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Abstract

The volume-increase associated with hydration reactions in rocks may lead to reaction-induced fracturing, but requires a
stable water film to be present at reactive grain boundaries even when subject to compressive stress. Hydration of periclase to
brucite is associated with a solid volume increase of ca. 110%. Recent experiments on the periclase-brucite system observed
that when the effective mean stress exceeds 30 MPa, the reaction rate slows down dramatically. We hypothesize that for the
brucite forming reaction to progress, the fluid film between grains must remain stable. If the applied pressure becomes larger
than the hydration force, the fluid film will collapse and be squeezed out of the grain contacts. To quantify this effect, we study
the behavior of a water film confined between periclase or brucite surfaces subject to compressive stress, by performing molec-
ular dynamics simulations. The simulations are carried out using the ClayFF force field and the single point charge (SPC)
water model in the molecular dynamics simulations program LAMMPS. The setup consists of two interfaces of either per-
iclase or brucite surrounded by water. Our simulations show that when the pressure reaches a few tens of MPa, the water
film collapses and reduces the water film to one or two water layers, while the self-diffusion coefficient of water molecules
by a factor of eight. A water film thickness below two water layers is thinner than the size of the hydration shell around
Mg2+-ions, which will limit ion-transport. The observed collapse of the water film to a single layer at a normal pressure of
25–30 MPa might explain the observed slow-down of reaction-induced fracturing in the periclase-brucite system.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Interactions between aqueous solutions and rocks occur
in a wide range of environments, from weathering near the
Earth’s surface to metamorphic reactions in the lower crust.
These interactions control the transformations of rocks
from one type to another (Jamtveit and Hammer, 2012;
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Harlov and Austrheim, 2012; Putnis, 2014). Such transfor-
mations depend on nanoscale mechanisms controlled by
fluid-rock interactions and porosity evolution (Røyne and
Jamtveit, 2015). Fluids control the transport of chemical
components to and from the grain surfaces where the reac-
tions occur and the supply rate of these components affects
the overall rock transformation rate, for example during
serpentinization of peridotites (Martin and Fyfe, 1970;
Putnis, 2002; Zhang et al., 2019). Reactions at grain con-
tacts in rocks require the presence of porosity, that provides
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http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gca.2020.11.016
http://creativecommons.org/licenses/by/4.0/
mailto:m.g.guren@geo.uio.no
https://doi.org/10.1016/j.gca.2020.11.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2020.11.016&domain=pdf


14 M.G. Guren et al. /Geochimica et Cosmochimica Acta 294 (2021) 13–27
fluid pathways, and a fluid film confined along grain bound-
aries. When this fluid film collapses to two or one water lay-
ers, water transport rates decrease, slowing down the
reaction rate, as proposed in the context of rock deforma-
tion by pressure solution creep (Renard and Ortoleva,
1997; Dysthe et al., 2002). In the present study, we explore
the behavior of water confined between periclase or brucite
surfaces under conditions where reaction-induced fractur-
ing occurs.

Reaction-induced fracturing is a process whereby the
hydration reaction of minerals produces a volume increase
leading to the build-up of a force of crystallization and rock
fracturing (Martin and Fyfe, 1970; Scherer, 2004). Exam-
ples are the hydration of periclase to brucite that occurs
with a 110 % solid volume increase and a 45 % weight
increase (Kuleci et al., 2016; Zheng et al., 2018), the hydra-
tion of calcium oxide to portlandite with a 50 % volume
increase (Kelemen et al., 2011), and reactions leading to
rock weathering (Røyne et al., 2008). Reaction-induced
fracturing may also occur in geo-engineering applications,
for example in slowly expanding cements used to prevent
leakage in borehole casings (Wolterbeek et al., 2018).

In the Earth’s crust, one of the most important reaction-
induced fracturing processes is serpentinization (e.g. Martin
and Fyfe, 1970) where the hydration of olivine grains can
lead to 50 % volume increase (Malvoisin et al., 2017), creat-
ing a fracture network in the host rock and enabling fluid
circulation and creation of new reactive surface areas.
These fractures have been studied extensively in both exper-
iments and numerical models (e.g. Jamtveit et al., 2009;
Kelemen and Hirth, 2012; Plümper et al., 2012; Zheng
et al., 2018; Zhang et al., 2019), and it has been suggested
that the rate of serpentinization is controlled by the rate
of water supply to the reaction surface (Martin and Fyfe,
1970). Observations imply that, as the olivine grains are
fragmented, the hydration reaction is accelerated because
it provides fluid pathways to newly exposed reactive sur-
faces (Iyer et al., 2008; Zhang et al., 2019).

During mineral hydration and volume increase, a pres-
sure, called the force of crystallization, is produced. This
pressure, exerted when a crystal grows from a supersatu-
rated fluid, corresponds to the maximum force this crystal
can exert on a solid surface before the reaction stops
(Weyl, 1959). The force of crystallization of a hydration
reaction can be calculated from thermodynamic data of
both the host and forming crystals (Weyl 1959; Eq. 13 in
Wolterbeek et al., 2018):

rforceof crystallization ¼
Df G

P ;T
i þ Df G

P ;T
H2O � Df G

P ;T
j

V P ;T
m;j � V P ;T

m;i

ð1Þ

where the subscripts i and j correspond to the host mineral

and forming mineral, Df G
P ;T is the Gibbs free energy and

V P ;T
m is the molar volume, both at the given pressure and

temperature conditions. This force has been measured in
a series of experiments where crystals were grown from a
supersaturated solution (e.g. Becker and Day, 1916;
Correns, 1949; Ostapenko, 1976; Scherer, 2004). Recent
studies on the hydration of minerals indicate that the exper-
imental and theoretical values of the force of crystallization
may differ by one or two orders of magnitude (Hövelmann
et al. (2012); Kelemen and Hirth, 2012; Kuleci et al., 2016;
Wolterbeek et al., 2018; Zheng et al., 2018). These large dif-
ferences could come from a different thermodynamic limit
than that given by equation (1) or from a kinetics effect
where the reaction would slow down or stop at a pressure
much lower than the thermodynamic limit. Experiments
have shown that the kinetics of hydration of calcium oxide
to portlandite slows down above 135 MPa, compared to the
thermodynamic limit of 3.4 GPa (Wolterbeek et al., 2018).
Zheng et al. (2018) observed a similar trend for the hydra-
tion of periclase to brucite, with a slowdown of the kinetics
of transformation above 30 MPa, compared to a calculated
thermodynamic limit of 1.9 GPa.

