shown in SI Appendix, Fig. S2 and
described in detail in SI Appendix.

A clear decrease in permeability was observed for P-MgO
starting materials during the first ∼100 min of the experiments
(Fig. 2A). In contrast, IP-MgO sample permeability increased by
up to about three orders of magnitude (Fig. 2B). The permeabil-
ity of MP-MgO starting materials showed an initial decrease, by
two orders of magnitude, followed by an increase of up to two

orders of magnitude (Fig. 2A). These experimental results clearly
show permeability enhancement during volume-increasing
fluid–rock reactions under confining pressure.

X-ray computed tomography (CT) images of the experimental-
run products (Fig. 3) show a range of reaction textures. Run
products of P-MgO starting materials are uniform in CT values,
and reactions proceeded evenly across the thickness of the sam-
ple (i.e., in the x–y plane) along the sample length (i.e., the
z-axis). Experiments that were stopped at 5 min (FTP08) show a
lower reaction extent (ξ = 0.78) and higher CT values compared
with those stopped at 240 min (FTP06: ξ = 0.98); the reaction
extent is slightly lower at the outlet end of the sample (FTP08).
MP-MgO run products show that reactions proceeded gradually
through the sample, from the inlet toward the outlet. The reac-
tion extents and volume change increased with reaction time,
from ξ = 0.03 and ΔV/V0 = 0.06 at 3.3 min, to ξ = 0.94 and ΔV/
V0 = 1.64 at 30 min. IP-MgO run products show pervasive frac-
turing close to the inlet in experiments where the reaction extent
is lowest (FTD11: ξ = 0.12, ΔV/V0 = 0.19). In experiments with a
higher reaction extents, fracturing progressed into the middle of
the sample and through to the outlet end of the sample (FTD15
and FTD10). Although the reaction time and reaction extent do
not correlate, the reaction extent does show a positive correlation
with the final permeability (Fig. 3 and SI Appendix, Table S1),
highlighting a close relationship between reaction, fracturing, and
permeability enhancement.

Microtextures observed in backscattered electron (BSE)
images show permeable starting materials are porous and that
pores are concentrated on grain boundaries (SI Appendix, Fig.
S3A). P-MgO reacted with H2O to form brucite along grain
boundaries (Fig. 4A). Brucite grew in the direction perpendicu-
lar to periclase grain boundaries (Fig. 4B), with brucite grains
maintaining an interstitial porosity (Fig. 4 B and C).

MP-MgO starting materials are porous along grain boundaries
(Fig. 4D). For MP-MgO run products with the lowest final perme-
ability (FTMP05: kfin = 1.1 × 10�18 m2), brucite grew along
periclase grain boundaries (Fig. 4E). In contrast, MP-MgO run
products that exhibited a slight increase in permeability after an
initial reduction (FTMP04: kfin = 7.6 × 10�18 m2) show fragmen-
tation of periclase grains into pieces of size ∼5 to 10 μm (Fig. 4F).

IP-MgO starting materials are characterized by closed grain
boundaries (SI Appendix, Fig. S3). IP-MgO run products are
characterized by a hierarchical fragmentation. Domains of peri-
clase aggregates, measuring ∼1 mm, are separated by thick bru-
cite veins (>100 μm in thickness; Fig. 4I). Internal to these
domains, periclase is further fragmented into zones of aggregates

Fig. 1. Reaction-induced fractures related to natural hydration/carbonation. (A) Polygonal block of serpentinite cut by planar lizardite veins, extracted
from a serpentinite body, San Andreas Lake, California. (B) Photomicrograph of mesh structure in partly serpentinized peridotite, Redwood City serpen-
tinite, California [crossed-polarized light (61)]. (C) Quartz veins in silica–carbonate rocks (i.e., listvenite, a carbonated ultramafic rock) that occur along the
boundaries of serpentinite bodies, San Jose, California. ol, olivine; serp, serpentine (lizardite ± antigorite mixture); br, brucite.
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measuring >100 μm across, separated by thinner brucite veins
(>10 μm in thickness). These periclase aggregates are also fur-
ther fragmented into ∼20- to 100-μm grains (Fig. 4 H and I).
Fractures propagated from highly reacted areas into nonreacted
materials (Figs. 3C and 4G) and are filled with brucite that grew
perpendicular to the fracture walls.

