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ABSTRACT
Grain boundaries in mantle minerals are of critical importance to geophysical and geochemical
processes of the Earth’s interior. One of the fundamental issues is to understand how the water (H.O)
component influences the properties of grain boundaries in silicate materials. Here, we report the
results of the structure and stability of several tilt grain boundaries in Mg,SiO, forsterite over the
pressure range 0 to 15 GPa using density functional theory-based first-principles simulations. The
results suggest greater energetic stability and hydration-driven volume collapse (negative excess
volume) at zero pressure for the majority of hydrous grain boundaries relative to the anhydrous (dry)
ones. All the hydrous grain boundaries become increasingly favorable at elevated pressures as the
calculated hydration enthalpy systematically decreases with the increasing pressure. The hydrous
components at the interfacial regions are predominantly in the hydroxyl form and to a lesser extent in
the molecular H,O form. Their calculated ratio ranges from 1.6 to 8.7 among the different grain
boundary configurations. Our structural analysis also reveals that the hydroxyls are bound to either
both Mg and Si or to Mg only. In comparison, the molecular species are bound only to Mg sites.

Besides direct oxygen-hydrogen bonding, intermolecular hydrogen bonding becomes important with



compression. On the basis of our results, we suggest that local atomic rearrangements caused by
dissociative adsorption of water facilitates efficient compaction of the boundary interfaces which, in
turn, results in greater relative stability of hydrous grain boundaries. This means that water prefer; to be

incorporated within the grain boundaries over the bulk of silicate materials.

INTRODUCTION

Defects that are usually present in materials in various forms influence the properties of materials to
various degrees. In particular, the inter-granular regions or interfaces (i.e., grain boundaries) can act as
sinks for other defects, including impurities (Hiraga et al., 2003, 2004; Karki et al., 2015). They may
act as nucleation sites for corrosion, precipitation, fracture and affect plastic deformation properties of
materials (Duffy, 1986; Sutton and Balluffi, 1995; Yang et al., 2015; Barr et al., 2018). Additionally,
they are known to provide faster pathways for ionic diffusion and electrical conduction (Van Orman et
al., 2003; Hayden and Watson, 2007, 2008; Dohmen, 2008; Pommier et al., 2018). The behavior and
properties of grain boundaries in ceramics and minerals are of critical importance from technological

and geological viewpoints.

Water, a universal solvent, can have profound influence on various materials properties, including
creep, elasticity, and melting (Hirth and Kohlstedt, 1995; Henderson, 2002; Asimow and Langmuir,
2003; Carrier et al., 2016; Suknev, 2019). The presence of hydrous components at grain boundary
interfaces is likely to amplify the transport properties, such as diffusion, and electrical conductivity and
influence seismic wave velocities (Karato, 1990; Karato and Wu, 1993). This is especially relevant for
materials in subduction zones and upper mantle-transition regions where the presence of water is

expected in significant amounts.

Here we choose to study hydrous grain boundaries in forsterite (Mg,SiO4) which is the Mg end-
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member of the olivine system and is a common rock-forming mineral in Earth’s upper mantle.
Forsterite in its hydrated form has widely been studied (e.g., Kohn 1996; Jacobsen et al., 2008; Ye et
al., 2009; Liu et al., 2018). Forsterite—water interactions are thought to be one of the key processes
behind water retention during planetary accretion (Stimpfl et al., 2006; King et al., 2010). The presence
of hydrous components is also considered to promote incipient melting and enhance interfacial
transport at mantle conditions (Hirth and Kohlstedt, 1995; Henderson, 2002; Asimow and Langmuir,
2003). In the study of nominally anhydrous forsterite, both OH and molecular water species were
predicted to exist, with the possibility of clustered OH resembling to static H,O at grain boundary
interfaces and non-clustered OH units as bulk point defects (Kohn, 1996). Associating the hydrous

components with forsterite grain boundaries is thus important with regard to mantle materials.

Investigating how H,O interacts with the grain boundary and what characteristic changes occur at the
atomic scale can assist us to understand the fundamental processes that occur in grain boundaries under
pressure and wet conditions. Due to the lack of atomic order at the grain boundary, the widely used
two-dimensional experimental imaging techniques (e.g., transmission electron microscopy, electron
back-scattered diffraction) often fall short in fully resolving the three-dimensional structure of the
interfaces (Marquardt and Faul, 2018). The presence of hydrous component is expected to further
complicate experimental characterizations of the interfaces. An accurate determination of the speciation
of the hydrous component by vibrational techniques remains a great challenge under pressure, although
such effort has been made at ambient conditions (Geisler et al., 2019). Our first-principles
computational approach is expected to be particularly helpful in this regard. Previous computational
studies have investigated grain boundaries in forsterite (de Leeuw et al., 2000a; Adjaoud et al., 2012)
and proton-containing defects at tilt grain boundaries using interatomic interaction potentials (de
Leeuw et al., 2000a) at 0 GPa. Proton-free grain boundaries in forsterite were previously studied using

the first-principles method in the pressure range 0 — 17 GPa (Ghosh and Karki, 2014).