Our study builds on the experimental results of Zheng
et al. (2018) who quantified the reaction-induced fracturing
process when periclase (MgO) is hydrated into brucite (Mg
(OH)2) at temperatures in the range 453–473 K, through
the reaction MgO + H2O? Mg(OH)2. This reaction leads
to the build-up of a force of crystallization and fracturing
of the solid. Zheng et al. (2018) characterized the processes
by in situ imaging using 4D synchrotron X-ray microto-
mography with micrometer spatial sampling. They showed
that when the effective mean stress applied on the periclase
core exceeds ca. 30 MPa, the rate of reaction-induced frac-
turing slowed down dramatically (Fig. 1a). They inter-
preted this effect to arise from the removal of water from
the grain-grain interfaces. Kuleci et al. (2016) proposed that
three kinetic parameters may control the overall rate of the
reaction-induced process in the periclase-brucite system: the
dissolution rate of periclase; the diffusion rate of ions from
periclase to brucite; and the growth rate of brucite. These
parameters may control why the brucite-forming reaction
slows down under certain conditions of pressure and tem-
perature (Kuleci et al., 2016; Zheng et al., 2018). However,
a physical understanding of Zheng et al. (2018) interpreta-
tion is lacking and the effect of pressure on the proposed
parameters (Kuleci et al., 2016) remains to be characterized.

To increase our understanding of why theoretical and
experimental approaches gives such different force of crys-
tallization values, we explore the hypothesis proposed by
Zheng et al. (2018) and Kuleci et al. (2016). We study if
the water is removed from the grain-grain interface when
the normal stress is increasing, and how this affects the dif-
fusion rate of Mg2+ ions from periclase to brucite along the
grain contacts. The results are obtained from several series
of molecular dynamic simulations under conditions
relevant for reaction-induced fracturing. Our goal is to
characterize the transport properties and hydration force
in a water film confined along the interface between two
grains.

The grains in the simulations consist of brucite or peri-
clase. Experiments on the hydroxylation process of peri-
clase (e.g. Refson et al., 1995; Oviedo et al., 1998; Lee
et al., 2003; Jug et al., 2007) have demonstrated that the
periclase (1 0 0) surface restructures into the (1 1 1) crystal-
lographic face when it hydroxylates. This hydroxylated sur-
face shows a similar organization of the atoms as a brucite
(0 0 1) surface (Fig. 1b). In periclase (1 1 1) and brucite
(0 0 1), the Mg and O atoms are organized in alternating



Fig. 1. (a) Experiments of reaction-induced fracturing in the periclase-brucite system performed by Zheng et al. (2018). The blue circles in the
diagram represent experimental conditions and the dashed line separates two domains: below �30 MPa mean effective stress, reaction-induced
fracturing of periclase was observed, and above 30 MPa this reaction was not observed during the duration of these experiments. The four
cylinders show an experiment performed below 30 MPa mean stress where the transformation from periclase (blue) to brucite (red) with time
occurred with a volume increase of 110 % and reaction-induced fracturing of the initial periclase core. (b) Molecular-scale representation of
the hydrated surfaces of periclase and brucite. Magnesium atoms are beige, oxygen atoms are red and hydrogen atoms are white. (I) A
theoretical hydroxylated periclase (1 0 0) surface. (II) A hydrated periclase (1 1 1) surface, where the top and bottom layers are almost
identical to brucite. (III) A brucite (0 0 1) surface. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

M.G. Guren et al. /Geochimica et Cosmochimica Acta 294 (2021) 13–27 15
planes (Wogelius et al., 1995). We assume that a non-
hydroxylated (1 0 0) periclase surface will hydroxylate when
it comes in contact with water, creating the (1 1 1) face. The
ClayFF force field and later improvements (Cygan et al.,
2004; Zeitler et al., 2014; Pouvreau et al., 2017) have been
developed for the brucite (0 0 1) face and these values are
not necessarily transferrable to the periclase (1 1 1) face.
We build on these findings and consider a water film con-
fined between two brucite (0 0 1) surfaces or two non-
hydroxylated periclase (1 0 0) surfaces and identify the
behavior and properties of the water film under conditions
relevant for reaction-induced fracturing. In particular, we
determine what stress is necessary to squeeze out layers of
the water film from the grain contacts, and how the removal
of water layers influences the transport properties of the
water film.
2. COMPUTATIONAL METHODS

To study the behavior and properties of a confined water
film, we perform four series of simulations; labelled Brucite-

squeeze, Periclase-squeeze, Brucite-transport and Periclase-

transport (Table 1). The first name refers to the mineral
system, and the second name represents the procedure
(squeeze out the water film or transport properties of a con-
fined water film). Each setup consists of one or two mineral
blocks surrounded by water molecules (Figs. 2 and 3a).
The studied minerals are brucite (Mg(OH)2) and periclase
(MgO).

The transport properties of a water film confined
between mineral surfaces are characterized by two parame-
ters: the water film thickness and the self-diffusion coeffi-
cient of water molecules in this film (Renard and



Table 1
Overview of the molecular dynamics simulations conditions.

