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Proton-containing defects at forsterite {010} tilt grain boundaries and stepped surfaces
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ABSTRACT
Atomistic simulation techniques are used to investigate the effect of proton-containing defects
on the structure and stabilities of a range of grain boundaries of forsterite. We study two series of
stepped {010} tilt boundaries that are at 90° to each other: one with the {100} plane as step wall and
the other with the {001} plane. Each series consist of several grain boundaries with increasing terrace
area (i.e., decreasing boundary angle). The ratios of boundary and surface energies γb/γs and γb/γ{010}
with boundary angle show maxima at a boundary angle φ = ~30° and minima at φ = 0° and ~60°. The
adhesion energies of the two series show a minimum at low boundary angle (φ = 20–30°), indicating
that there is an optimum size for the {010} terrace area, where the relative stabilities of grain boundary and related surface make separation of the boundary into the free surfaces energetically least
expensive.
Dissociative adsorption of water molecules in the bulk crystal is preferred at the M2 site, but is
an endothermic process with a calculated hydration energy of +119 kJ/mol. Hydration of the grain
boundaries on the other hand is energetically favorable with hydration energies tending toward –80
kJ/mol compared with a surface hydration energy at the planar {010} surface of –90 kJ/mol. We also
investigated the adsorption of protons at cation defects, by modeling the process of replacement of
Mg ions in the bulk and along the grain boundaries by two H+ ions each. Replacement of Mg2+ in the
bulk crystal occurs preferentially at the M1 site and is calculated to be exothermic with a replacement
energy of –78 kJ/mol; Mg2+ replacement along both series of grain boundaries is also an exothermic
process. The replacement energies tend to a constant value of approximately –210 kJ/mol with
increasing terrace area. (cf., the calculated value for the planar {010} surface of –230.4 kJ/mol).

I NTRODUCTION
Because of their prominence as common rock-forming minerals and as mantle materials, forsterite (Mg2SiO4) and olivine
in general have been the subject of much experimental and theoretical study. Many investigations have emphasized behavior
at high pressures and temperatures, e.g., the determination of
high-pressure and high-temperature thermodynamic data
(Dubrovinskaya et al. 1997) and the transition mechanism of
olivine to high-pressure polymorphs (Kerschhofer et al. 1996).
Other recent investigations have included trace element partitioning (Purton et al. 1996, 1997) and grain boundary melting
(Hirth and Kohlstedt 1995; Kohlstedt and Zimmerman 1996).
Of particular interest is the influence of water which has a
profound effect on the melting-point (1890 °C), which increases
with pressure under anhydrous conditions but decreases with
pressure under water-saturated conditions (Deer et al. 1992).
For example, at a pressure of 30 kbar the melting point of the
anhydrous form has increased to approximately 2030 °C, while
the melting point of forsterite under water-saturated conditions
at the same pressure has decreased to 1400 °C (Deer et al. 1992).
Water is present in significant quantity both in the bulk crystal
and at grain boundaries. For example, Kohn (1996) used H-1
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MAS NMR spectroscopy to study dissolved water concentrations in forsterite and found evidence of static water molecules
in the form of OH clusters possibly sited at grain boundaries
together with OH groups associated with point defects. Wieland
et al. (1988) studied forsteritic olivine amongst other minerals
in their study on surface-controlled dissolution rates involving
activated complexes at the hydrated surfaces. Wright and
Catlow (1994) used computational methods to study the energetics of incorporating water into the bulk crystal. Their work
highlighted the role of OH containing defects for which they
calculated formation energies that were consistent with appreciable solubility of H2O in the material.
The topics of grain boundary structure and water solubility
are therefore clearly related. Both problems are investigated in
this paper using computer simulation methods. First we studied the structures and stabilities of a range of tilt boundaries,
made up of stepped forsterite {010} surfaces, which is the
major cleavage plane of forsterite. Experimental surfaces are
never completely free of surface defects such as steps and kinks
and we therefore investigate stepped forsterite surfaces to introduce some of these defects into our model. Next, we investigated the role of water in the chemistry of forsterite and its
occurrence at grain boundaries; in particular we examine the
atomistic mechanisms and energetics of dissociative adsorption of water at the grain boundaries with respect to both the
bulk crystal and the planar and stepped {010} surfaces. In addition, as water is often incorporated into the crystal lattice at
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