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Abstract
The vibrational spectra of H-substituted forsterite (MgSiO4H2) in which the Mg2+ at the M1 or M2
site is replaced by two H ions have been investigated by first-principles molecular dynamics calculations. Infrared spectra have been obtained and assigned with the aid of atomic vibrational density of
states and the analysis of the atom radial distribution functions. It is shown that the proton dynamics
are different at the M1 and M2 site. In the latter case, the proton does not remain bound to a single
O atom but hops between O atoms in close proximity. This fluxional motion is highly temperature
dependent. These fluxional motions results in substantially lower energy O-H stretching vibrations
spanning a broad frequency range from 2000 to 3000 cm–1. The present results will be useful for the
characterization of the IR spectrum of H+-substituted (leached) olivine under ambient conditions.
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Introduction
There has been considerable interest in the structures and
properties of minerals in the Earth’s upper mantle. Of particular
interest are those minerals containing water as bound hydroxyl
(OH). These minerals are thought to be important to the formation
of the Earth’s oceans and atmosphere (Bell and Rossman 1992,
and references therein). The presence of OH in the mineral structure may also help to explain the properties of the Earth’s upper
mantle. Although pyroxenes are thought to contribute the most
to the water content of the upper mantle, a significant portion of
the bound water is also found in the olivines. Recent XPS experiments on leached olivine indicated that H+ ions could replace
Mg2+ at the interface by as much as 10% (Zakanova-Herzog et
al. in prep). Considering the significant contribution of hydrous
olivines to the water content of the Earth’s mantle, an understanding of the mechanism for water incorporation and the structure
and dynamics of bound hydroxide in water-containing olivines is
important in determining upper mantle properties. Although little
is known about the mechanism, a recent combined experimental
and theoretical study shows that protonation of O atoms bound
to magnesium and the subsequent release of Mg2+ is the first step
in the incorporation of water into forsterite (Liu et al. 2006). The
exact mechanism of diffusion of the protons through the mineral,
however, has not been clearly characterized.
Infrared (IR) spectroscopy is a valuable tool for the determination of the structure and concentration of hydroxide in a
material. For natural and synthetic olivines, as well as forsterite,
it has provided a wealth of information (Miller et al. 1987; McMillan et al. 1991; Bell and Rossman 1992; Wang et al. 1993;
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Kohlstedt et al. 1996; Kagi et al. 2000; Khisina and Wirth 2002;
Demouchy and Mackwell 2003; Lemaire et al. 2004; Zhao et al.
2004; Asimow et al. 2006). Results of IR studies show that O-H
stretch frequencies in Earth minerals normally cover the range
from 2800 to 3700 cm–1 (Williams 1995). This is to be compared
with the O-H stretching frequencies for molecules with covalent
O-H bonds of 3400 to 3800 cm–1 (Harris and Bertolucci 1978).
Thus, experimental results suggest that H+ ion(s) incorporated
into Earth minerals is (are) often strongly bound to the oxygen.
However, the lower frequency range for an O-H stretch in
minerals is not uncommon as the H atom may participate in H
bonds with the surrounding O atoms. The stretching frequency is
indicative of the strength of the O-H bond. The participation in H
bonding is known to weaken this O-H bond slightly. Depending
on the number and degree of H bonds as well as the structure
and composition of the surroundings, the lowering of the corresponding vibrational frequency can be significant (Tsuchiya et
al. 2005 and references therein). In some silicates present in the
Earth’s mantle, which contain OH groups, the IR spectra show a
significant red shift on the order of 600 cm–1 (Libowitzky 1999).
This observation suggests that the neighboring O atoms can have
a significant influence on the O-H stretching vibration, and hence
strongly affect the strength of the O-H bond. The central question
is whether on average the H remains fixed to one O atom or hops
between O atoms in the vicinity.
Recent theoretical studies (Brodholt 1997; Churakov et al.
2003; Tsuchiya et al. 2005) indicate that in some minerals there
is more than one O site for binding with a H+ ion. They also
suggest that exchange of the proton between these sites can
occur. Churakov et al. (2003) investigated possible structures
for hydrous forsterite Hy-2a using static energy minimization.
It was found that for each H+ ion, substitution can occur at one
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