Processes of Permeability Enhancement
The experimental results indicate that differences in initial per-
meability of the starting materials played an important role in the
textural and permeability evolution during the hydration of sin-
tered periclase. Permeable and moderately permeable samples

are characterized by a relatively uniform reaction extents in x–y
sections (Fig. 5 A and B). In contrast, impermeable samples are
characterized by the coexistence of highly reacted and nonreacted
zones within a single x–y section (Fig. 5C; i.e., the reaction extents
are highly heterogeneous for IP-MgO samples).

To understand the differences in reaction heterogeneity
among sample types, the following scale-independent parame-
ters are defined (see Methods for full details): 1) the matrix
fluid flow rate, Qmatrix [/s], is the volumetric H2O flow rate over
the sample volume and 2) the rate of fluid consumption by
reaction, Qreaction [/s], is the rate of volumetric H2O consump-
tion by the hydration reaction, over the sample volume. The
ratio Qmatrix/Qreaction (Ψ) represents the supply rate of H2O

Fig. 2. Evolution of permeability during hydrothermal flow-through experiments. (A) Permeable MgO (P-MgO) and moderately permeable MgO (MP-MgO)
starting materials. (B) Impermeable MgO (IP-MgO) starting materials. Terms beginning with FT indicate experimental run numbers (SI Appendix, Table S1).

Fig. 3. X-ray CT images of the experimental-run products. ϕc0, k0, ξ, and ΔV/V0 indicate initial connected porosity, initial permeability, reaction extent, and
solid volume change relative to the initial sample volume, respectively. Terms beginning with FT are experimental-run numbers (SI Appendix, Table S1).
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relative to the consumption rate of H2O by reaction. In the
case of the starting materials in this study, Ψ-values were 60 to
530, 0.6 to 2.5, and 1 to 4 × 10�2 for the permeable, moderately
permeable, and impermeable MgO experiments, respectively.
In summary, these Ψ-values indicate that fluid flow front is
much faster than reaction in permeable samples, fluid flow
front and reaction proceed at similar rates in moderately
permeable samples, and fluid flow front is much slower than
reaction in impermeable samples. Thus, the textures of the
experimental products vary as a function of Ψ and can be inter-
preted as follows (Fig. 6 A–C).

In permeable samples, fluid flow is much faster than the
reaction, and fluid fills all the pore space before the reaction
begins. Following sample saturation by the pore fluid, the reac-
tion proceeds uniformly throughout the sample. As the reaction
extent is uniform at the millimeter scale, samples expand evenly
as the reaction proceeds. Consequently, strain gradients across
the samples are weak, and no macroscopic fractures are gener-
ated (Fig. 6A).

In moderately permeable samples, the progression of the
fluid flow front is similar to that of the reaction front, and the

reaction proceeds gradually as the fluid flows into the sample.
As a result, there is a difference in the reaction extent along
the sample, from the inlet to the outlet. However, progression
of the reaction front is reasonably uniform in the x–y plane,
resulting in only a minor strain gradient within the sample and
the formation of minor macroscopic fractures (Fig. 6B).

In impermeable samples, the fluid flow rate is much slower
than the reaction rate; hence, fluid is consumed as soon as it
reaches the reaction site. Large strain gradients arise between
reacted and nonreacted areas because of a variable reaction front
at the grain scale. Reacted areas expand and exert tensile stress
in adjacent nonreacted areas, leading to the formation of macro-
scopic fractures. Fluid flow into extension fractures leads to fur-
ther reaction with periclase to produce brucite. Brucite grows
perpendicular to the fracture wall, which induces further expan-
sion, increasing the fracture width and generating tensile stress at
the fracture tips that cause fracture propagation (Fig. 6C).

