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Abstract
Atomistic computer simulations methods are used to examine the influence of Li and Al impurities
on the uptake of hydrogen in forsterite. We find that Li′Mg+OH•O is more stable at the Mg1 site than at
the Mg2 site and that Li+ increases the ability of forsterite to incorporate hydrogen associated with
magnesium sites. When both Al and Li are present, then a complex comprising a bound Al•Mg2–Li′Mg1
defect is highly stable. When all three impurity components are mixed together, then hydrogen
will strongly partition to Si vacancies forming the hydrogarnet defect. Thus the ability of forsterite
to incorporate water is likely to be intimately linked to the nuances of defect chemistry, and to
concentrations of impurity elements such as Li+ and Al3+.
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Introduction
The mechanisms of water incorporation in forsterite, as H
defects associated with either Mg and/or Si vacancies, have
been extensively studied experimentally (e.g., Bai and Kohlstedt
1992; Bell and Rossman 1992; Gose et al. 2010; Kitamura et al.
1987; Kohlstedt 2006; Kohlstedt et al. 1996; Kudoh et al. 2006;
Libowitzky and Beran 1995) and theoretically (Brodholt and
Refson 2000; Haiber et al. 1997; Umemoto et al. 2011; Verma
and Karki 2009; Walker et al. 2003, 2009; Wright and Catlow
1994). This interest is prompted because of their influence on the
physical properties of forsterite, and on the rheological behavior
of the Earth’s upper mantle. The combination of Infrared (IR)
spectroscopy on synthetic olivines and computer simulations on
forsterite, has established that there are four major mechanisms
by, which hydrogen is incorporated into the crystal structure of
olivine. Mechanisms one and two occur in the system MgO-SiO2H2O and are associated with silicon and magnesium vacancies,
respectively (Lemaire et al. 2004; Walker et al. 2006). A third
mechanism is associated with Ti4+ cation occupying an adjacent
octahedral site (Berry et al. 2007b; Walker et al. 2007), while the
fourth is associated with trivalent cation substitutions, commonly
Al3+ and Fe3+ (Berry et al. 2007a; Zhang and Wright 2010).
The behavior of lithium (Li) in upper mantle minerals has
received much attention (Bell et al. 2009; Dohmen et al. 2010;
Elliott et al. 2006) owing to the potential use of its isotopes to
act as tracers to metasomatic and magmatic processes. Olivine
is an important Li reservoir in the mantle (Kent and Rossman
2002; Seitz and Woodland 2000) and thus is of interest. However,
there is still considerable debate regarding the mechanism by
which Li and other monovalent cations are incorporated into
upper mantle minerals such as olivine and pyroxenes. Even more
poorly understood is the diffusivity of Li in these minerals, which
could have significant implications for the interpretation of Li
elemental and isotopic variability at the rock and grain scale.
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Trivalent element incorporation in nominally anhydrous
minerals such as olivine have been studied in relation to their
ability to influence the uptake and distribution of H in mantle
silicates. Previous studies suggested that the incorporation of
trivalent cations in olivine (Berry et al. 2007a) can facilitate
uptake of water (Kovács et al. 2010). The substitution details
and the pressure effect of the coupled substitution mechanism
of M3+ and H+ in forsterite have recently been reported (Zhang
and Wright 2010). However, unlike the larger trivalent cations
(Sc, Y, and the REE), Evans et al. (2008) found OHol/melt
does
Al
not follow Henry’s law at any concentration but shows a clear
dependence on the square root of the concentration of Al2O3 in
the melt. Their experiments indicated that Al3+ incorporation
occurred by substitution at both tetrahedral and octahedral sites,
i.e., (AlMg+AlSi), maintaining local short-range order. �����
Kurosawa et al. (1997) and Purton et al. (1997) showed a positive
correlation of trivalent cations (Al3+, Cr3+) with monovalent
cations (H+, Li+, Na+) in olivine, suggesting a coupled octahedral
substitution of the form M++M3+ ↔ 2Mg2+, but a more recent
study (Bell et al. 2004) failed to reveal any correlation. Even
more recently (Hauri et al. 2006) obtained ion microprobe
analyses on experimental samples showing a rough 1:1 molar
proportion of H and Al in olivine via a coupled substitution in,
which H+ and Al3+ replace Si4+ in the mineral structure. The
behavior of Al in olivine has received much attention because the
concentration of Al in olivine from mantle peridotites is variable
and strongly temperature dependent, and can therefore be used
as a geothermometer (Wan et al. 2008).
To provide a substantial foundation for interpreting the
behavior of trivalent Al3+ and monovalent Li+ in nominally
anhydrous upper mantle minerals, we report calculated atomic
geometries, defect energies and reaction energies in the Al- and
Li-bearing hydrous forsterite system. The association of Li
with Al in olivine may help to explain the mechanisms of water
storage, variability of Li abundances in mantle minerals and the
interpretation Li diffusion isotopic fractionation data.