In this work, we use first-principles computations to evaluate the properties of hydrous grain
boundaries of (0I1)/[100] and (110)/[001] types ferjthe pressure range 0 — 15 GPa. Specifically, local
structure, bond distance, formation enthalpy, and excess volume of hydrated grain boundaries were
calculated. The results allow us to evaluate the relative stability and excess properties in comparison to
dry grain boundaries, considering different tilt angles for each grain boundary type. They also allow us
to identify the interfacial speciation of the hydrous component and perhaps answer the fundamental

question of whether hydrogen is fractionating to grain boundaries.

GRAIN BOUNDARY MODELS AND COMPUTATIONAL DETAILS

For each of the grain boundary systems studied here, the computational model is a bicrystal which
comprises of two oppositely oriented blocks (one block being the mirror image of the other block) of
the crystal merged at the interface (Verma and Karki, 2010; Ghosh and Karki, 2014). This results in a
grain boundary interface at the center of the bi-crystal supercell. The imposed periodic boundary
conditions introduce another oppositely oriented grain boundary split across the supercell edges (Fig.
1). To minimize interactions between two grain boundaries the supercells were constructed in a

rectangular shape with inter-granular distance (i.e., the width of crystal block) of larger than 15 A.

We consider two types of tilt boundaries, (0/1)/[100] and (110)/[001], which are common in forsterite
and have been previously studied (Leeuw et al., 2000a; Ghosh and Karki, 2014). In the (0I1)/[100] type,
a is the axis of rotation and the grain boundary plane is perpendicular to the c axis (Fig. 1). In the (110)/
[001] type, c is the rotation axis and the grain boundary plane is perpendicular to the b axis. To account
for low and high angle grain boundaries, three different tilt angles spanning over an angular range of
30° were considered for each grain boundary type (Fig. 1 and Table I). To create a wet grain boundary,
both cations (Mg and Si) in the interfacial region were substituted in proportion with an appropriate

number of hydrogen atoms (2 for Mg and 4 for Si) so that the stoichiometry of Mg,SiO4 remains


bbkarki
Cross-Out

bbkarki
Inserted Text
in

bbkarki
Inserted Text
s


unchanged and the system maintains charge neutrality as well. This system effectively represents the
result of the interaction of water (H,O) with dry grain boundary expressed as nMg,SiO,4 + 4xH2@
Mg2,Si,O4n+xHsy, Where n is the number of formula units of Mg,SiO, in dry boundary and x is the
number of H,O units incorporated in the grain boundary. The addition of 8 hydrogen atoms for every
three cation substitutions (2 Mg and 1 Si corresponding to one Mg,SiO, unit) results in a higher atomic
population at the interface relative to the bulk. Special attention was given during modeling and
simulation to correct any possible artifacts, including that of two hydrogen atoms coming too close

(~1.2 A) to form molecular hydrogen (H,).

Both the planar and stepped grain boundary configurations were modeled for the (0I1)/[100] type
whereas only the stepped configurations were modeled for (1/0)/[001]. Due to the step-like structure-s
the interface, the stepped dry grain boundaries generally possess larger excess volumes (or lower
interfacial atomic density) and are less stable than their planar counterparts (Ghosh and Karki, 2014).
The present study aims at exploring the effects of large excess volumes on the stability of the grain

boundaries at hydrated conditions.

First-principles simulations were performed using the generalized gradient approximation (GGA) to the
density functional theory (Perdew et al., 1996) and the projector augmented wave method (Kresse and
Joubert 1999) as implemented in VASP (Kresse and Furthmuller 1996). Plane wave basis set with an
energy cut-off of 900 eV, (Gamma point Brillouin zone sampling, force threshold of 0.01 eV/A, and an
energy convergence criterion of 10° eV were used. Depending on the grain boundary type and hydrous
content, the number of atoms in the simulation supercells varies between 412 and 900 (Table I). The use
of larger supercells was shown to have insignificant effects on atomic arrangements near the boundaries
and the energy of the grain boundaries (Ghosh and Karki, 2014). In the present work, similar supper

cell sizes were adopted as in our previous work (Ghosh and Karki, 2014). Static simulations
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(corresponding to 0 K) were performed at different volumes to capture the effects of pressure over the
range 0 to ~15 GPa. The rationale behind using GGA in this study is that the properties of water are
constrained more accurately with this approximation compared to LDA (local density approximation)
(Gillan et al., 2016). To assess the differences due to the choice of exchange-correlation functionals,
additional simulations were performed for dry and hydrous planar 30.4° and 49.6° tilt grain boundaries

using LDA as in the previous study (Ghosh and Karki, 2014).