Therefore, the ratio of fluid flow rate to fluid consumption
rate determines the local position of the reaction front, which
controls fracture generation and associated permeability
enhancement during hydration (Fig. 6 A–C).

Fig. 4. Microstructures of run products. (A–C) BSE images of reactants for permeable MgO starting materials (P-MgO). (D–F) Reactants for moderately
permeable MgO starting materials (MP-MgO). (G–I) Reactants for impermeable MgO starting materials (IP-MgO). Corresponding experimental
duration (t) is indicated at Right Top of each image. Per, periclase; Br, brucite. Terms beginning with FT are experimental-run numbers (SI Appendix,
Table S1).
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Controls on Fracturing and Self-Accelerated Fluid Flow
The above interpretation in the previous section indicates that
the nondimensional parameter Ψ (the ratio of fluid flow rate to
fluid consumption rate by reaction) controls the hydromechani-
cal behavior of volume-increasing fluid–rock reactions. Shimizu
and Okamoto (28) have simulated serpentinization reactions
using a discrete element method (DEM), considering elastic
strain and failure, fluid flow, and first-order kinetics. They have
shown that two parameters determine the textural evolution of
serpentinization reactions: 1) the ratio of matrix fluid flow rate
to fluid consumption rate (ψmatrix) and 2) the ratio of fracture
fluid flow rate to fluid consumption rate (ψfracture). If these two
ratios are below unity, surface spallation will occur. When

ψmatrix ≤ 1 (corresponding to Ψ < 0.02) and ψfracture ≥ 10,
extensive polygonal fractures are generated, whereas when
ψmatrix ≥ 1,000 (corresponding to Ψ > 2), the reaction proceeds
diffusionally, and no fractures are generated. Although their
ψmatrix is defined for a single DEM particle scale (i.e., 30 to 60
μm), and Ψ for the experimental results in this study are calcu-
lated for a macroscopic scale (i.e., the sample size, 10 mm × 20
mm), the relationship between texture and Ψ is largely consis-
tent across DEM results and experimental results (Fig. 6D).

In previous studies, permeability measurement during serpen-
tinization and peridotite carbonation (Fig. 6D) was conducted
for permeable starting materials (i.e., 10�15 to 10�18 m2) (37, 38,
40–42) and corresponding to Ψ = 103 to 1010; hence, the fluid

Fig. 5. Profiles of reaction extent along the run products. (A) Run products of P-MgO. (B) Run products of MP-MgO. (C) Run products of IP-MgO.
Histograms of volumetric reaction extent for each x–y section are plotted as a function of distance along the z-axis. Terms beginning with FT are
experimental-run numbers (SI Appendix, Table S1 ).

Fig. 6. Influence of fluid flow rate/reaction rate ratio (Ψ = Qmatrix/Qreaction) on the hydromechanical response to volume-increasing fluid–rock reactions.
(A–C) Schematic model of fluid infiltration and reaction extent in the run products. (D) Plot of fluid flow rate (Qmatrix) and reaction rate (Qreaction) for vari-
ous volume-increasing fluid–rock reactions, showing the influence of Ψ = Qmatrix/Qreaction on the mechanical and hydraulic response. Ranges of natural
serpentinization and carbonation are for 280 and 185 °C, respectively, for grain sizes of 0.1 to 10 mm, permeability of 10�18 to 10�22 m2, and pressure gra-
dient of 10 MPa/m. Ranges of brucite carbonation are from room temperature (RT) to 200 °C for grain sizes of 0.01 to 0.5 mm, permeability of 10�14 to
10�22 m2, and pressure gradient of 10 MPa/m. Data sources: serpentinization (experimental), refs. 41 and 42; peridotite carbonation (experimental), refs.
37, 38, and 40; natural serpentinization, natural peridotite carbonation, and brucite carbonation (reaction rate from ref. 53, ref. 54) fitted by ref. 52, and
refs. 59 and 60; permeability of intact peridotite and serpentinite from refs. 38 and 41 and ref. 63; and DEM, ref. 28.
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flow rate was much higher than the reaction rate. These experi-
ments are characterized by a reduction in permeability during
hydration/carbonation reactions and are consistent with the
interpretation that a high fluid flow rate relative to the reaction
rate will result in pore clogging.

