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(Mg,Fe)2SiO4 is the principal compositional component of the
Earth’s mantle to a depth of 660 km and transforms from olivine
(R) to wadsleyite (â) and, finally, to ringwoodite (γ) with increasing
pressure.1 Wadsleyite, occurring between depths of 410 and∼530
km, has been intensively studied because of its probable relationship
to a major seismic discontinuity and its potential as the repository
for the largest reservoir of water in the Earth.1,2 Multiple-quantum
(MQ) magic-angle-spinning (MAS)3 is an established method for
obtaining high-resolution17O NMR spectra of silicates,4-8 comple-
menting diffraction techniques by, for example, providing indirect
information on the structural chemistry of hydrogen. Unfortunately,
the method is insensitive and typically requires amounts of17O-
enriched material an order of magnitude greater than can be
synthesized at the very high pressures needed to form wadsleyite.
Recently, however, with the advent of the satellite-transition (ST)
MAS experiment9 and of very high field magnets,10 great advances
have been made in the sensitivity of high-resolution NMR of
quadrupolar nuclei. Here, we report the first17O NMR study of
â-Mg2SiO4 (9.6 mg of 35%17O-enriched material). Using STMAS
at magnetic fields ofB0 ) 9.4 and 11.7 T and MQMAS atB0 )
18.8 T, we have resolved and assigned all four crystallographically
distinct O sites and determined their chemical shift and quadrupolar
parameters.

Wadsleyite contains Si2O7 groups that give rise to one ap-
proximately trigonal-planar bridging O site (O2), and two distinct
tetrahedral O sites (two O3 and four O4).2,11 There is also an O
site (O1) coordinated by five Mg in a distorted square-pyramidal
arrangement. The structural, physical, and chemical properties of
both wadsleyite and a hydrous form (Mg1.75SiH0.5O4) have been
studied using a variety of techniques, including1H NMR.12 High-
resolution 17O NMR offers a new and particularly tantalizing
prospect as a probe of O-atom coordination which, unlike NMR
of other nuclei, can potentially identify the protonated O site in
hydrated mantle minerals.

17O-enriched (35%)â-Mg2SiO4 was synthesized from previously
preparedR-Mg2SiO4

6 at 16 GPa and 1873 K (1 h) using a MA8-
type multiple-anvil apparatus.13 Approximately 10 mg of wadsleyite
was obtained in a single experiment from two sealed cylindrical Pt
capsules located on either side of the thermocouple. The total
amount of powdered solid filled about1/3 of a 2.5-mm MAS rotor
and was packed on top of an inert spacer to lie in the center of the
radio frequency coil.

Figure 1 shows the17O MAS NMR spectra of wadsleyite
recorded atB0 ) 9.4, 11.7, and 18.8 T. The spinI ) 5/2 17O nucleus
possesses a quadrupole moment, and the resonances of the four

distinct O sites are thus broadened and shifted by a residual second-
order quadrupolar interaction, resulting in a lack of resolution in
the MAS spectra.14 The17O chemical shift interaction is proportional
to B0, while the second-order quadrupolar interaction is inversely
proportional toB0; hence, the MAS line shapes in Figure 1 depend
on B0 in a complicated fashion. The one fully resolved feature is a
narrow resonance at 37 ppm in theB0 ) 18.8 T spectrum, evidently
corresponding to an17O nucleus that experiences only a small
quadrupolar interaction.

Figure 2 shows the corresponding high-resolution17O NMR
spectra obtained using experimental techniques that refocus the
second-order quadrupolar broadening but retain the chemical and
quadrupolar shifts. The resonances of the four distinct O sites are
resolved in all three two-dimensional spectra as “ridge” line shapes
parallel to theδ2 axis. Sensitivity was a major issue in this study
because of the very small amount of material available. TheB0 )
9.4 and 11.7 T two-dimensional17O NMR spectra in Figure 2a
and 2b, respectively, were obtained using a phase-modulated split-
t1 STMAS technique.15 The recently developed STMAS method
has attracted much interest because of its relatively high sensitiv-
ity,9,15 but requires that the rotor spinning axis is set to the magic
angle (54.736°) with great accuracy ((0.002°) and that very precise
synchronization of the spinning period with thet1 evolution period
is used. In contrast, theB0 ) 18.8 T two-dimensional17O NMR
spectrum in Figure 2c was obtained using the older (z-filtered16

triple-quantum) MQMAS technique.3 At this very high magnetic
field strength (i.e., 800 MHz for1H), the STMAS experiment is
more difficult to implement because of the narrower magnet bore
and a different NMR probehead design, but the additional sensitivity
yielded by the reduction of the second-order quadrupolar broadening
with increasingB0 means that the less sensitive, but technically
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Figure 1. 17O MAS NMR spectra of wadsleyite (â-Mg2SiO4) at magnetic
field strengths,B0, of (a) 9.4 T (2000 acquisitions averaged in 67 min;
MAS rate 20 kHz), (b) 11.7 T (20 480 acquisitions averaged in 341 min;
MAS rate 25 kHz), and (c) 18.8 T (2048 acquisitions averaged in 34 min;
MAS rate 25 kHz). The ppm scales are referenced to H2O.
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less demanding, MQMAS experiment may be used instead. All of
these spectra required considerable total acquisition times: 70 h
for Figure 2a, 24 h for Figure 2b, and 67 h for Figure 2c.

