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INTRODUCTION

Earth is distinguished from its planetary neighbors by the
presence of large amounts of liquid water on its surface. Sea
level variation studies indicate that sea level has varied rela-
tively little, at least throughout the Phanerozoic. The presence
of quartz-pebble conglomerates of early Archean age indicates
that there has been running water (implying the presence of
both oceans and land) nearly as far back as we can see in geo-
logic time. Recent geochemical studies of ancient zircons by
Mojzsis et al. (2001) indicate that there may have been liquid
water as far back as 4.3 GY ago. Although the oceans cover
72% of the surface area, they constitute only 0.025% of the
planet’s mass. Silicate minerals of the crust and upper mantle
can incorporate many times this amount of water, so it is likely
that these minerals have played a major role in maintaining
Earth’s oceans over geologic time.

Approximately 65% of the mass of the planet is composed
of silicate rocks of the mantle and crust in which the only sig-
nificant anionic species is O atoms. Bulk hydrogen content is
perhaps the most poorly constrained compositional variable in
the planet, and the total water content of the planet is unknown
within an order of magnitude. The nominally anhydrous sili-
cate minerals that compose the upper 660 km of the Earth are
likely to constitute the planet’s largest reservoir of water. Oliv-

ine, generally believed to be the most abundant mineral phase
in the upper 400 km, can incorporate up to 2000 ppm by weight
H2O (Kohlstedt et al. 1996) at 13 GPa and 1100 ∞C. The maxi-
mum water content of pyroxenes is not known, but natural
clinopyroxenes have been reported with up to about 1800 ppm
OH (Rossman and Smyth 1990; Smyth et al. 1991). In the Transi-
tion Zone (410–660 km), wadsleyite (b-Mg2SiO4) can incorporate
up to about 3.3 wt% H2O, (Kohlstedt et al. 1996; Inoue et al. 1995),
and ringwoodite (g-Mg2SiO4) has been reported with up to about
2.2 wt% H2O (Kohlstedt et al. 1996; Kudoh et al. 2000).

Smyth (1987, 1994) predicted that wadsleyite might con-
tain significant amounts of H2O based on the anomalous bond-
ing around the O1 atom, which is undersaturated and has a
very shallow electrostatic site potential. However, the O atom
coordination in ringwoodite is similar to olivine in that each O
atom is bonded to three octahedral divalent cations and one
tetrahedral tetravalent cation. There is no obvious reason then
that ringwoodite should incorporate such large amounts of
water. Kudoh et al. (2000) report an X-ray crystal structure
determination of hydrous, pure Mg ringwoodite, but did not
report a proton position. They did report significant cation site
vacancies and some relatively small amounts of Mg-Si disor-
der. In order to confirm these findings and gain a better under-
standing of silicate spinels in the planet’s water budget, we
have undertaken an experimental study of hydrous silicate
spinels. We have synthesized hydrous ringwoodite of pure
magnesian and likely mantle compositions, and determined the* E-mail: joseph.smyth@colorado.edu

ABSTRACT

Seven separate samples of hydrous ringwoodite with compositions ranging from Fo100 to Fo89 and
hydrogen contents from 0.2 to 1.1 wt% were synthesized in the 5000 ton multi-anvil press at the
Bayerisches Geoinstitut. Synthesis conditions ranged from 18 to 22 GPa and 1400 to 1500 ∞C. The
crystals were characterized by single-crystal X-ray diffraction, electron microprobe, IR and Mössbauer
spectroscopy, and by analytical and high-resolution transmission electron microscopy. The crystals
are optically isotropic, and the Fe-bearing samples are deep blue in color. Mössbauer spectroscopy and
ELNE spectroscopy applied to the Fe-bearing samples indicates about 10% of the iron is in the ferric
state. High-resolution TEM examination of one of the Fe-bearing samples indicates that the crystals
are homogeneous and free of significant inclusions or exsolution features. Infrared spectra show a
broad absorption band extending from about 2500 to 3600 cm–1 with maxima ranging from 3105 for
the pure magnesian samples to 3150 cm–1 for the Fo89 samples. The crystal structures of the seven
ringwoodite samples were refined by X-ray single-crystal diffraction. Refinement of cation site occu-
pancies indicates full occupancy of the tetrahedral site for all samples, whereas the occupancy of the
octahedral site appears to decrease systematically with H content. The principal hydration mechanism
involves octahedral cation vacancies. The IR spectra are consistent with protonation of the short O-O
approach on the tetrahedral edge, which would imply partial Mg-Si disorder.