The formation enthalpy of dry grain boundary is evaluated as:

AHg,=05(Hg,—HpllAgg €)
where Hgg is the enthalpy of the simulated grain boundary system, Hgp is the enthalpy of the
corresponding perfect bulk super-cell (that contains the same number of Mg,SiO,4 units as the grain
boundary system), and Agg is the area of one grain boundary interface. The f@r 0.5 accounts for two
oppositely oriented grain boundaries contained in the supercell (Fig. 1).
To evaluate the formation enthalpy of wet (hydrous) grain boundary, the enthalpy of water component

=

AthGB:O'S(thGB_HB_HHZO)/AGB (2)

has also to be accounted for by using:

where Hj,csa Hy o represent the enthalpy of hydrous grain boundary system and water component,
respectively. We simulated bulk water in its amorphous phase (that is, frozen liquid water) at 0 K at
different volumes to evaluate 4 H 5. Because only relative energies are considered, any inadequacies
that may arise due to insufficient Brillouin zone sampling, choice of the exchange-correlation
functional, supercell size, etc. are largely canceled out in evaluating the energy differences between the
systems.

The excess volume for the dry grain boundary can be evaluated as:

AVGBZO.S(VGB—VBJ/AGB 3)
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where V zand V ; represent the volume of the dry grain boundary svstem and the perfect crystal for the
same number of Mg,SiO, units, respectively,
Similarly, for wet grain boundaries, the excess volume can be evaluated as:

AVhyGB:O'S Viwes "V~ Vo Agg 4)

where Vs, Vi, and V, , represent the volume of the hydrous grain boundary system, the perfect

crystal, and the water component, respectively.

RESULTS AND DISCUSSION

Grain boundary structure and energetics

As shown in Fig 2 (and Fig. S1, S2), the structure remains same in the bulk regions of dry and wet
grain boundaries. The hydrous component is efficiently incorporated at the interface resulting in a
higher number density of atoms in the interfacial region (note that 8 hydrogen atoms are substituted for
2 Mg and 1 Si atoms). Modeled anhydrous and hydrous grain boundary systems before relaxation for
the 30.4° planar and stepped configurations are shown in Fig. 2a and 2b. Hydrogen atoms were kept at
distances = 1.5 A for H-Mg and H-Si, =1.2 A for H-O, and =1.0 A for H-H. This somewhat reduces
the possible bonding bias of hydrogen that arises from modeling. It is clear from relaxed hydrous grain
boundary at 0 GPa (Fig. 2c) that all hydrogen atoms are bonded with oxygen atoms. Both OH and H,O
species are clearly visible with a predeminaneg of hydroxyls. There is no noticeable change, in the
hydrogen speciation with compression (Fig. 2c and 2d). However, pressure-induced spatial
rearrangements (such as bond rotations, decrease in bond distances) result in increased compaction of

the grain boundary region.

Analysis of Jocal surroundings of Mg and Si in the bulk and boundary regions can provide insight into

structural variations at the atomic level. Both Mg and Si cations remain under polyhedral surroundings
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in Mg,SiO,. Polyhedral distortion index defined as & A:% > , where A;and A, are the individual
1

av

and average bond lengths, respectively, is a good indicator of structural characteristics. For the bulk
regions (away from the interface), both the average bond length and polyhedral distortion index almost
overlap with the corresponding values of the pure crystal (Fig. 3). For the interfacial regions, both
structural parameters show large deviations from their corresponding crystalline values (Fig. 3).
Distortion index reaches as high as 6% for the octahedral Mg sites with longer Mg-O bonds (note that
there are two distinct Mg crystalline sites in forsterite with different average Mg-O bond lengths, see
right panel Fig. 3). The distortion index value for individual Si-O polyhedron remains within 3%.
Considering all grain boundary systems simulated at O GPa, the average distortion index (which is
averaged over all Mg for any specific configuration) for Mg varies from 2.3 — 2.7%. For Si, this range
is 0.9 — 1.15%. The Si distortion value displays an increasing trend with compression. On the contrary,
the Mg distortion value tends to decrease with increasing pressure (Fig. 3). The average distortion
index for Si in dry grain boundaries remains lower than that of the corresponding hydrous grain
boundary values at all pressures. For Mg, the hydrous cases display a lower average distortion index

than their dry counterparts for the majority of the grain boundaries.

The grain boundary formation enthalpy varies considerably among different configurations for both dry
and wet grain boundaries as shown in Fig 4. At zero pressure, the calculated enthalpy varies between
0.65 and 1.8 J/m* for the tilt angle range 30.4° — 65.0° without showing any clear trend (Fig. S3). For
instance, dry grain boundaries display the lowest enthalpy for the 49.6° tilt whereas hydrous grain
boundaries show increasing enthalpy with the tilt angle. For the smallest tilt angle 30.4° hydrous grain
boundaries have significantly lower formation enthalpies than their dry counterparts for both planar and
stepped configurations. The opposite trend can be seen for the highest tilt angle 60.4°. Tt is likely that

hydration-driven stabilization of grain boundaries depends significantly on specific boundary



configuration and tilt angle. However, our finding that the grain boundary formation energies fall
within a narrow range of about 1.0 J/m® at zero pressure indicates the possible existence of different
types of grain boundaries in real systems. Our predicted energetics is consistent with the previous
computational findings for dry grain boundary based on interaction potentials (Leeuw et al., 2000a;

Adjaoud et al., 2012) and the first-principles approach (Ghosh and Karki, 2014).