Simulation type Slab [unit cells] Pressure [MPa] Temperature [K]

Brucite-squeeze 10 � 10 � 7 10–100 300, 360, 432, 520
10 � 20 � 7 53 300, 520
20 � 10 � 7 53 300, 520
40 � 40 � 7 53 300, 520

Periclase-squeeze 7 � 13 � 7 10–100 300, 360, 432, 520
Brucite-transport 6 � 6 � 4 10–100 300, 360, 432, 520
Periclase-transport 5 � 5 � 5 10–100 300, 360, 432, 520

Fig. 2. Molecular dynamics simulation setups for the Brucite-transport and Periclase-transport. The setup consists of two mineral slabs with a
water film confined between them. Conditions are periodic in the three directions. The water film thickness is varied between 1 and 10 layers
and the number of water molecules in each layer is given in the table. The thickness of the water film is kept constant through each simulation,
independent on pressure and temperature conditions. The mineral slab is periodic in the x- and y-directions. A gap between the mineral and
water film is added for clarity. During the simulations, the dimensions of the 3D simulation domain vary with time.
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Ortoleva, 1997; Dysthe et al., 2002). To address these two
parameters, we use two different methods. The first method
(Brucite-transport and Periclase-transport, Section 3.1,
Fig. 2) is used to describe the self-diffusion coefficient of a
confined water film. The second method (Brucite-squeeze
and Periclase-squeeze, Section 3.2, Fig. 3) is used to study
the change of the thickness of a water film with time when
two solids are pushed towards each other. An alternative
numerical setup to calculate the effect of pressure on water
film thickness is presented in the Appendix (Texts A1, A2
and Fig. A1, A2).

In molecular dynamics simulations, we select a particu-
lar thermodynamic ensemble for the simulation. Depending
on which ensemble is chosen, three thermodynamic param-
eters (e.g. temperature, pressure and number of atoms or
energy, volume and number of atoms) will be held fixed,
while the other parameters are calculated by performing
various measurements on the system (Allen and Tildesley,
1987). In the present study, we apply a mechanical load
on a solid surrounded by water by letting the simulation
domain change with time in x-, y- and z-directions sepa-
rately to achieve a particular mechanical stress in each
coordinate direction (Fig. 3a). This lets us model a quasi-
2D pore throat, representing a grain boundary, coupled
to a large pore space. The mechanical stress and the temper-
ature are applied by a Nosé-Hoover barostat and ther-
mostat (Shinoda et al., 2004).

We run the simulations with the open source program
LAMMPS (Plimpton, 1995), together with the ClayFF
force field for the minerals (Cygan et al., 2004). To simulate
water, the single point charge (SPC) water model is used
because it is compatible with the ClayFF force field
(Berendsen et al., 1987; Cygan et al., 2004). Table 2 pro-
vides the force field parameters for periclase, brucite and
water. The ClayFF force field was developed for clays
and hydrated mineral in aqueous solutions, and reproduces
bulk properties of clays, including infinite hydroxylated sur-
faces (Cygan et al., 2004). However, one limitation is that
hydroxyl groups on edges and corners of finite size
nanoparticles may detach unrealistically and migrate away
from the mineral structure (Zeitler et al., 2014; Pouvreau
et al., 2017). Zeitler et al. (2014) developed a non-bonded
three-body angle term for Mg-O-H in brucite, later
improved by Pouvreau et al. (2017), to limit this detach-
ment. We observe that the number of hydroxyl groups that
detach in simulations with and without the angle term is
quite similar. However, with an angle term, the simulation
will stop if hydroxyl-groups detach and move away from



Fig. 3. (a) Molecular dynamics simulation setup for the Brucite-squeeze and Periclase-squeeze systems. The setup consists of one mineral slab
surrounded by water in a three-dimensional domain with periodic boundary conditions. The mineral slab is continuous and periodic in the x-
direction (pointing out of the paper plane) and surrounded by water in the y- and z-directions. A Nosé-Hoover barostat (PNH) is applied in the
z-direction of the simulation domain. With time, this pressure condition causes the simulation domain to deform (Lzstart > Lzdeformed and
Lystart < Lydeformed), slowly thinning the water films near the top and bottom surfaces of the brucite slab. (b) An example of two results from
the Brucite-squeeze system showing the thickness (Lz) of the simulation domain in the z-direction as a function of time. This figure illustrates
how we measure the waiting time. The waiting time is the time it takes for the water film to stabilize at one water layer between brucite grains
and two water layers between periclase grains, within 10 ns time limit.

Table 2
Bonded and non-bonded parameters for the ClayFF force field. 1Values from Zeitler et al. (2014). 2Values from Cygan et al. (2004).

Non-bonded parameters

Species Charge (e) 1 D0 (kcal/mol) 1 r (Å) 1

H H2O 0.41 0 0
O H2O �0.82 1.554 3.16684492
Mg MgO 1.36 9.030 10-7 4.69188948
O MgO �1.36 0.1554 3.16684492
Mg Mg(OH)2 1.05 9.030 10-7 4.69188948
O OH �0.95 0.1554 3.16684492
H OH 0.425 0 0

Bonded parameters

Bond stretch (HH2O-OH2O)

k1 (kcal/mol Å2) 2 Rigid
r0 (Å) 2 1.0
Angle bend (HH2O-OH2O-HH2O)

k1 (kcal/mol rad2) 2 Rigid
angle (degrees) 2 109.47
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the solid. Therefore, we run our simulations without the
angle term, and ignore the detachment of hydroxyl groups.

