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Abstract

We present a detailed 29Si NMR spectroscopic study of isotopically enriched samples of forsterite 
and of anhydrous and hydrous wadsleyite and ringwoodite (α, β, and γ phases of Mg2SiO4), which 
complement previous extensive studies of these minerals by XRD and vibrational spectroscopy. VISi 
is not detected in any of the phases at levels of about 0.1 to 0.5%. When coupled with recent theo-
retical calculations on ringwoodite, this suggests the possibility of re-ordering of high-temperature 
octahedral-tetrahedral disorder during cooling. Cross-polarization (29Si{1H} CPMAS) NMR supports 
the protonation of O1 oxygen atoms in hydrous wadsleyite without formation of significant amounts 
of Si-OH groups. In contrast, new NMR peaks appear in hydrous ringwoodite that cross-polarize very 
rapidly, indicating very short Si-H distances and the presence of Si-OH, as expected from models in 
which much of the H+ substitutes into Mg2+ vacancies. Static NMR spectra provide new constraints on 
chemical shift anisotropies in wadsleyite and are fully consistent with the cubic structure of ringwoodite. 
Spin-lattice relaxation in all phases is much better fitted by a stretched exponential function than with 
a more conventional “T1” exponential, as expected when relaxation is dominated by paramagnetic 
impurities. However, the effects of paramagnetic impurity on ion contents on relaxation, and on the 
formation of newly observed minor peaks that may result from “pseudo-contact shifts,” appear to 
depend on mineral structure, and will require considerable future study to understand in detail.
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Introduction

Forsterite, wadsleyite, and ringwoodite [α, β, and γ phases 
of (Mg,Fe)2SiO4] are the most abundant minerals in the Earth’s 
upper mantle and transition zone (Ita and Stixrude 1992) and 
thus have been widely studied by many methods to elucidate 
their structures and geochemical and geophysical properties. 
The incorporation of H2O into these materials is of particular 
interest in understanding the water content of the mantle and its 
ensuing major implications for petrology, global tectonics, and 
Earth history. The long-range crystal structures of the anhydrous 
(Fujino et al. 1981; Sasaki et al. 1982) and hydrous (Smyth 
1994; Kudoh et al. 1996, 2000; Smyth et al. 1997, 2003) phases 
are well known from diffraction studies. Infrared and Raman 
spectroscopy have been especially useful in characterizing O-H 
vibrations in the hydrous phases, measuring hydroxyl contents 
and H2O solubilities, evaluating the role of hydrogen bonding, 
and addressing issues of disorder among proton sites (Kohlstedt 
et al. 1996; Kudoh et al. 1996, 2000; Kohn et al. 2002; Smyth et 
al. 2003). However, important details of cation order-disorder, 
defects, and vacancy structure (all of which may have significant 
effects on bulk properties including elastic constants) remain 
uncertain, but are beginning to be addressed by first-principles 
theoretical calculations (Panero 2008a, 2008b).

Because nuclear magnetic resonance (NMR) spectra are pri-

marily sensitive to short- to intermediate-range structure around 
particular nuclides and, in principle, can be highly quantitative 
without matrix-dependent intensity corrections, NMR spec-
troscopy can serve as an important complement to diffraction 
methods and other types of spectroscopy. As reviewed recently 
(Stebbins and Kanzaki 1990; Stebbins 1995; Phillips et al. 1997; 
Ashbrook et al. 2005; Xue et al. 2008), NMR of the Mg2SiO4 
phases, as well of other high-pressure Mg silicates, has been 
investigated in considerable detail. These have included magic 
angle spinning (MAS), static, and even single-crystal 29Si and 
25Mg NMR on forsterite (Derighetti et al. 1978; Weiden and 
Rager 1985; Stebbins 1997; Ashbrook et al. 2005), 29Si MAS 
NMR on wadsleyite and ringwoodite (Stebbins and Kanzaki 
1990; Ashbrook et al. 2005), 17O MAS and multiple-quantum 
NMR on forsterite, wadsleyite, clinohumite, and chondrodite 
(Mueller et al. 1990; Ashbrook et al. 2001, 2005) and 1H NMR 
on hydrous wadsleyite (Kohn et al. 2002). NMR studies of related 
high-pressure Mg silicates have ranged from MgSiO3 perovskite 
and akimotoite (Stebbins and Kanzaki 1990; Kirkpatrick et al. 
1991; Stebbins et al. 2006; Ashbrook et al. 2007a), to majorite 
garnet and its solid solutions (McMillan et al. 1989; Phillips et 
al. 1992), as well as the hydrous 10 Å phase (Welch et al. 2006) 
and phases A, B, D, E, and superhydrous B (Kanzaki et al. 1992; 
Xue et al. 2008). Forsterite, doped with varying concentrations 
of paramagnetic transition metal cations (either naturally or 
experimentally), has also served as a convenient test system * E-mail: stebbins@stanford.edu