The formation enthalpy of all dry grain boundaries with planar and stepped configurations increases
monotonically with increasing pressure (Fig. 4) as also predicted previously (Ghosh and Karki, 2014).
The extent of the pressure-induced variation in the formation enthalpy, however, differs considerably
among different grain boundaries. The variations are small (~0.5 J/m?) for the 30.4° and 49.6° tilts, but
they are as large as ~2.0 J/m* for the 60.4° tilt when both planner and stepped configurations of the
(0I1)/[100] type are considered. Among all dry grain boundary systems simulated, the planar 49.6° tilt

remains energetically most favorable at all pressures.

Interestingly, the formation enthalpy of hydrous grain boundaries shows modest variations with
pressure (Fig 4). Considering all hydrous grain boundaries, the pressure-induced changes in the
enthalpy over the range 0 — 15 GPa remains within 0.5 J/m? In contrast, this variation is as high as 2 J/
m? for dry cases. In particular, the formation enthalpy for hydrous 30.4° and 49.6° tilts show, a weak
non-monotonic trend with pressure and varies by less than 0.25 J/m” over the pressure range
considered. The 30.4° and 49.6° tilt grain boundaries remain energetically competitive at all pressures
and have much smaller formation enthalpy than that of the 60.4° tilt grain boundaries. Moreover,
hydrous grain boundaries have higher formation enthalpy than their dry counterparts at zero pressure
but they become more favorable above 3 GPa. Unlike the (0[1)/[100] type, the formation enthalpy of
hydrous stepped (110)/[001] grain boundaries, irrespective of tilt angle, remains relatively high at all

pressures. It is worth noting that the LDA calculations for selected (30.4° and 49.6° tilt) dry and
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hydrous grain boundaries display comparable values and similar pressure effects to the GGA
calculations. On the basis of our first-principles results, it is thus clear that hydrous grain boundaries
consistently have lower formation enthalpies than their dry counterparts at elevated pressures. In
particular, the (0/1)/[100] type hydrated boundaries are likely to be prevalent at compressed conditions

because of their low formation enthalpy (Fig. 4).

Excess volume at the grain boundary

The average density of atoms at the interfaces is expected to be low compared to the bulk crystal due to
distorted arrangement in grain boundaries. This may render grain boundary systems to retain finite
(positive) excess volume as shown by a number of studies (Kuru et al., 2009; Verma and Karki, 2010;
Adjaoud et al., 2012; Ghosh and Karki, 2014). Our results show that at zero pressure, dry grain
boundaries have positive excess volume for all tilt angles (Fig. 5), consistent with the previous
computational prediction (Ghosh and Karki, 2014). In contrast, the majority of the hydrous grain
boundary systems simulated here (with the exception of stepped 60.4°) display negative excess volume
at zero pressure (Fig. 5). This means that there is a volume collapse when hydrous components are
introduced at the interfacial regions. A positive correlation between the grain boundary formation
enthalpy and excess volume can be seen among all hydrous (0/1)/[100] grain boundaries. For instance,
the formation enthalpy of hydrous stepped (0/1)/[100] boundaries at zero pressure increases from 0.65
to 1.55 J/m* as the tilt angle increases from 30.4° to 60.4° (Fig. 4b). For the same tilt angle range, the
excess volume increases from -0.4 x 10° to 0.14 x 10" m*/m* (Fig. 5b). A similar trend can also be
seen for hydrous planar (0/1)/[100] grain boundaries. The LDA results for excess volume are slightly

smaller than the corresponding GGA results at all pressures.

The effects of pressure on the excess volume of hydrous grain boundaries are significantly different

10



when compared with the dry ones, especially at the initial stages of compression (Fig. 5). All dry grain
boundaries display a nearly linear decrease in excess volume with compression and show larger excess
volume than their hydrous counterparts. On the contrary, excess volume in hydrous grain boundaries
shows a non-monotonic variation with pressure. For energetically most favorable (planar and stepped)
30.4° and 49.6° tilt grain boundaries of (0/1)/[100] type, large negative volumes can be seen at zero
pressure. As pressure increases, the excess volume becomes less negative, remaining close to zero
(£0.1 x 10" m*m?) over much of the pressure range studied. Other hydrous grain boundaries display
positive excess volume at all pressures. Irrespective of the grain boundary type and tilt angle, the
excess volumes in all hydrous grain boundaries remain smaller than their dry counterparts. The excess
volume results from our LDA calculations are qualitatively comparable to the corresponding GGA

values (Fig. 5a).