We performed all simulations in the pressure range 10–
100 MPa and temperature range 300–520 K, relevant for
thermodynamic conditions in the Earth’s upper crust. To
confirm that the force field parameters can be used at these
conditions, we studied the evolution of the lattice parame-
ters of brucite at these pressure and temperature ranges
and compared with experimental values (Catti et al.,
1995; Duffy et al., 1995; Nagai et al., 2000; Fukui et al.,



18 M.G. Guren et al. /Geochimica et Cosmochimica Acta 294 (2021) 13–27
2003). The results of these simulations can be found in the
Appendix (Text A3, Fig. A3) and show that the ClayFF
force field can be used at the pressure and temperature con-
ditions used in the present study. The conditions for the dif-
ferent simulations are given in Table 1.

2.1. Water transport and structural properties

The Brucite-transport and Periclase-transport simula-
tions were performed to study the transport and structural
properties of confined water films. The setup consists of
two slabs of the same mineral, either periclase or brucite,
with a water film confined between them (Fig. 2). These sim-
ulations were conducted in the NPT ensemble, where the
number of atoms, the pressure and the temperature are held
fixed.We used seven different water film thicknesses, varying
in the range 1–10 water layers (Fig. 2). To study the struc-
tural properties of a confined water film between mineral
surfaces, we calculated atomic density profiles for hydrogen
and oxygen atoms between brucite surfaces in the Brucite-

transport simulations, using a similar setup as in Wang
et al. (2004). The self-diffusion coefficient of water molecules
is calculated with two metrics. First, it is calculated as the
average of the mean square displacement of water molecules
over ten simulations where each run was executed for a dura-
tion of 10 ps with a timestep of 1 fs. Second, we used the
velocity autocorrelation function and the simulation dura-
tion was decreased to 1 ps and sampled 100 times with a
timestep of 1 fs. The velocity autocorrelation function
(Fig. A4) was used to verify that the results are identical with
both methods. The self-diffusion coefficients given in the
results and discussions are measured with the mean square
displacement. To estimate the activation energy, the diffu-
sion constant is calculated at different temperatures and then
an Arrhenius plot based on the equation D = D0 � exp
(�Ea/R(T�T0)) is made, where D is the self-diffusion coeffi-
cient at temperature T, D0 is the self-diffusion coefficient at
T0 = 300 K, Ea is the activations energy, and R is the gas
constant. The activation energy of self-diffusion of water is
calculated for all the water film thicknesses.

2.2. Setup to squeeze out a confined water film

For the Brucite-squeeze and Periclase-squeeze simula-
tions, we placed a slab of either brucite or periclase in the
middle of the simulation domain, and the slab was sur-
rounded by water (Fig. 3a). For brucite, we used three dif-
ferent sizes of the slab (Table 1), where the larger systems
are used to characterize the effect of domain size on the
removal of water from the interface. For periclase, we used
one size of the slab which was chosen such that the surface
area was the same as for the smallest brucite slab. The slab
spans the whole simulation domain in the x-direction, but
leaves room for water in the y- and z-directions. Conditions
are periodic in the three directions. The simulation domain
contains an initial extra space of 4.1 nm in the y-direction
and 3.4 nm in the z-direction, both spaces being filled with
water (Fig. 3a). The simulations are run with a barostat set
in the z-direction of the simulation domain. With time, the
domain dimensions vary (Fig. 3a) as the domain is com-
pressed in the z-direction. At the same time, the domain
extends in the y-direction to accommodate the water
removed from the brucite interface, such that the water
density in the entire system is conserved. We update the
pressure on the domain walls (PNH) every 10 ps to keep
the pressure acting on the mineral surface (Pmineral) con-
stant as the domain dimensions changes, following equa-
tion (2):

PNH ¼ Pmineral � Amineral þ Pwater � ðAbox � AmineralÞ
Abox

ð2Þ

where Pmineral is the pressure acting on the mineral slabs
(Fig. 3), Pwater is the water pressure on the boundaries of
the simulation domain. Pwater is set to be constant and equal
to 10 MPa, while Pmineral is kept constant by adjusting PNH

with time. Amineral and Abox are the surface areas of the bru-
cite slab and simulation domain, respectively, in the x- and
y-directions.

The simulations are run for up to 10 ns. We measure the
time it takes for the water film to stabilize at one water layer
between brucite grains and two water layers between peri-
clase grains, within 10 ns time limit. The last layer(s) of
water are weakly bonded to the surfaces and will therefore
stay trapped between the mineral surfaces. The waiting time
to reach one or two water layers is measured in a series of
simulations in the pressure range 15–40 MPa and 519 K.

2.3. Computational details

The mineral structures of periclase and brucite, with

space groups Fm3m and P3
�
m1 are constructed from pub-

lished unit cells (Zigan and Rothbauer, 1967; Sasaki
et al., 1979) using the Atomic Simulation Environment
(ASE) software (Larsen et al., 2017). The water is simulated
with the single point charge (SPC) model (Berendsen et al.,
1987). In the simulation domain, the water has an initial
density of 1000 kg/m3. To pack the water, randomly and
without overlap, we use the software package packmol
(Martinez and Martinez, 2003), and set the tolerance dis-
tance to 2.0 Å, which is the minimum distance between a
mineral structure and water molecules. All simulations are
run using periodic boundary conditions in the three direc-
tions of space. The ClayFF potential has a 12–6 Lennard-
Jones potential. We set the cut-off distance to be 8.0 Å
and set the long-range Coulombic interactions, calculated
using particle–particle particle-mesh (pppm), with a relative
precision of 10�4 (dimensionless). Harmonic bond stretch-
ing and angle bending between bonded atoms are optional.
We enforce rigid bonds and angles of the water molecules
and in hydroxyl groups of brucite using the SHAKE algo-
rithm (Ryckaert et al., 1977). This allows for a time step of
1 fs during simulations.

