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ABSTRACT
Three- and five-quantum 17O MAS NMR experiments are used to resolve fully the three crystallographically distinct oxygen species in forsterite (Mg2SiO4). The chemical shift and quadrupolar parameters extracted from these spectra are compared with the literature values obtained using
conventional 17O MAS and dynamic-angle-spinning (DAS) NMR.

INTRODUCTION
Forsterite (Mg2SiO4) is the Mg end-member of the olivine
solid solution Mg2–xFexSiO4 and, in its slightly impure form,
Mg1.8Fe0.2SiO4, is considered the principal component of the
Earth’s upper mantle. Forsterite has been studied by 17O NMR
(Schramm and Oldfield 1984; Fritsch et al. 1986) and highresolution spectra of the powdered solid have been obtained
by using double rotation (DOR) and dynamic angle spinning
(DAS) to remove inhomogeneous second-order quadrupolar
broadening (Mueller et al. 1991, 1992). We are using multiplequantum magic angle spinning (MQMAS) (Frydman and
Harwood 1995; Fernandez and Amoureux 1995), a recently
developed alternative to DOR and DAS, to resolve crystallographically distinct oxygen species in the 17O NMR spectra of
various dense silicates. Several general accounts of MQMAS
exist in the literature (Massiot et al. 1996; Brown and Wimperis
1997; Kentgens 1997) and the reader is referred to these for
both theoretical and practical details of the basic experiment.
Here, we present the three- and five-quantum 17O MAS
NMR spectra of isotopically enriched synthetic forsterite and
compare the chemical shift and quadrupolar parameters we
obtain with those found using conventional 17O NMR and 17O
DAS NMR. Although several three-quantum 17O MAS NMR
studies of zeolites and silicate glasses have appeared recently
(Dirken et al. 1997; Amoureux et al. 1998; Schaller and
Stebbins 1998; Wang and Stebbins 1998; Xu et al. 1998), the
present work is a particularly striking illustration of the remarkable site resolution that can be achieved in 17O NMR by
three- and five-quantum MAS.

ing CCl4 was then removed by heating and the resulting
Mg(OH)2 powder dehydrated under Ar at 500 °C for 12 hours
to give MgO in ~100% yield. For SiO2, the enriched water was
added to excess SiCl4 and refluxed under dry N2 or Ar for 4
hours. The excess SiCl4 was removed by evaporation and the
white solid heated under Ar at 1100 °C for 12 hours to give
poorly crystalline SiO2 in ~66% yield. Finally, stoichiometric
amounts of MgO and SiO2 were mixed, pressed into a pellet,
and heated at 1500 °C under N2 or Ar for 12 hours. The product was analyzed by X-ray diffraction, with several grinding
and heating steps required to produce a sample free of impurity phases.
17
O NMR experiments were performed at a Larmor frequency
of ν0 = 54.2 MHz on a Bruker MSL 400 spectrometer (B0 = 9.4
T). The forsterite was packed in a 4 mm MAS rotor and spun at
~7.2 kHz. The recycle delay was 1 s. A calibration experiment
on H2O yielded a radiofrequency field strength of ν1 ≈ 80 kHz
for the MAS probe used in this work. The conventional 17O MAS
NMR spectrum of forsterite (Fig. 1) reveals a composite peak,
centered on δ ≈ 50 ppm (relative to H2O), that displays lineshape features characteristic of inhomogeneous second-order
quadrupolar broadening. To resolve the distinct oxygen species
contributing to this peak, three- and five-quantum 17O MAS NMR
spectra (Fig. 2) were recorded using the optimized phase-modu-

EXPERIMENTAL PROCEDURE
As precursors to the synthesis of 17O-labeled forsterite, MgO
and SiO2 were first synthesized using H217O (35+%, Cambridge
Isotope Laboratories, Inc.). For MgO, the labeled water was
added to a stoichiometric amount of Mg3N2 in CCl4, under dry
N2 or Ar, and stirred for several hours. The reaction-moderat-

FIGURE 1. Conventional 17O MAS NMR spectrum of forsterite.
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