Speciation of hydrous component at the grain boundary

To understand how the hydrous component is incorporated at the grain boundary interfaces, we analyze
its local structure and speciation. At zero pressure, our analysis reveals that hydroxyls (OH) and
molecular water (H>O) are present in significant amounts (Table I). The relative proportion of the two
species varies among different grain boundaries, but a greater abundance of the hydroxyl species is
apparent in all cases. At zero pressure, the OH:H,O ratio displays a broad range of 1.6 — 8.7 when all
grain boundaries are considered (Table I). The ratio for any given grain boundary shows some changes
with compression but there is no clear trend and the ratio in several of them actually remains
unchanged. We note here that temperature makes hydrogen atoms relatively more mobile and can
change the speciation ratio. However, it is likely that hydroxyl still remains the dominant species at
elevated temperatures. Our speciation results are generally consistent with the experimental

observations of hydroxyls and clustered OH resembling static H,O at grain boundary in nominally
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anhydrous forsterite (Kohn, 1996).

The interfacial area and the number of interfacial cationic sites increase as the tilt angle increases. This
means that the hydrogen number density (pu = 2x/Agg) at the interface varies among different grain
boundary configurations. Considering all configurations, pu varies from 0.15 to 0.28 per unit surface
area of the interface at zero pressure and somewhat increases with pressure (Table I). The varying
OH:H,O ratio among different grain boundary configurations do not show any discernible trend with
the hydrogen number density nor does it with tilt angle or interfacial configuration. It is possible that
the availability of the reactive sites at the grain boundaries plays a more deterministic role in

controlling the OH:H,O ratio.

At the grain boundaries, the O-H species shares its oxygen atoms with cations, that is, the oxygen is
also bonded to either Mg and Si both or Mg only. The ratio of H-O-Mg to H-O-Si connections for
hydroxyls remains around 2:1 for all configurations at all pressures, consistent with the fact that for
every Si there are two Mg atoms in the system. However, the H,O species are exclusively adsorbed to
Mg atoms. This exclusivity is present in all cases at all pressures. Depending on the grain boundary
type, 50-80% of the oxyg@oms at the grain boundary regions remain undercoordinated with respect
to cations (Mg, Si, and H) at zero pressure (Table I). These undercoordinated oxygen atoms are
typically in a 3-fold state, compared to the bulk coordination number of 4 in Mg,SiO,. There is an
increase in oxygen-cation connectivity with compression, but undercoordination persists at elevated
pressures (Table I). Our analysis shows that except for a few five oxygen coordinated Si atoms in some
grain boundaries (< 3% at 0 GPa), the majority of the interfacial Si atoms remain under tetrahedral
coordination (Table I). The interfacial Si tetrahedra are noticeably distorted in comparison to their bulk
tetrahedral arrangements. On the other hand, 4 — 21% interfacial Mg atoms are undercoordinated with

oxygen at zero pressure (Table I) as compared to the octahedral coordination in the bulk. These
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undercoordinated states are predominantly 5-fold and some 4-fold (up to ~5% at 0 GPa). The
dominance of Mg involved coordination defect states suggests that reactive sites within grain
boundaries are more likely to be associated with Mg’s than the Si’s. These undercoordinated cation,
speeies (which represent incomplete coordination) within grain boundaries may serve as reactive sites

for the transport of reactive species, such as protons and hydroxyls at the interfaces.

We explore the local hydrogen-oxygen environments in terms of the 1% near-neighbor (NN) and 2" NN
hydrogen-oxygen distances (Fig. 6). The 1% and 2™ near-neighbors correspond, respectively, to
intramolecular (direct oxygen-hydrogen bonds) and intermolecular hydrogen-bonding similar to that in
the bulk water. The calculated average H-O distances of the 1* and 2" NN vary considerably among
different hydrous grain boundaries and remain within 2-5% of the corresponding distances in the bulk
water. The 1* and 2™ NN H-O distances increase and decrease, respectively, with increasing pressure.
The predicted increases in the average (direct) O-H bond distances for different hydrous grain
boundaries remain within 2% over the pressure range 0 to 15 GPa, but the pressure-induced decreases
in the 2" NN distances are large (up to 11%), implying increased intermolecular hydrogen bonding
with compression. The corresponding variations for the bulk water are about 1 and 10%, respectively.
We note here that unlike 100% molecular H,O species in the bulk water, the predominant species in the
hydrous grain boundary interface is hydroxyl (Table I). Large differences are expected in medium and
even short-order atomic arrangements between the grain boundary hydrous components and the bulk
water. It is worth noting that the 2™ NN hydrogen-oxygen bonds at the grain boundary interfaces

closely resemble the intermolecular bonding in water.