3. RESULTS

3.1. Self-diffusion coefficient and density profiles in the

confined water films

The atomic density profiles of oxygen (Fig. 4a) and
hydrogen (Fig. A5) atoms in a direction perpendicular to



Fig. 4. Atomic density profiles and diffusion coefficient of water films confined between periclase or brucite surfaces (see Fig. 2 for geometry).
(a) Atomic density profiles for the oxygen atoms in a water film confined between two brucite grains. The digits on the left side of each curve
indicate the number of water layers contained in the water film. The curves are shifted vertically for clarity. Fig. A5 displays similar profiles for
the hydrogen atoms. b) Self-diffusion coefficient of water as a function of 1/T for 1 (dark blue) to 10 (red) water layers between brucite
surfaces. Ea = Activation energy. Fig. A6 displays a similar plot for periclase. (c-d) Self-diffusion coefficient in the xy-directions of water
molecules between (c) brucite and (d) periclase slabs, calculated with mean square displacement. Each point corresponds to a pressure between
10 and 100 MPa, and is colored from low (light blue, 10 MPa) to high (purple, 100 MPa) pressure. Symbols show results at different
temperatures in the range 300–520 K. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the plane of the water film between brucite surfaces demon-
strate a structural organization of the atoms. This organiza-
tion in layers with different densities is present for thin film
thicknesses of up to five water layers. When the water film is
thicker, only the two layers closest to each surface show a
density structural organization.

The self-diffusion of bulk water, measured in the xy-
directions, does not vary much with mineral interface (per-
iclase or brucite) or the pressure, with variations less than a
factor of 2 in the pressure range 10–100 MPa. The temper-
ature and water film thickness have significant effects on the
self-diffusion coefficient of water molecules (Fig. 4c and d).

For periclase, the self-diffusion coefficient of water
increases by a factor of 8 when the water film thickness
increases from two to five water layers, and a factor of 16
when increasing the temperature from 300 to 520 K. For
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brucite, the self-diffusion coefficient increases by a factor of
10 with increasing temperature in the range 300–520 K and
by a factor of 3 when the film thickness increases from one
to ten water layers.

The activation energy for water molecules diffusion
between brucite grains (Fig. 4b) increases from 11.9 kJ/mol
to 13.6 kJ/mol when the thickness of the water film
decreases from ten to one water layer. For water molecules
between periclase grains, the activation energy of diffusion
increases from 13.9 kJ/mol to 20.9 kJ/mol (Fig. A6) when
the water film thickness decreases from five to two water
layers.

3.2. Behavior of a confined water film when squeezed out of

grain contact

In the Brucite-squeeze and Periclase-squeeze systems, the
thickness of the simulation domain (Lz, Fig. 3a) changes
with time for different pressures, temperatures and slab
sizes. The removal rate of water from the interface increases
both with increasing pressure and with increasing
temperature.

For the Brucite-squeeze simulations, Fig. 5a shows that
with pressures in the range 40–100 MPa and temperatures
in the range 432–519 K, the duration required to reach a
water film thickness of one water layer is less than 1 ns
while at lower pressures and temperatures this duration
can increase to more than 3 ns. At a temperature of
300 K, a pressure higher than 67 MPa is required to
decrease the water film thickness to one water layer, while
for a temperature of 519 K, the pressure must exceed
18 MPa to reach one water layer within 2 ns.

To study the effect of the size of the brucite slab on the
film thickness, we performed simulations with brucite slab
sizes in the range 10–40 � 10–40 � 7 unit cells repetitions.
These simulations show that when the size of the brucite slab
increases from 10 to 40 unit cell repetitions in the y-
direction, the time required to reach a thickness of one water
layer increases from less than 1 ns to more than 3 ns. Con-
versely, since the slab is periodic in the x-direction, we
observe that increasing the size in the x-direction from
10 � 10 � 7 to 20 � 10 � 7 unit cell repetitions does not
affect the duration to reach one water layer (Fig. A7).

For the Periclase-squeeze simulations we measure the
time necessary to reach a water film thickness of two water
layers. Fig. 5b shows that at a temperature of 300 K, the
duration to reach a two-layer water film thickness is
�2 ns when the pressure in the range 53–100 MPa, while
at lower pressure the water film thickness remains at three
or four water layers after 3 ns. At 519 K, the duration to
reach two water layers is less than 2 ns for all pressures in
the range 15–100 MPa. The results presented in Text A2
and Fig. A2 are consistent with the Periclase-squeeze simu-
lations. Fig. A2 shows that when the pressure is below
30 MPa at 453 K, the duration to reach two water layers
varies from 2 to 12 ns depending on the crystallographic
orientation (Fig. A2b). However, at 453 K and with a pres-
sure above 30 MPa, the duration to reach a two water layer
thickness is less than 3 ns, whatever the crystallographic
orientation.
For both Brucite-squeeze and Periclase-squeeze we mea-
sured the waiting time for squeezing out the water film at a
temperature of 519 K (Fig. 3b). For brucite, we measure the
time needed to reach one water layer, while for periclase, we
measure the time needed to reach two water layers, because
the periclase surface binds water much more strongly than
brucite. We interpret these results such that there is a tran-
sition between a pressure regime where it is difficult to
remove the water layers to a pressure regime where it is easy
to remove the water layers. In the Brucite-squeeze simula-
tions at 519 K (Fig. 6), we observe that when the pressure
is below 25–30 MPa, most of the simulations do not reach
the one water layer level, while for pressures above 25–
30 MPa a single water layer is reached within a few ns. A
few simulations within the pressure range 15–25 MPa
reached a water film thickness of one water layer within
2 ns. The deviation from the trend that simulations in this
pressure range do not reach one water layer could be due
to fluctuations pushing the system over the energy barrier
to squeezing out the water film. Results from simulations
with an initial shorter distance (decreased from 32 Å to
17 Å) are in agreement and indicate a transition around
25–35 MPa (Fig. A8a). In the Periclase-squeeze simulations
(Fig. A8b), the transition between simulations that reach
two water layers or not is �15 MPa.

