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Abstract

We present here high-resolution 29Si MAS NMR data for synthetic samples of forsterite (α-Mg2SiO4), 
wadsleyite (β), and ringwoodite (γ). Enrichment to >99% 29Si provides greatly enhanced signal-to-
noise ratios and thus great sensitivity to small features in the spectra. At a detection limit of 0.1 to 
0.5%, no six-coordinated Si (VISi) is observed in any of the polymorphs, although these results could 
be consistent with theoretical predications of 1 to 2% Mg-Si site disorder in ringwoodite if re-ordering 
occurs rapidly during cooling. Several small IVSi peaks in ringwoodite samples may be related to 
residual defects from this process. In forsterite and wadsleyite, several very small “extra” peaks are 
observed, many of which are at positions far outside the known range of chemical shifts for 29Si in 
silicates. These may be caused by “pseudo-contact” shifts from dipolar interactions with unpaired 
electron spins on trace impurities of paramagnetic transition metal cations.
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Introduction

The three polymorphs of (Mg,Fe)2SiO4, forsterite, wadsleyite, 
and ringwoodite (α, β, and γ phases, respectively), are the most 
abundant minerals in the Earth’s upper mantle and transition 
zone (Ita and Stixrude 1992). Because ringwoodite has the spi-
nel structure, the possibility of thermally activated tetrahedral-
octahedral site disorder, producing significant concentrations of 
VISi and IVMg, has long been suspected, based on ionic radius 
systematics and thermodynamic considerations (O’Neill and 
Navrotsky 1984; Hazen et al. 1993; Panero 2008). However, 
because of the similarity of the X-ray scattering of Si and Mg, 
direct characterization of the extent of such disorder (defined 
as x = IVMg/Mgtot) has been difficult. For example, comparison 
of tetrahedral cation-oxygen distances in ringwoodite samples 
synthesized at 20 GPa and 1000 vs. 1400 °C and consideration 
of typical ionic radii suggested about 2% disorder (4% of Si as 
VISi) in the latter (Hazen et al. 1993); however, this approach 
may lead to a significant overestimation (Panero 2008). None-
theless, recent high-level theoretical calculations have predicted 
significant disorder in ringwoodite, reaching x values of about 
2 to 4% at transition zone temperatures, and highlighting the 
effects of the resulting point defects on elastic constants as well 
as inferences of the olivine content in the Earth’s transition zone 
(Panero 2008).

29Si NMR is an ideal approach to directly detecting and quan-
tifying disorder in ringwoodite, as VISi has a range of chemical 

shifts very different than that of IVSi (Stebbins and Kanzaki 
1990; Hazen et al. 1993). Spectra of ringwoodite samples have 
been reported, but apparently, obtainable signal-to-noise ratios 
were insufficient to detect VISi at predicted concentrations 
(Ashbrook et al. 2005). Data on wadsleyite and on most other 
known hydrous and anhydrous, high-pressure Mg silicates have 
also been reported (Stebbins and Kanzaki 1990; Stebbins 1995; 
Phillips et al. 1997; Ashbrook et al. 2005; Xue et al. 2008). For 
this study, we have therefore synthesized forsterite, ringwood-
ite, and wadsleyite that are highly enriched in 29Si. The greatly 
enhanced sensitivity allows us to place accurate constraints on 
the VISi content that can be quenched into ringwoodite. In addi-
tion, the extremely high signal-to-noise ratios obtained allowed 
the detection of several previously unobserved features in the 
spectra that occur far outside of known chemical shift ranges in 
silicates. These could be attributable to the effects of unpaired 
electron spins on trace amounts of impurity ions such as Fe2+ 

and other transition metals.

Sample synthesis
Most starting materials were synthesized from 99.4% 29Si-enriched SiO2 

(Isonics) and reagent-grade MgO, both dried at 1000 °C. A slight excess of the 
latter was added to ensure that minor heterogeneities would be unlikely to form 
VISi-bearing phases stable in the pressure range studied (akimotoite, stishovite). Two 
batches of forsterite were made by grinding reagents together in an agate mortar, 
then heating for about 7 to 12 days in air at 1500 °C in a Pt crucible with several 
intermediate grinding steps. One was “doped” with about 0.2 wt% Co3O4 to speed 
spin-lattice relaxation. After an initial 186 h of heating with three dry grinding 
steps (Fo-1), this sample was later re-ground in isopropanol to yield finer particle 
size, then annealed another 100 h (Fo-2). The second 29Si-enriched batch contained 
no added Co (Fo-noCo). A third batch was made with reagent-grade amorphous * E-mail: stebbins@stanford.edu