Hydration volume and enthalpy of the grain boundary

The dominance of hydroxyls and negligible interconnected molecular H,O units at the grain boundary
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interface imply dissociative adsorption of water to the grain boundaries. This causes a significant
difference in the volume of the interfacial water and the pure bulk water. At low pressures, the bulk
water has a larger volume than interfacial water. As a consequence, all hydrous grain boundaries
display negative excess volume relative to their dry counterparts (Fig. 7a). This indicates a volume
collapse associated with the hydration of the interface. While the volume difference is systematically
suppressed with compression, it persists at all pressures. A negative volume of mixing has been
reported for organic mixtures including aqueous solutions (Pal and Bhardwaj, 2002; Stec et al., 2014).
A similar mixing behavior has been predicted for silicate melt-water solutions (Bajgain et al., 2015,
Karki et al.,, 2020). Even in alloys, it has been argued that a large negative volume of mixing is
essential for crystal-to-amorphous phase transformation (Kusunoki, 1993). Although the hydrous grain
boundary system as a whole may not be considered as a melt solution, the adsorption of the hydrous
component results in very different chemical surroundings (than the pristine phase) at the grain

boundary interface and renders the interface to behave more like an amorphous phase.

The predicted initial non-linear change in the hydration volume with pressure for all hydrous grain
boundaries (Fig. 7a) can be explained by the difference in the pressure-volume profiles of the hydrous
grain boundaries and bulk water. The hydrous component at the grain boundary interfaces can be
considered as a minor component with respect to the Mg,SiO, content. This means that while hydrous
contributions are non-negligible, Mg,SiO, remains the major contributor to the physical properties of
hydrous grain boundaries. From 0 to 5 GPa, the pressure-volume profiles for hydrous grain boundaries
display a weak linear behavior with volume reductions of 4 — 5%, which are similar to their
corresponding dry counterparts. On the other hand, for highly compressible bulk water a sharp non-
linear decrease results in more than 30% reduction in volume within 5 GPa (Fig. S4). As a
consequence, the hydration volumes show a rapid non-linear increase at the initial stages of the

compression and a sluggish behavior thereafter.
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Based on our results, most of the hydrous grain boundaries modeled here are stable relative to their dry
counterparts at 0 GPa and all of them become increasingly stable at compressed conditions (Fig. 4 and
7b). This is consistent with the general notion that the hydrous component tends to stabilize the
surfaces and interfaces (McHale et al., 1997; de Leeuw et al., 2000a, 2000b; Ushakov and Navrotsky,
2005; Chen and Navrotsky, 2010). For example, calorimetric experiments suggest that hydrous
Mg,SiO, surfaces are relatively more stable than anhydrous ones by about 1 J/m?*(Chen and Navrotsky,

2010). To quantitatively assess the relative stability of the hydrous grain boundaries, we evaluate the

hydration enthalpy as 4 Hs=|H,s~ Hos~ Hy o), which is similar to the grain boundary formation
enthalpy with respect to the dry grain boundary. The hydration energies calculated for hydrous grain
boundaries in forsterite using empirical potentials (de Leeuw et al., 2000a) ranges from -180 to 50
kJ/mol at zero pressure. In comparison, our calculated hydration energy varies between -50 and 30 kJ/
mol considering both the planar and stepped configurations of (011)/[100] type (Fig. 7b). Our results
also show that the hydration enthalpy systematically decreases with compression and becomes negative
for all of the grain boundaries at pressures above 5 GPa (Fig. 7b). Interestingly, all of the stepped
boundaries display lower hydration enthalpies than their planar counterparts, implying even greater
stability for the stepped boundaries. The magnitude of excess volume in all hydrous grain boundaries
relative to the dry grain boundaries decreases rapidly initially and then gradually with increasing
pressure. The negative excess volume at all pressures means that the hydrous component facilitates the
compaction of the interfacial region which in turn increases the relative stability of hydrous grain
boundaries on compression. The main driving factor for the predicted negative hydration enthalpy and
negative excess volume may be the dissociated incorporation of water within the grain boundaries. This
is consistent with the dissociated adsorption of water molecules at some oxide surfaces (f.odziana et al.,

2004; Chen and Navrotsky, 2010; Zhao et al., 2016; Heiden et al., 2018).
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Finally, we assess the energetics of the incorporation of the H,O component in the bulk part and at the
interface. The incorporation (hydration) enthalpy, calculated by substituting two Mg atoms, each with
two H atoms and one Si atom with four H atoms (total 4H,0) in the bulk region of planar 30.4° tilt
grain boundary --bearing supercell always remains positive, though it systematically decreases with
pressure (Fig 7b). On contrary, the hydration enthalpy for four H,O units incorporated at the grain
boundary remains negative at all pressures beyond 1 GPa (Fig. 7b). It is clear that the hydration
enthalpy for the fully (16H,O at the grain boundary) hydrated 30.4° tilt remains lower than that of the
partially (4H,O at the grain boundary) hydrated one. This implies some sort of dependence of the
hydration enthalpy on the amount of hydrous component at the grain boundary. The calculated excess
volume is negative and relatively large (-7 and -10 A® per H,O for H-Q at the bulk and grain boundary
incorporation, respectively) at zero pressure and it becomes less negative approaching zero as pressure
increases (the corresponding values are -0.7 and -0.5 A® per H,O at 15 GPa). Our results thus show that
the hydration enthalpy of grain boundaries is mostly negative whereas the bulk incorporation enthalpy
of H,O remains positive. This also means that the hydrous components in Mg,SiO, are likely to
segregate to the grain boundary region, which is consistent with the general trend that grain boundaries
in materials serve as sinks for impurity defects (Hiraga et al., 2003, 2004; Karki et al., 2015). A
definitive answer, however, can only be obtained through a rigorous thermodynamic approach which is

beyond the scope of the present study.