In contrast to these experiments, the permeability of natural,
intact peridotite is usually as low as 10�18 to 10�22 m2 at the
scale of a core sample (e.g., refs. 12, 38, and 41). At the field
scale (i.e., bore hole measurements), the permeability of ultra-
mafic bodies are 10�14 to 10�15 m2 (47–49) and is controlled
mainly by macroscopic fissures (50). Such fissures would serve
as system boundaries along which fluid would have easy access.
The access of fluid to unreacted grains is controlled predomi-
nantly by the grain-scale permeability (10�18 to 10�22 m2). With
a spatial scale of >1 m (i.e., the size of the intact peridotite
body or blocks separated by fissures) and a fluid pressure dif-
ference of ∼10 MPa across the margin of the peridotite blocks
[i.e., fluid pressure difference between fissures and unreacted
grains inside the intact rocks (14, 51)], the value of Qmatrix in
natural intact peridotite is <10�7/s. Note that if the size of the
system is larger and/or the fluid pressure difference is lower,
Qmatrix will be lower. Given the typical reaction rate of serpenti-
nization and peridotite carbonation at 280 and 185 °C (52–54),
with a typical grain size of 0.1 to 10 mm, Qreaction for natural
serpentinization and peridotite carbonation is 4.5 × 10�8 to
10�10/s and 1.0 × 10�4 to 10�6/s, with Ψ = 4 × 10�4 to 102 and
2.0 × 10�7 to 0.2, respectively; i.e., the lower Qmatrix part of nat-
ural serpentinization and most of natural peridotite carbon-
ation are falling within the condition of reaction rate ≫ fluid
flow rate (Fig. 6D). Therefore, the observation that natural ser-
pentinization and peridotite carbonation accompany fracturing
is explained by a low fluid supply rate compared with the reac-
tion rate in intact peridotite.

Carbonation of serpentinite is also a solid-volume–increasing
reaction under a closed system except for H2O and CO2 (e.g.,
refs. 55 and 56). Although carbonation reactions of serpentine
minerals are known to occur at a similar rate to, or slower than,
those of olivine at laboratory experiments (e.g., refs. 57 and
58), carbonation of brucite is much faster at temperatures from
room temperature to 200 °C (e.g., refs. 58–60). Assuming that
the typical grain size of brucite in serpentinite is 10 to 500 μm
(e.g., refs. 61 and 62), Qreaction for brucite carbonation ranges
from 4.0 × 10�7/s (room temperature, atmospheric CO2) to 12
(200 °C, PCO2 = 1 MPa). As the permeability of intact serpen-
tinite is typically on the order of 10�14 to 10�22 m2 at the scale
of a core sample (63), the Ψ-value of brucite carbonation
ranges from 5 × 103 to 10�12, which indicates fracturing for
most conditions (Fig. 6D). Moreover, brucite typically occurs as
vein networks in mesh structures within serpentinite (Fig. 1B),
and such a heterogeneous distribution of reactive minerals
would further promote fracturing by enhancing local stress per-
turbation, as demonstrated by previous experimental studies
and numerical simulations on periclase-calcite/serpentine
aggregates (29, 35) and troctolite (7, 10, 24). In any case, the
rapid nature of brucite carbonation reactions indicates fractur-
ing would occur over a wide range of temperatures (Fig. 6D).