4. DISCUSSION

4.1. Water film thickness and self-diffusion coefficient of a

confined water film

The water film thickness is calculated as a function of
time under different pressures and temperatures. We
observe that the number of water layers that can be
removed from the confined water film depends on the min-
eral interface above and below that water film. For exam-
ple, for un-hydroxylated periclase surfaces, the last two
layers of water remain trapped, while for brucite only one
water layer remains (Fig. 5). These results are in agreement
with previous numerical and experimental studies per-
formed on un-hydroxylated periclase, which have shown
that water binds strongly to the periclase surfaces due to
high surface charges and the lattice parameters that maxi-
mize interactions between water molecules and MgO units
with a ratio of one water molecule for one MgO unit
(Stirniman et al., 1996; Engkvist and Stone, 1999). Calcu-
lated adsorption energy of water molecules to periclase
(0 0 1) and brucite surfaces support that water binds more
strongly to periclase than brucite. Asaduzzaman (2020)
found the adsorption energy of water molecules in a mono-
layer to an un-hydroxylated periclase (0 0 1) surface to be
�54.5 kJ/mol. For brucite, the adsorption energy of water
molecules to the brucite surface is estimated to be �25 kJ/mol
(Sakuma et al., 2004).

The self-diffusion coefficient of water molecules is higher
between brucite surfaces than periclase surfaces. The self-
diffusion coefficient is also higher in thick water films than
in thin ones. The activation energy for self-diffusion
increases with a decreasing water film thickness and the sen-
sitivity of this activation energy due to water film thickness



Fig. 5. Thickness (Lz) of the simulation domain in the z-direction as a function of time in the (a) Brucite-squeeze and (b) Periclase-squeeze
simulations (see Fig. 3a for the geometry). (I) and (II) Simulations of the evolution of the water film thickness as a function of time for
different temperatures in the range 300–519 K at two pressures (18 and 100 MPa). (III) and (IV) Simulations of the evolution of the water film
thickness as a function of four different pressures in the range 15–100 MPa at two temperatures (300 and 519 K).
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is higher between periclase surfaces than between brucite
surfaces. Numerical studies indicate that the self-diffusion
coefficient for bulk water, using single point charge water
model at 300 K, is in the range 3–4 � 10�9 m2/s (Yu and
van Gunsteren, 2004; Guevara-Carrion et al., 2011;
Tsimpanogiannis et al., 2019), while experimental studies
that used nuclear magnetic resonance (e.g. Holz et al.,
2000) or a diaphragm cell (Mills, 1973; Easteal et al.,
1989) report the self-diffusion coefficient of water to be
�2.3 � 10�9 m2/s at 300 K. These studies also report the
activation energy for water molecules. From experimental
studies, the activation energy is reported to be in the range
14.3–18.0 kJ/mol (Mills, 1973; Easteal et al., 1989) while
numerical models report slightly lower activation energies



Fig. 6. Waiting time to reach one water layer for the Brucite-squeeze simulations. When the waiting time is equal to 10 ns, the water film
thickness after 10 ns contained at least two water layers and the waiting time to reach one water layer will be longer than 10 ns. The
simulations were performed in the pressure range 15–40 MPa at 519 K. The inset shows how the thickness (Lz) of the simulation domain
change as a function of time during 10 ns. Each point corresponds to the waiting time for one line in the inset figure at a pressure between 15–
40 MPa and both the lines and points are colored from light blue (15 MPa) to purple (40 MPa). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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between 9.998 and 12.890 kJ/mol (Espinosa et al., 2014;
Ding et al., 2016; Tsimpanogiannis et al., 2019). The latter
values fit with our estimated activation energies. For a film
thickness of five water layers at 300 K, the self-diffusion
coefficients for water molecules between periclase and bru-
cite interfaces are �2 � 10�9 m2/s and �3 � 10�9 m2/s,
respectively. These diffusion rates are slightly lower than
the bulk coefficients. The most likely cause is that two of
the water layers bind to the surface, as indicated by e.g.
Engkvist and Stone (1999) and Lee et al. (2003), decreasing
the overall diffusion rate. The activation energy increases by
13 % when the water film thickness decreases from ten to
one water layers between brucite surfaces and by 33 % with
a reduction from five to two water layer between periclase
surfaces. This indicates that the binding of water is stronger
between the periclase surfaces than between the brucite sur-
faces, which also affects the kinetics of diffusion, even
though both are hydrophilic minerals.

Several studies characterized the behavior of water on
hydrophilic mineral surfaces, such as periclase and brucite
(e.g. Lee and Rossky 1994; Marmier et al., 1998; Malani
et al., 2009; Phan et al., 2012; Ou et al., 2014 and references
therein). These studies showed that in most cases the water
molecules form hydrogen bonds at the mineral surface and
become structurally ordered, with a reduction in diffusion
rate by a factor of 2–5 compared to bulk water. For the per-
iclase system, the diffusion rate can be five times lower than
in bulk water (Marmier et al., 1998). However, simulations
performed on the brucite system indicate that, in contrast
to most hydrophilic minerals, brucite barely affects the dif-
fusion dynamic of water in a thin layer near the mineral sur-
face (Ou et al., 2014). These results are in agreement with
our results where the diffusion coefficient of water between
brucite surfaces decreases by a factor of 3 when the film
thickness decreases from five to one water layers. Con-
versely, between periclase surfaces, the diffusion coefficient
decreases by a factor of almost ten when the water film
thickness decreases from five to two water layers, giving a
lower self-diffusion coefficient of water molecules than
between brucite surfaces. Moreover, the self-diffusion coef-
ficient of water between brucite surfaces is also reduced
substantially when the water film thickness is decreased.