IMPLICATIONS
Hydrous grain boundaries in Mg,SiO, forsterite for different configurations and orientations were
simulated as a function of pressure up to 15 GPa using generalized gradient approximation and
projector augmented wave method. Our first-principles results suggest that hydrous grain boundaries

are stable and display negative excess volumes relative to their dry counterparts. The hydration
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enthalpy of all grain boundaries considered becomes negative at pressures above 3 GPa. On the other
hand, the enthalpy of H,O incorporation in the bulk region remains positive at all pressures, thus
suggesting that hydrous components are preferably segregated to the grain boundary region. The
speciation of the hydrous component consists of hydroxyls and molecular H,O species with a
prevalence of the former at all pressures. The OH species shares oxygen with either both Mg and Si or
only Mg, but the H,O species gets adsorbed exclusively at Mg sites. Our structural analysis also
indicates the presence of cation-anion coordination defects (e.g., five oxygen coordinated Mg) and
significantly distorted polyhedra in the grain boundary regions. These structural features appear to
resemble those of amorphous phases, such as hydrous silicate melt (Bajgain et al.,, 2015). Our
comparisons among different grain boundaries imply that grain boundary orientations have less
significance in terms of grain boundary stability and excess volume and as such, most grain boundaries
behave similarly when they get hydrated. The calculated properties of the hydrous grain boundaries are

relatively insensitive to the choice of the exchange-correlation functional (GGA versus LDA).

It is known that water is present in the mantle and plays an important role in the dynamics of the upper
mantle (Ohtani, 2020). If water is dominated within the grain boundaries (but not in bulk crystals) as
implied by our finding that hydrated grain boundaries are energetically favorable at elevated pressures,
the role of water in the upper mantle materials may be significantly different. The effects on materials
properties are likely to be different between hydrous bulk impurity defects and hydrous interfacial
defects. Such changes in the properties may dramatically influence the mantle dynamics. For instance,
grain boundaries are considered to facilitate fracture and plastic deformation (Duffy, 1986; Sutton and
Balluffi, 1995) and provide faster pathways for ionic diffusion (Van Orman et al., 2003; Hayden and
Watson, 2007, 2008; Dohmen, 2008). Moreover, because of their structural similarities, grain
boundary regions may behave more like melt at elevated temperatures (Marquardt and Faul, 2018).

Incorporation of water in the grain boundaries, which is energetically favorable at the crust and upper

17



mantle pressure, is expected to increase the dynamics of ionic diffusion, enhance the plastic
deformation and decrease the mechanic fracture of the materials. The present study is expected to
stimulate more studies on how hydration and grain boundaries play a role in the properties of different

mantle materials using computational and experimental techniques.
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TABLES
Table 1: Information about the simulated grain boundaries (grain boundaries) of two types, including
grain boundary plane, tilt angle and configuration (planar P or stepped S) at zero pressure. For each
case, the numbers of Mg,SiO, units (INg) and interfacial H,O units (Nu20), the OH:H,O ratio, hydrogen
number density (pu), and coordination proportions at the grain boundary are given. The numbers in the

parentheses correspond to ~15 GPa.

Grain boundary (011)/[100] (110)/1001]
type
Grain boundary (011) (021) (031) (130) | (120) | (110)
plane
Tilt angle 30.4° | 30.4° | 49.6° | 49.6° | 60.4° | 60.4° | 35.5° | 47.0° | 65.0°

® | © (P) (S) (P) (S) S) (S) (S)

j
Bulk in f.u. (Ng) 52 104 68 60 92 108 100 108 72 L@

H,Oin fu. (Nmo) | 16 32 16 16 16 16 16 48 32

OH:H,O 2.57 | 1.76 3.33 1.55 3.33 6.00 4.40 2.36 8.67

(2.57) | (1.76) | (4.4) | (1.55) | (2.57) | (4.40) @ (4.40) | (1.69) | (7.14)

pu=2xAcs (A?)| 0281 | 0.281 | 0.212 | 0.211 | 0.161 | 0.161 | 0.147 | 0.276 | 0.228

(0.300)| (0.300) | (0.225) |(0.226) | (0.172) | (0.171) | (0.157) | (0.299) | (0.247)

3-fold O (%) 80 73 69 74 58 82 50 76 74

(64) | (60) (59) (65) (40) (68) (33) (63) (59)