Based on the relationship between Qreaction and Qmatrix, natural
serpentinization has similar Ψ-values to IP-MgO in this study
(Fig. 6D). The polygonal blocks of the remaining periclase in
these experiments (IP-MgO in Figs. 3C and 4I and SI Appendix,
Fig. S4) are surrounded by brucite veins and are similar to polyg-
onal blocks formed during natural serpentinization that are sur-
rounded by lizardite veins (Fig. 1A) (61). Similar polygonal blocks
are commonly observed in weathered dolerite (25, 64) and leucite
replaced by analcime (25). At smaller scales, the partly reacted
IP-MgO shows fragmented periclase grains surrounded by brucite
that grew perpendicular to grain boundaries (Fig. 4 B and H and
SI Appendix, Fig. S4B), which are very similar to the commonly

observed mesh structure of serpentinite (Fig. 1B). The similarities
in texture between IP-MgO reaction products and natural serpen-
tinites and other volume-increasing fluid–rock reaction products
suggest that Ψ has a primary control on textural evolution during
such fluid–rock reactions.

Based on the similarity of Ψ in our experiments with values cal-
culated for natural serpentinization, we posit that the permeability
of peridotite would increase from 10�19 m2 (corresponding to Ψ
= 0.4 at 280 °C, for a grain size of ∼100 μm) to 10�16 m2 during
natural serpentinization reactions, an increase of three orders of
magnitude. Such high permeability during serpentinization is con-
sistent with the permeability required for hydrothermal circulation
[i.e., >10�18 m2 (e.g., refs. 65 and 66)] that likely occurs at some
slow-spreading ridges (67). As the serpentinization reactions are
usually rate limited by the supply of fluids (14), such permeability
enhancement would facilitate a marked acceleration in the hydra-
tion of the oceanic lithosphere.

The results of this study show that the balance between the
rate of fluid supply by fluid flow and rate of fluid consumption by
reaction is a primary control on the mechanical and hydraulic evo-
lution of rocks during volume-increasing fluid–rock reactions. We
have experimentally demonstrated that permeability is clearly
enhanced by volume-increasing fluid–rock reactions under confin-
ing pressure and that fluid flow can be self-accelerated during
hydration and carbonation reactions. Subject to the appropriate
environmental conditions (i.e., fluid supply and deformation) and
ratio of fluid flow to reaction rate (Ψ < 1), such self-acceleration
could enhance initially inert hydration or carbonation reactions by
more than three orders of magnitude, thereby promoting a
marked acceleration of mineral hydration and carbonation. This
could significantly facilitate downward volatile transport from
Earth’s surface and the hydrothermal advection of fluids in the
crust and mantle.

Our results give insight into the conditions necessary to accel-
erate hydration of the oceanic mantle lithosphere (24), which has
a strong influence on the H2O budget on Earth (1, 4), as well as
conditions for accelerated carbonation reactions of ultramafic
rocks that would enhance mineral carbonation and storage (8).
The results may also be applied to inhibit damage caused by the
swelling of anhydrite during tunnel construction and geothermal
developments (68) and to understand the weakening of plate
boundary faults by the swelling of smectite (69). Yet, the mechani-
cal and hydraulic responses to volume-increasing fluid–rock reac-
tions are much more complex in nature than currently addressed
numerically or through experimentation, as they involve the cou-
pled processes of fluid flow–reaction–deformation–solute trans-
port (15–19, 22–33, 36, 70–72). The heterogeneous distribution of
reactive minerals may enhance stress perturbations and further
affects these feedbacks (7, 10, 24, 29, 35). This study used homo-
geneous starting materials, and explored conditions under which
the reaction rate and/or fluid flow rate are high enough that
deformation and solute transport are negligible. Further studies
on the coupling of deformation and solute transport with fluid
flow and reaction, from the μm to field scales, are needed to fully
understand the effects of complex hydraulic–chemical–mechanical
feedbacks on volume-increasing fluid–rock reactions.