4.2. Hydration forces between mineral interfaces

Several types of hydration forces operate between min-
eral surfaces in aqueous solutions: strongly monotonically
repulsive forces, attractive forces, oscillatory forces and
combinations of all three forces (e.g. Israelachvili, 2011).
The existence of monotonically repulsive forces was first
proposed by Langmuir (1938), and described in several
other studies (e.g. Parsegian and Zemb, 2011; Kilpatrick
et al., 2013; Shen et al., 2018). These studies have demon-
strated the existence of two kinds of repulsive hydration
forces acting over short distances, depending on the nature
of the surfaces. In our case, we consider repulsive hydration
forces between solid hydrophilic minerals. If the repulsive
forces are smaller than the applied pressure on the system,
the water film may collapse to one or two water layers,
which reduces the transport properties along the grain
boundaries (e.g. Weyl, 1959; Renard and Ortoleva, 1997).
Our simulations show that a water film between brucite sur-
faces is reduced to one layer of molecules when the applied
pressure exceeds 25–30 MPa. Our simulations were performed
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in the pressure range 10–100 MPa. Even at 100 MPa, the
remaining single water layer between the surfaces
appears to be stable. Other numerical studies of solva-
tion layers between surfaces of other minerals, such as
calcite or aragonite, indicate that two or three water lay-
ers remain stable up to 1 GPa (Brekke-Svaland and
Bresme, 2018).

4.3. Implications for reaction-induced fracturing

Hydration of periclase to form brucite and associated
reaction-induced fracturing due to the expansion of solid
volume, requires sustained supply of water to the reactive
interfaces. The same applies to the hydration of peridotite
to form serpentine. Previous studies of the brucite-
Fig. 7. (a) Evolution of porosity (green), periclase content (blue) and bru
stress of 5 MPa during the periclase to brucite reaction (modified from Zh
induced fracturing are indicated (1: onset of reaction, 2: fracturing induc
Evolution at a temperature of 473 K and an effective mean stress of 75 M
(modified from Zheng et al., 2018). (c) Thickness (Lz) of the simulation d
with pressures of 15 and 81 MPa. D is the self-diffusion coefficient of the
figures are snapshots at 3 ns, visualizing the water film thickness between t
in this figure legend, the reader is referred to the web version of this arti
forming reaction show that the access of water at the react-
ing surface could be rate limiting. At high pressures, either
the diffusion of ions is significantly slower (Kuleci et al.,
2016) or the water film is squeezed out of the grain-grain
contact (Zheng et al., 2018) or.

Zheng et al. (2018) quantified the periclase to brucite
transition by in situ X-ray tomography imaging and charac-
terized the evolution of porosity during the reaction pro-
gress. They observed two different behaviors, depending
on whether the effective mean stress applied to the samples
was above or below 30 MPa. In the experiments where the
effective mean stress was below 30 MPa, reaction-induced
fracturing was observed. The reaction proceeded through
three different stages (Fig. 7a). Stage 1 was characterized
by slow replacement of periclase to brucite. During stage
cite content (red) at a temperature of 483 K and an effective mean
eng et al., 2018). The three stages of reaction progress and reaction-
ed porosity pulse and 3: pore collapse until complete reaction). (b)
Pa. No reaction-induced fracturing occurred during the experiment
omain in the z-direction as a function of time at temperature 432 K
water molecules in water films with the thickness at 3 ns. The inset
he two brucite blocks. (For interpretation of the references to colour
cle.)
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2, the rate of replacement increased due to the onset of
reaction-driven fracturing and a pulse-like porosity increase
was observed (Zheng et al., 2018). The example in Fig. 7a
shows that a maximum porosity of �2.5% was reached
before the pore space collapsed to less than 1%. When the
porosity decreases to 1% or less, the fluid transport must
occur along the grain boundaries. Even though some void
space along triple junctions exists in natural systems, our
3D simulations of water confined between two parallel
plates is relevant to water confined along grain boundaries
because in low porosity rocks, the behavior of the confined
water films is the determining factor for whether water sup-
ply is shut off such that the periclase to brucite reaction
stops. During stage 3, the reaction rate decreased until
the replacement was complete. After 110 min (Fig. 7a),
95% of the periclase was replaced by brucite.

In contrast, for experiments carried out at mean stress
above 30 MPa, reaction-induced fracturing was not
observed. During the reaction, the porosity decreased from
the initial 1.3% to 0.5% (Fig. 7b), and at the same time, the
brucite volume increased to �3%, suggesting that the initial
pores were clogged with brucite without producing new
fractures (Zheng et al., 2018).

Fig. 7a and b show the behavior of experiments per-
formed at 473–483 K and 5 MPa and 75 MPa, respectively.
Our molecular dynamics simulations performed under sim-
ilar conditions, 432 K and 15 MPa and 81 MPa (Fig. 7c)
show that when the pressure is 15 MPa, below the
30 MPa limit observed in the experiments by Zheng et al.
(2018), the water film thickness between two brucite sur-
faces consists of six water layers after 3 ns, and the self-
diffusion coefficient of the water molecules is 15 � 10�9

m2/s. However, at 81 MPa, the water film thickness is
decreased to one water layer thickness within 0.5 ns, and
the self-diffusion coefficient of water molecules is reduced
to 4.9 � 10�9 m2/s. The observed occurrence of higher
porosity in the experiments below the 30 MPa limit is con-
sistent with our simulations (Fig. 6) and indicate the reac-
tion and fracturing can be maintained in the system when
the applied pressure is reduced. However, when the pres-
sure in the experiment is increased to 75 MPa, the reaction
slows down and no fracturing occurred. Similarly, the sim-
ulation at 81 MPa shows that the water film rapidly col-
lapses to one water layer, and the access of water to the
reacting surface and ion-transportation is therefore limited.