The projections of the three two-dimensional17O NMR spectra
onto theirδ1 axes are also shown in Figure 2. These “isotropic”
spectra show the presence of the four distinct O sites, with the
intensities of the four resonances, 1:2:4:1 in order of decreasing
δ1, reflecting the relative site populations in wadsleyite.

Three methods were used for the extraction of the17O isotropic
chemical shifts (δCS) and quadrupolar parameters (i.e., the coupling
CQ ) e2qQ/h and asymmetryη, or the composite parameterPQ )
CQx(1 + η2/3)) from the spectra in Figure 2: (i) theδ1 and δ2

shifts of the estimated center-of-gravity of a ridge line shape were
used to yieldδCS and PQ;6,8,17 (ii) the δ2 cross section through a
ridge line shape was fitted to yieldCQ and η;6,17 and (iii) the δ1

shifts at the differentB0 values were used to yieldδCS andPQ.18

Method ii was not applied to the narrowest ridge as no second-
order broadening was apparent. The three methods yielded a self-
consistent set of NMR parameters for the four O sites, and these
are given in Table 1, with the small variation across the various
methods and spectra providing the error estimates.

The assignment of the four17O resonances in wadsleyite is
straightforward. The relative intensities and site populations indicate
that theδCS ) 65 ppm,PQ ) 3.8 MHz site is O4 and that theδCS

) 66 ppm,PQ ) 4.4 MHz site is O3. ThesePQ values are large
compared to the values found for nonbridging O sites in less dense

silicates (typically 2-3 MHz8,18-20). The remaining two resonances
cannot be assigned from their intensities. However, the largePQ

value8,18-20 indicates that theδCS ) 76 ppm,PQ ) 5.6 MHz site is
the Si-O-Si bridging site O2. A graph ofδCS against the mean
Si-O bond length for O2, O3, and O4 yields an approximately
linear correlation that is in excellent agreement with that found in
other magnesium silicates,8 thereby supporting these three assign-
ments. Finally, theδCS ) 38 ppm,PQ ) 1.3 MHz site must be O1,
the O atom coordinated by five Mg atoms and not bound to Si.
The smallPQ value is consistent with the largely ionic character,
and hence relative symmetric electronic environment, of this O
atom.

Our results demonstrate that high-resolution17O NMR studies
of milligram quantities of silicate phases can be undertaken using
the STMAS technique or a very highB0 field strength. This opens
up the possibility of using17O NMR to probe high-pressure
materials that can only be synthesized in very small quantities. In
the case of wadsleyite, we have been able to resolve and assign all
four 17O resonances. This work is an essential prerequisite to17O
NMR studies of protonated sites in hydrated phases used as models
for mantle water storage.
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Figure 2. High-resolution two-dimensional and “isotropic”17O NMR
spectra of 9.6 mg of wadsleyite atB0 fields of (a) 9.4 T (STMAS), (b) 11.7
T (STMAS), and (c) 18.8 T (MQMAS). The uninformative diagonal ridge
(marked *) is a characteristic feature of STMAS spectra. The correspondence
between the resonance intensities and the 1:2:4:1 relative site populations
is indicated in (b). Experimental parameters: (a) 126 560 acquisitions,
separated by 2 s, with maximumt1 period of 7.3 ms, MAS rate 20 kHz; (b)
83 200 acquisitions, separated by 1 s, with maximumt1 period of 10.3 ms,
MAS rate 25 kHz; (c) 240 000 acquisitions, separated by 1 s, with maximum
t1 period of 8.0 ms, MAS rate 25 kHz.

Table 1. 17O Isotropic Chemical Shifts (δCS), Quadrupolar
Products (PQ), Quadrupolar Couplings (CQ), Asymmetries (η),
Relative Site Populations, and Assignments of the Four O Species
in Wadsleyite

δCS (ppm) PQ / MHz CQ / MHz η
relative site
population assignment

76(1) 5.6(1) 4.9(2) 0.9(1) 1 O2
66(1) 4.4(1) 4.4(1) 0.2(1) 2 O3
65(1) 3.8(1) 3.8(1) 0.3(1) 4 O4
38(1) 1.3(1) 1 O1
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