Methods
Hydrothermal Flow-through Experiments. Hydrothermal flow-through experi-
ments were conducted using a hydrothermal flow-through apparatus com-
prising a syringe pump (73) and a customized sample assembly (SI Appendix,
Fig. S1). The inlet fluid pressure was maintained at a constant pressure using
the syringe pump, and the outlet fluid pressure was regulated by a back-
pressure valve. The confining pressure was applied via an independent pump,
using distilled water. The inlet flow rate was monitored by the syringe pump,
and the inlet fluid pressure, outlet fluid pressure, and confining pressure were
monitored using independent pressure gauges. The temperature was
regulated by a heater housed within the apparatus pressure vessel and was
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monitored by thermocouples attached to the inlet and outlet of the sam-
ple assembly.

A cylindrical, sintered MgO sample (Suzuki Sci. Co.; 10 mm in diameter and
20 mm in length) was enclosed in a tubular Teflon jacket and placed between
two spacers, each with a 2-mm-diameter hole to allow fluid through-flow (SI
Appendix, Fig. S1B). The inlet end of the sample assembly was connected to a
1/16” stainless steel pipe to allow application of confining pressure along the
length of the sample (the sample z-axis).

After placing the sample assembly within the pressure vessel, the appara-
tus was pressurized to a confining pressure of 20 MPa and heated to 200 °C.
The MgO sample was kept dry during heating. After reaching 200 °C, the
experiment was started by opening the inlet valve, allowing fluid to flow into
the sample at a constant pressure. It is important to note that the outlet end
of the sample contained no fluids at the beginning of each experiment.

Permeability was measured by applying Darcy’s law using the monitored
inlet flow rate and inlet and outlet pressures. The viscosity of H2O was derived
using the monitored inlet pressure and temperature, from pressure- and
temperature-dependent calibration (74) (i.e., 1.35 × 10�4 Pa s at 5 MPa and
200 °C).

Experiments were stopped at a designated reaction time by releasing the
inlet and outlet fluid pressure and then cooling the sample assembly via circu-
lation of the confining fluids. Confining pressure was released after cooling
the sample assembly. Samples were dried at room temperature overnight and
further dried in an oven at 90 °C for several hours.

Permeability of the starting materials was determined by independent
experiments conducted with same confining pressure (20 MPa) at room tem-
perature with same inlet pressure as the reacting experiments (SI Appendix,
Table S1).

Analyses of Experimental-Run Products. Samples were weighed before and
after experiments to determine the reaction extent (ξ). The experimental-run
products were imaged using X-ray CT, subjected to thermogravimetric (TG)
analysis, and prepared as thin sections for observation via optical microscopy
and electron microprobe. Reaction extent by mass balance (ξMB) was calcu-
lated from themass change between starting materials (mst) and run products
(mrp), divided by the theoretical mass increase for complete hydra-

tion (ξMB ¼ mrp�mstð Þ
18:0=40:3 mst

).

X-ray CT analysis of the run products was conducted using a microfocus
X-ray CT scanner (Comscantecno ScanXmate-D225RSS270) at the Graduate
School of Environmental Studies, Tohoku University, Sendai, Japan. The X-ray
tube voltage and current were set to 120 kV and 150 μA, respectively, giving
an X-ray spot size of ∼9 μm. The resulting pixel matrix was 1,856 × 1,472, and
the voxel size varied from 18 to 24 μm/px depending on the size of the ana-
lyzed run product. Reaction extent by X-ray CT (ξCT) was obtained from the CT
values in x–y sections, using the average CT values of the starting materials
(∼2,750, ∼2,520, and ∼2,180 for IP-MgO, MP-MgO, and P-MgO, respectively)
and those of completely reacted run products (∼780).

Run products with relatively uniform reaction extent (P-MgO andMP-MgO
starting materials) were cut along the sample length for TG analysis. Approxi-
mately 500 mg run product was ground to powder, and ∼20-mg portions
were set in platinum pods. The samples were analyzed using a thermogravim-
etry (Rigaku Thermo Plus EVOII TG8120). Samples were heated from room
temperature to 1,050 °C at a rate of 10 °C per min. Temperatures were kept
constant at 105 and 1,050 °C for 10 min. Loss on ignition (LOI) was obtained in
the temperature range 105 to 1,050 °C to exclude the loss of mass associated
with molecular water on the powder surface. Reaction extent by TG analysis
(ξTG) was calculated as the LOI divided by the theoretical H2O content in bru-
cite (i.e., 31.0 wt.%).

