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ABSTRACT
A magic-angle-spinning nuclear magnetic resonance (MAS NMR) spectroscopic study was done
on the series of synthetic gallian-fluor amphiboles to identify the extent of Ga and Si ordering in the
tetrahedral sites. Assignment of the peaks in the complex 29Si MAS NMR spectra of pargasitic amphiboles is based on observations of the gradual change in peak intensity and position as well as by
comparison with computer simulations of the relative intensities of the 29Si MAS NMR spectra for
the amphiboles along the compositional join. The 29Si spectra agree best with models that allow Ga
on both the T1 and T2 sites, which supports the previous cation distribution results obtained by
Rietveld refinement of powder X-ray diffraction data. It was not possible, however, to discriminate
between cation distribution models that allowed completely random mixing of Ga and Si vs. the
presence of Ga-O-Ga avoidance on the tetrahedral sites. Comparison of the very high speed 71Ga
MAS NMR spectra (35 kHz) with the distribution of Ga in octahedral and tetrahedral sites shows that
the ratio of tetrahedral to octahedral site occupancy is vastly overestimated from the NMR spectra
due to the large quadrupolar effects of the asymmetrical octahedral site. The 23Na MAS NMR spectra
of tremolite and Ga-substituted pargasites show a shift to higher frequency and increasing peak width
with Ga content that can be related to the reduction in magnetic shielding produced by the substitution of Ga for Si and Mg.

INTRODUCTION
The compositional variations that are observed in natural
calcic amphiboles are modeled, to a first approximation, by
the join tremolite [Ca 2Mg 5Si 8O22(OH) 2]-pargasite (NaCa 2
[Mg4Al][Al2Si6]O22(OH)2). These two end-members are related
by the substitution of Na, [6]Al, and [4]Al into tremolite by the
pargasite exchange, which is a 1:1 combination of the Altschermaks exchange [6]Al + [4]Al = [6]Mg + [4]Si and the edenite
exchange Na + [4]Al = ■ + [4]Si where ■ is a vacancy in the A
site. Recent studies (Raudsepp et al. 1987; Welch et al. 1994,
1998; Jenkins and Hawthorne 1995; Oberti et al. 1995a, 1995b)
have focused on determining the extent of cation order-disorder of the tetrahedrally and octahedrally coordinated cations
in pargasitic amphiboles because this information is necessary
to verify proposed mixing-on-sites activity-composition relationships (e.g., Sharma 1996) and to quantify configurational
entropy from cation disorder. Magic-angle-spinning nuclear
magnetic resonance (MAS NMR) spectroscopy, infrared (IR)
spectroscopy, and X-ray Rietveld structure refinement on several chemical analogues of pargasite by Raudsepp et al. (1987)
and the MAS NMR and IR spectroscopy of synthetic pargasite
by Welch et al. (1994) helped to deduce the state of cation
order-disorder. Raudsepp et al. (1987) concluded that octahe-
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drally coordinated trivalent cations were significantly disordered with Mg over the M1, M2, and M3 sites in OH-bearing
pargasites but relatively ordered at the M2 site in F-bearing
pargasites. Various 29Si NMR MAS spectra of scandian-fluor
pargasite (NaCa2[Mg4Sc][Al2Si6]O22(OH)2) were compatible
with substantial Si and Al disorder over the tetrahedrally coordinated sites, but the authors cautioned that their interpretation was not conclusive owing to the complex spectrum overlap
and the unknown effect of octahedral-cation variation on the
spectrum. Welch et al. (1994) concluded that there was disorder of Al and Mg over the M2 and M3 sites but that Al occurred only on the T1 tetrahedral site. Of particular interest
here is the observation by Welch et al. (1994) that the 27Al MAS
NMR peak ratios gave a much higher [4]Al/[6]Al ratio than expected from the ideal chemistry (supported by electron microprobe analysis) of the synthetic pargasite they studied. Welch
et al. (1994) suggested that quadrupolar effects for 27Al may
be responsible for the abnormally low intensity of the [6]Al signal. By comparing the 29Si spectra of various synthetic calcic
and sodic-calcic amphiboles, Welch et al. (1998) concluded
that Na in the A site of amphibole induces a shift in the T1(Si3)
[=Q3(0Al)] by about 2.5 ppm to higher frequency compared to
an amphibole with a vacant A site (e.g., tremolite), and that at
least some long-range Al-Si disorder exists in pargasite as
shown by the presence of a broad peak at –89 ppm, which the
authors attributed to the presence of T1(Si3) sites. Such sites
would not be present in pargasite if all of the Al were ordered
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