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INTRODUCTION

Most anhydrous silicates and many oxide minerals contain
a hydrous species and usually that species is in the form of
hydroxide (e.g., Bell and Rossman 1992; Rossman 1996). Al-
though the concentrations of hydrous components vary widely,
commonly in the range of 10s to a few 100 ppm H2O by weight,
some anhydrous phases have now been identified that may in-
corporate a staggering 3 wt% H2O in their structures. Indeed,
there is now the possibility that the globally important reser-
voir of hydrogen is contained in the nominally anhydrous mantle
phases. These hydrous species have significant implications
regarding the properties of the host phase and may be the con-
trolling factor in many physical properties. Such dissolved water
also plays a key role in the geodynamics of the Earth’s interior
because it affects the melting behavior of rocks, the transport
properties of minerals, as well as their elastic properties.

The incorporation of protons into nominally anhydrous
phases is generally accepted as a mechanism by which hydro-
gen is bound to O ions to create hydroxyl, OH–, groups. How-
ever, it is not clear where protons are incorporated into many
of the high-pressure silicates. Recently, Bolfan-Casanova et al.
(2000) synthesized mantle phases in the MgO-SiO2-H2O sys-

tem at pressures of 15–24 GPa and temperatures of 1200–1600
∞C to investigate the partitioning of water between the phases.
The water contents obtained from Fourier transform infrared
(FTIR) spectroscopy show that wadsleyite and ringwoodite dis-
solve about one order of magnitude more water than MgSiO3

clinoenstatite, majorite garnet, and ilmenite. They further
showed that MgSiO3 perovskite, acknowledged to be the domi-
nant phase in the Earth’s lower mantle, is the only phase which
does not dissolve a detectable amount of water.

Questions therefore arise not only about the location of pro-
tons in these nominally anhydrous phases, but also about the
atomistic factors that control partitioning behavior of water. In
this paper, we discuss the strategy based on analysis of the
Laplacian of the electron density distribution to locate poten-
tial sites for protons in minerals, including prediction of the
crystallographic orientation of the OH vector. We present re-
sults for high-pressure silicates, including stishovite, akimotoite,
wadsleyite, ringwoodite, MgSiO3 and CaSiO3 perovskite.

ELECTRON DENSITY PROPERTIES

During the last two decades, chemists have made dramatic
improvements in advancing our understanding of the proper-
ties, mechanisms, and reactions of molecules by studying the
topological properties of electron density distributions, r(r)* E-mail: nross@vt.edu

Potential docking sites and positions of hydrogen in high-pressure silicates

NANCY L. ROSS,1,* G.V. GIBBS,1 AND KEVIN M. ROSSO2

1Department of Geological Sciences, Virginia Tech, Blacksburg, Virginia 24061, U.S.A.
2W.R. Wiley Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, P.O. Box 999, KB-96, Richland,

Washington 99352, U.S.A.

ABSTRACT

A method based on an analysis of the Laplacian of the electron density distribution is used to locate
positions of nonbonding electron-pairs and favorable docking sites for hydrogen in high-pressure
silicates, including stishovite, akimotoite, wadsleyite, ringwoodite, MgSiO3, and CaSiO3 perovskite.
In stishovite, model hydrogen positions (h) are located off the shared O…O edge of the octahedra
with the Oh vector oriented perpendicular to [001]. In akimotoite, two model positions for hydrogen
are found, one along an edge of the MgO6 octahedron with an Oh vector aligned close to [001] and
the other within the face of the MgO6 octahedra, with Oh vectors oriented perpendicular to [001].
Geometric and electrostatic considerations suggest that both of these sites would require vacant Mg
sites. In wadsleyite, potential sites for protonation exist for all O atoms. Hydrogen bonded to O1
resides in a cage-like site with the Oh dipole oriented parallel to [001]. Two symmetrically equiva-
lent sites for hydrogen exist at O2 in a second cage-like structure with Oh vectors aligned approxi-
mately along [100]. The calculations also identify potential sites for hydrogen at O3 and O4, but
suggest that these could only be occupied by hydrogen if vacancies exist at adjacent Mg sites. Model
hydrogen positions in ringwoodite are predicted along O…O edges of the MgO6 octahedron, and, if
occupied, would require vacancies at adjacent Mg sites. MgSiO3 perovskite is distinguished by hav-
ing only one potential site for hydrogen. The Oh vector lies within the (110) plane and geometric and
electrostatic considerations suggest that a vacancy is required at the Mg site if this site is protonated.
No localized sites for hydrogen are found in CaSiO3 perovskite. We suggest that non-bonded electron
pairs associated with oxide anions involved in octahedral frameworks with tilt angles of less than 180∞
provide more favorable docking sites for protons than those involved in wider angles. The results from
the electron density calculations show very good agreement with available crystallographic and spec-
troscopic data and demonstrate that the strategy used in this study can be useful in locating protons in
Earth materials.