Si-O over (>4) | 1.92 | 0.00 0.00 0.00 0.00 0.93 1.00 2.78 1.39

coordination (%) | (1.92) | (0.96) | (0.00) | (0.00) | (0.00) | (0.93) | (3.00) | (4.63) | (4.17)
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Mg-O under (<6)

coordination (%)

3.84

(1.92)

3.84

(1.44)

5.15

(2.94)

10.0

(5.00)

8.69

(4.89)

10.2

(7.41)

21.0

(10.0)

20.8

(11.6)

20.8

(11.8)
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Fig. 1: (a) Set of (0[1) planes in Mg,SiO, supercells with angles (measured with the c-plane) 30.4°,
49.6° and 60.4° corresponding to the (011), (021) and (031) planes, respectively (left). With a as the
axis of rotation, this set of grain boundaries is represented as (0I1)/[100]. (b) Modeling details for the
unrelaxed anhydrous 49.6° tilt. To avoid the split edge view of the grain boundary at the supercell
edges and provide better visual clarity, a slight rigid shift is given along the ¢ direction. Lsg denotes the
grain boundary unit length. (c) and (d) shows grain boundary regions for the unrelaxed 49.6° tilt before
and after hydrogen substitution, respectively. Brown, blue, red and light green spheres denote Mg, Si,
O and H atoms, respectively. Si’s are also shown as cation-anion polyhedra. Note that the majority of
Mg atoms in the interface is under-coordinated with respect to oxygen because grain boundary was
created by Mg termination.
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Fig. 2: Grain boundary structures for the 30.4° tilt in planar (left) and stepped (right) configurations,
shown for unrelaxed (dry and hydrous), and relaxed hydrous grain boundaries at ~0 and ~15 GPa.
Direct H-O (1* NN) bonds (0 < cutoff range < 1.2 A) are represented as solid bi-color lines. The 2™
NN H-O bonds (1.2 < cutoff range < 2.1 R) are represented by dashed gray lines. Atomic colors
brown, blue, red and light green correspond to Mg, Si, O and H, respectively. Si’s are also shown as
cation-anion polyhedra. In the left panel grain boundary unit cells for the planar 30.4° configurations
are marked as black rectangles. Right column figures show grain boundary unit cells for the stepped
30.4°tilt. Tilt angles are marked by magenta lines for anhydrous configurations. To avoid the split edge
view of the grain boundary at the supercell edges and provide better visual clarity, a slight rigid shift
along the c direction is given.
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Fig. 3: Average Si-O and Mg-O bond length variation (right panel) and the corresponding distortion
indices (left panel) along a distance perpendicular to the grain boundary plane for the 30.4° tilt angle
shown at ~0 and ~15 GPa. Solid (red and blue) lines correspond to the calculated values for the
crystalline Mg,SiO,. Red and blue symbols represent individual Mg or Si.
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Fig. 4: Pressure variations of the calculated formation enthalpy of different (0/1)/[100] type grain
boundaries in planar and stepped configurations (squares, circles and diamonds corresponding to tilt
angles 30.4°, 49.6° and 60.4°, respectively). The open and solid symbols represent dry and wet
(hydrous) grain boundaries, respectively. The results for hydrous stepped (110)/[001] configurations
corresponding to tilt angles 35.5° and 47.0° and 65.0° are shown by asterisks, triangles and pluses,
respectively. The LDA results for dry and wet planar grain boundaries (for 30.4° and 49.6° tilts) are
shown by gray symbols.
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Fig. 5: Excess volume as a function of pressure for dry and wet (011)/[100] grain boundaries (squares,
circles and diamonds corresponding to tilt angles 30.4° and 49.6° and 60.4°, respectively) and wet (110)/
[001] grain boundaries (asterisks, triangles and pluses corresponding to tilt angles 35.5° and 47.0° and
65.0°). The LDA results for dry and wet planar grain boundaries (for 30.4° and 49.6° tilts) are shown by
gray symbols.
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Fig. 6: Pressure variations of average H-O bond distances (a) and 2™ NN (nearest-neighbor) H-O
distances (b) for planar and stepped (011)/[100] grain boundaries with tilt angles 30.4°, 49.6° and 60.4°
(shown by squares, circles and diamonds, respectively). The corresponding H-O distances in the
simulated bulk/pure water are shown for comparison (gray asterisks). A cutoff distance of 1.2 A was
used for H-O bonds and a window of 1.2-2.0 A was used for 2™ NN.
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Fig. 7: Pressure variations of the hydration volume (a) and hydration enthalpy (b) with respect to the
corresponding dry grain boundary configurations for planar and stepped (0/1)/[100] grain boundaries
with tilt angles 30.4° 49.6° and 60.4° (shown by squares, circles and diamonds, respectively). The LDA
results for planar 30.4° and 49.6° tilt grain boundaries are shown in gray circles and squares,
respectively. The hydration volume is scaled to per formula unit of H,O. Also enthalpy results for the
incorporation of H>O in the bulk (black plus) and grain boundary (black asterisk) regions for the planar
30.4° tilt are shown for comparison.
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