To maintain the ion-transport along grain boundaries,
the water film has to be thick enough to accommodate
the hydration shell of Mg2+. As periclase dissolves, the
Mg2+ ions hydrate, and the water hydration layers are
strongly bonded to the Mg2+ (e.g. Bo et al., 2017). Several
studies have shown that the first hydration shell around
Mg2+ ions contains six water molecules, creating a stable
octahedral structure, and the second hydration shell con-
tains twelve water molecules which are connected to the
first hydration shell with hydrogen bonds (Bol et al.,
1970; Pavlov et al., 1998; Bo et al., 2017). The average bond
length between Mg2+-water and water-water is 2.07 Å
(Pavlov et al., 1998), and the distance for the second hydra-
tion shell is reported to be about 4.2 Å from the Mg2+-ion
(Bol et al., 1970). This implies that when the water film
thickness is reduced to one or two water layers (�3–6 Å),
the transfer of Mg2+-ions would be limited due to space
restrictions, therefore slowing down the kinetics of
reaction-induced fracturing.

5. CONCLUSION

– We propose that reaction-induced fracturing requires a
stable water film to proceed during the formation of bru-
cite from hydration of periclase, and our simulations
show that the pressure where the water film remains
stable is below a few tens of MPa.

– When the pressure reaches a few tens of MPa, the water
film between grains collapses, a process which reduces
the water film thickness and the self-diffusion coefficient
of water molecules. The thickness of this water film is
smaller than the hydration shell around Mg2+-ions
which will limit ion-transportation.

– The observed slowdown in reaction-induced fracturing
in the periclase-brucite system above 30 MPa effective
pressure can be explained by an insufficient hydration
force. When the effective pressure increases to a few tens
of MPa, the access to water inside the grain contact
decreases and a thin water film layer limits ion-transfer
to the reacting surface.

– Our results propose that the rate of reaction-induced
fracturing could be limited by the access of water to
the grain boundaries, limiting the chemical reaction
there. This result provides an explanation of the slow-
down of reaction-induced fracturing rate observed in
experimental studies of the hydration of calcium and
magnesium oxides.
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Hövelmann J., Putnis C. V., Ruiz-Agudo E. and Austrheim H.
(2012) Direct nanoscale observations of CO2 sequestration
during brucite [Mg(OH)2] dissolution. Environ. Sci. Technol.
46, 5253–5260. https://doi.org/10.1021/es300403n.

Israelachvili J. N. (2011) Intermolecular and Surface Forces, third
ed. Academic Press, Amsterdam.

Iyer K., Jamtveit B., Mathiesen J., Malthe-Sørenssen A. and Feder
J. (2008) Reaction-assisted hierarchical fracturing during ser-
pentinization. Earth Planet. Sci. Lett. 267(3–4), 503–516.
https://doi.org/10.1016/j.epsl.2007.11.060.

Jamtveit B., Putnis C. V. and Malthe-Sørenssen A. (2009) Reaction
induced fracturing during replacement processes. Contrib.

Mineral. Petrol. 157, 127–133. https://doi.org/10.1007/s00410-
008-0324-y.

Jamtveit B. and Hammer Ø. (2012) Sculpting of rocks by reactive
fluids. Geochem. Perspect. 1(3), 341–491. https://doi.org/
10.7185/geochempersp.1.3.

Jug K., Heidberg B. and Bredow T. (2007) Cyclic cluster study on
the formation of brucite from periclase and water. J. Phys.

Chem. C 111, 13103–13108. https://doi.org/10.1021/jp072889c.
Kelemen P. B., Matter J., Streit E. E., Rudge J. F., Curry W. B.

and Blusztajn J. (2011) Rates and mechanisms of mineral
carbonation in peridotite: natural processes and recipes for
enhanced, in situ CO 2 capture and storage. Annu. Rev. Earth
Planet. Sci. 39, 545–576. https://doi.org/10.1146/annurev-
earth-092010-152509.

Kelemen P. B. and Hirth G. (2012) Reaction-driven cracking
during retrograde metamorphism: olivine hydration and car-
bonation. Earth Planet. Sci. Lett. 345, 81–89. https://doi.org/
10.1016/j.epsl.2012.06.018.

Kilpatrick J. I., Loh S. H. and Jarvis S. P. (2013) Directly probing
the effects of ions on hydration forces at interfaces. J. Am.

Chem. Soc. 135, 2628–2634. https://doi.org/10.1021/ja310255s.
Kuleci H., Schmidt C., Rybacki E., Petrishcheva E. and Abart R.

(2016) Hydration of periclase at 350 �C to 620 �C and 200 MPa:
experimental calibration of reaction rate. Mineral. Petrol. 110,
1–10. https://doi.org/10.1007/s00710-015-0414-2.

Langmuir I. (1938) The role of attractive and repulsive forces in the
formation of tactoids, thixotropic gels, protein crystals and
coacervates. J. Chem. Phys. 6, 873–896. https://doi.org/
10.1063/1.1750183.

Larsen A. H., Mortensen J. J., Blomqvist J., Castelli I. E.,
Christensen R., Dułak M., Friis J., Groves M. N., Hammer B.,
Hargus C., Hermes E. D., Jennings P. C., Jensen P. B.,
Kermode J., Kitchin J. R., Kolsbjerg E. L., Kubal J., Kaasbjerg
K., Lysgaard S., Maronsson J. B., Maxson T., Olsen T.,
Pastewka L., Peterson A., Rostgaard C., Schiøtz J., Schütt O.,
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