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Structure and dynamics of protonated Mg2SiO4: An ab-initio molecular dynamics study
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ABSTRACT

We studied structural and dynamical properties of H1 absorbed in Mg2SiO4 by ab-initio
molecular dynamics. We first calculated the T 5 0 equation of state of pure forsterite as
a function of pressure, and we determined the relative stabilities of the olivine, b-spinel,
and spinel polymorphs. The results show that the ab-initio model successfully reproduces
the known structural properties of the system. In the protonated phases, in agreement with
experimental evidence, our computations show that H1 is absorbed preferentially in the
b-spinel phase. The most stable absorption site is located close to the O1 atom, which is
coordinated by five Mg21 cations and not directly bound to Si. In addition to this stable
absorption site, the computation reveals other low-energy positions, forming an extended
network of hydrogen bonds, that could play an important role in the diffusion of H1 in
b-spinel. We analyze the dependence of structure and dynamics of the pure and protonated
phases as a function of temperature and pressure.

INTRODUCTION

Widely accepted models of the Earth assume that
Mg2SiO4-based minerals are the major component of the
upper mantle, which extends to a depth of 660 km. Ol-
ivine [(Mg1-xFex)2SiO4, x ø 0.1] is the most common and
possibly the most studied member of this family of min-
erals, which includes many other compounds and displays
a surprising variety of chemical and physical properties.
This variability, mainly because of the Mg2SiO4 compo-
nent (forsterite), is at the origin of several important phe-
nomena of geophysical interest. The well-known discon-
tinuity in seismic waves velocities at a depth of 410 km
marks the transformation of Mg2SiO4 from the olivine (a
phase) to the spinel structure (g phase), with a narrow but
important intermediate region of stability for the b-spinel
polymorph (Ringwood 1970). A second major disconti-
nuity at a depth of 660 km is associated to the dispro-
portionation of forsterite into MgSiO3 perovskite and
MgO (Ringwood 1975).

Recent experimental (Bell 1992; Young 1993; Inoue
1994) and theoretical (Smyth 1987, 1994) studies have
shown that H may dissolve in Mg2SiO4 with strong pref-
erential binding in the b phase. The saturation concentra-
tion is 3 wt% H2O at the conditions estimated for the
mantle b phase, although the actual value is expected to
be significantly smaller, i.e., in the range of ;200 ppm
(Wood 1995). Even at this low concentration, a massive
amount of H2O could reside in the mantle at depths below
410 km in the form of protonated b-Mg2SiO4, and this
could affect several features of this important region, in-
cluding the size and structure of the transition boundary
between the a and b phases and the melting line of the
latter. Global properties, such as the mantle electrical con-

ductivity, could also be affected significantly (Hirsch
1990: Karato 1990).

Determining the phase diagram of this complex system
at a quantitative level and understanding the behavior of
its many components test the ingenuity of geophysicists
and geochemists alike, especially because most of the key
phenomena occur under conditions difficult to reproduce
in the laboratory.

It is generally felt that computational methods could
play a crucial role in assessing the properties of these
minerals at the atomistic level, especially where ab-initio
modeling is used to describe the chemical interactions
and simulation algorithms are introduced to account for
temperature effects. These last requirements are fully met
by the density-functional-based ab-initio simulation meth-
od of Car and Parrinello (Car 1985; Jones 1989) that
achieves quantitative accuracy in the description of struc-
tural and dynamical properties of complex systems. Prog-
ress in both the method and computer performance now
allows extensive and reliable simulations of minerals at
the conditions prevailing in the Earth’s interior (Wentz-
covitch et al. 1993, 1995; Lin 1994; McConnell 1995).

Our study concentrates on forsterite and its ability to
dissolve H under various conditions of pressure and tem-
perature. We first test our ab-initio model by computing
the T 5 0 equation of state of pure Mg2SiO4 as a function
of pressure, and we determine the stability range of its
olivine, b-spinel, and spinel polymorphs. The results are
in remarkable agreement with the available experimental
data. Then we determine the lowest energy absorption site
for a proton in olivine and b-spinel by a combination of
structural relaxation and molecular dynamics. We con-
sider both Mg2SiO4 samples with one additional H1,
whose charge is compensated by a homogeneous back-