The volumes of starting materials and run products (V0 and V1) were deter-
mined by X-ray CT images by integrating the cross-sectional area of sample at
each x–y scan. The volume change was determined as ΔV/V0 = (V1 – V0)/V0 (SI
Appendix, Table S1).

Definition of Qmatrix and Qreaction. The following scale-independent parame-
ters are considered:

Matrix fluid flow rate =s½ � : Qmatrix ¼
qsample

AL
¼ k0ΔP

μL2
, [1]

Fluid consumption rate by reaction =s½ � : Qreaction ¼ Ssamplev P,Tð Þ
AL

VH2O

Vper
, [2]

where Qmatrix indicates the volumetric H2O flow rate over the sample volume,
andQreaction is the volumetric H2O consumption rate by the hydration reaction
over the sample volume. qsample is the volumetric H2O flow rate, k0 is the per-
meability of the sample,ΔP is the initial fluid pressure difference between the
sample surface and dry pore space, Ssample is the surface area of the reactant,
v(P, T) is the reaction front velocity as a function of pressure (P) and tempera-
ture (T), A and L are the cross-sectional area and length of the sample, respec-
tively, and VH2O and Vper are molar volumes of H2O and periclase, respectively.
The ratio Qmatrix/Qreaction is denoted as Ψ and represents the supply rate of
H2O compared with the consumption rate of H2O by the reactions. It is noted
that the second term of Eq. 1 (Qmatrix ¼ k0ΔP

μL2 ) have been used for application of
Eq. 1 to natural data and DEM results.

For each experimental condition, k0 was taken as the obtained initial
permeability (SI Appendix, Fig. S1), ΔP is set as the inlet fluid pressure (i.e.,
5 MPa), Ssample was derived from the surface area of the sample assuming a
spherical grain size of 79, 50, and 56 μm for P-MgO, MP-MgO, and IP-MgO (SI
Appendix, Table S1), and v(P, T) was derived from the experimental calibration
(29). The actual size of the cylindrical sample employed as a starting material
was used forA and L.

Permeability of natural intact peridotite and serpentinite measured in lab-
oratory are in the ranges of 10�18 to 10�22 m2 (12, 38, 41) and 10�14 to 10�22

m2 (63), respectively. Contrary, field-scale permeability may be larger for
partly serpentinized peridotite in Oman ophiolite [i.e., 10�14 to 10�15 m2 (47,
48)], which are mainly controlled by macroscopic fissures (50). As fluid access
to each grain is controlled by grain-scale permeability, we adopt laboratory
permeability rather than field-scale permeability for the calculation of Qmatrix

for natural serpentinization and peridotite carbonation (10�18 to 10�22 m2 for
peridotite) and carbonation of brucite in serpentinite (10�14 to 10�22 m2 for
serpentinite).

ΔP values for natural serpentinization, peridotite carbonation, and brucite
carbonation are assumed as ∼10 MPa (i.e., fluid pressure difference between
the fissures and unreacted grains inside the intact rocks). Note that equilib-
rium H2O vapor pressures during olivine serpentinization is as low as 0.2 MPa
at 180 °C (14). Therefore, the fluid pressure on unreacted olivine grain surfaces
is negligible (i.e., <0.2 MPa) compared to those in water filled fissures. An
assumption of fluid pressure in fissures on the order of ∼10 MPa corresponds
to a highly permeable fissure network extending unobstructed for more than
1 km or to water in fissures at lithostatic pressure at a depth greater than
∼300m.

The ψmatrix parameter, defined in previous DEM results (28), relates to the
scale of the DEM particles. This is different from the definition of Ψ in this
study; hence, Ψ from DEM results (28) was recalculated based on Eqs. 1 and 2
(Fig. 6D).

Data Availability. All study data are included in the article and/or SI Appendix.
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