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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 am-
phiboles 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 substitu-
tion 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 [Ca2Mg5Si8O22(OH)2]-pargasite (NaCa2
[Mg4Al][Al 2Si6]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 Al-
tschermaks 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-disor-
der of the tetrahedrally and octahedrally coordinated cations
in pargasitic amphiboles because this information is necessary
to verify proposed mixing-on-sites activity-composition rela-
tionships (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 sev-
eral 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-

drally coordinated trivalent cations were significantly disor-
dered 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 coor-
dinated sites, but the authors cautioned that their interpreta-
tion 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 disor-
der of Al and Mg over the M2 and M3 sites but that Al oc-
curred 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 ex-
pected from the ideal chemistry (supported by electron micro-
probe 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 sig-
nal. 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*E-mail: bl_sherriff@umanitoba.ca
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at the T1 tetrahedral site. Although the 29Si spectrum of pargasite
was simulated nicely by five peaks, Welch et al. (1998) pre-
ferred to interpret the spectrum on the basis of six peaks, sug-
gesting that there was an overlap of two peaks at –82 ppm.
Clearly the interpretation of the MAS NMR spectrum of
pargasitic amphibole remains a complex issue.

This study presents the 29Si, 71Ga, and 23Na MAS NMR spec-
tra of a series of amphiboles along the gallian-fluor analogue
of the tremolite-pargasite join, Ca2Mg5Si8O22F2-NaCa2

[Mg4Ga][Ga2Si6]O22F2. Cation-site occupancy information was
reported by Jenkins and Hawthorne (1995) using Rietveld struc-
ture refinements of powder X-ray diffraction. The incorpora-
tion of Ga into the structure, though not identical to Al, has
much better X-ray scattering power than Al and allows Ga to
be located by X-ray diffraction techniques with fairly high pre-
cision. The use of fluorine was necessitated by the instability
of the hydroxyl equivalent of this join. By examining this same
series with the MAS-NMR technique, we can address several
key issues: (1) how reliable are the existing tetrahedrally coor-
dinated cation peak assignments for the 29Si and 71Ga spectra
for amphiboles; (2) how do the individual 29Si peak intensities
vary with increasing and known Ga content on the T1 and T2
tetrahedral sites and, more importantly, how do they correspond
with the predictions from simple cation-dispersion models; (3)
how closely do the intensities of the 71Ga spectra correspond to
the known proportions of Ga in octahedral and tetrahedral co-
ordination, and (4) what effect, if any, does the changing chemi-
cal environment in amphibole have on the 23Na MAS NMR
spectrum which, in turn, allows one to assess the sensitivity of
the 23Na spectrum to changes in its chemical vs. structural en-
vironment?

EXPERIMENTAL  TECHNIQUES

Sample description

Samples were synthesized from mixtures of reagent-grade
oxides and carbonates at 1000 °C and 3 kbar. The resultant
amphiboles were relatively blocky and very fine grained (about
5 × 10 µm). Details of the synthesis and characterization are
given by Jenkins and Hawthorne (1995). The site occupancies
of Ga were determined from Rietveld structure refinements with
a high degree of precision because of the strong X-ray scatter-
ing power of Ga relative to the other cations. The results indi-
cated that octahedrally coordinated Ga was essentially ordered
entirely on the M2 site. The tetrahedrally coordinated Ga was
strongly partitioned onto the T1 site but with a small and rela-
tively constant proportion (~20%) of the [4]Ga occurring at the

T2 site. Both the Rietveld refinements and electron microprobe
analyses indicated that there was a slight excess of tetrahedral
Ga, compared to octahedral Ga, over that expected from strict
adherence to the pargasite exchange. Table 1 summarizes some
key information about the samples.

Nuclear magnetic resonance spectroscopy

Various 29Si and 23Na MAS NMR spectra were obtained
using a Doty MAS probe with a Bruker AMX-500 multinuclear
Fourier transform spectrometer at the Prairie Regional NMR
Centre in Winnipeg. Powdered samples of the amphiboles were
spun at speeds of between 4 and 6 kHz at an angle of 54.7° to
the magnetic field. These 29Si MAS NMR spectra were recorded
at a frequency of 99.3 MHz with 8192 data points, a spectral
width of 50 kHz, 30° pulses. Trial spectra were obtained with
delays between transients of between 5 and 300 s. There was
no variation in relative peak height with changes in delay and
as a 30s delay produced the best signal strength to experimen-
tal time ratio this was used to collect the spectra which were
analyzed. These 23Na MAS NMR spectra were obtained at a
frequency of 132.3 MHz with 8192 data points, a spectral width
of 125 kHz, 1 µs pulse length, and 0.3 s delay between pulses.
Between 2000 and 9000 transients were recorded dependant
upon the concentration of Na in the amphibole.

Various71Ga MAS NMR spectra were obtained at the Institüt
für Optik and Quantenelektronik, Friedrich-Schiller-Universität
at a frequency of 121.98 MHz, a π/8 pulse length of 1 µs, spec-
tral width of 625 kHz, using a Bruker 2.5 mm probe head with
the sample spinning at a frequency of 28 kHz. This high spin-
ning speed is necessary to reduce the large anisotropies of 71Ga.
Earlier attempts to obtain these spectra with a rotation speed of
14 kHz resulted in spinning sidebands from the tetrahedral peak
overlapping the octahedral peak position. 17 168 transients were
recorded for PARG 6-4 with a delay between pulses of 1 s and
343 765 for PARG 7-1 with a delay of 0.2s. A trial experiment
with an empty rotor showed that there was no significant back-
ground intensity for 71Ga. Peak positions were measured with
reference to tetramethylsilane (TMS) for 29Si, NaCl in aqueous
solution for 23Na and an aqueous solution of gallium chloride
for 71Ga.

Relative intensities of 29Si peaks were inferred by simulat-
ing the spectra on a computer using a least-squares iterative
process, which varied the isotropic chemical shift, the Gaussian
and Lorentzian broadening parameters and the intensity of each
line. The spectra of TREM 19-3 and PARG 10-1 had distinct
spinning sidebands that were also simulated and their intensi-

TABLE  1. Nominal composition, synthesis products, selected cation site occupancies, and total Ga contents of the synthetic amphiboles

Sample Nominal composition Products* Cation populations (apfu)† ΣGa
T1-Si T1-Ga T2-Si T2-Ga M2-Mg M2-Ga Rietveld EMP‡

TREM 19-3 Ca2Mg5Si8O22F2 Amph, [Q] 4.0 0.0 4.0 0.0 2.0 0.0 0.0 0.0
PARG 10-1 Na0.2Mg4.8Ga0.6Si7.6O22F2 Amph, [Q,Sr1] 3.55(5) 0.45(5) 3.93(5) 0.07(5) 1.83(2) 0.17(2) 0.69(7) 0.66(9)
PARG 9-1 Na0.4Ca2Mg4.6Ga1.2Si7.2O22F2 Amph, [Q,Sr1] 3.23(6) 0.77(6) 3.80(6) 0.20(6) 1.68(3) 0.32(3) 1.29(8) 1.18(5)
PARG 8-2 Na0.6Ca2Mg4.4Ga1.8Si6.8O22F2 Amph, [Sr1,Q,Di] 2.94(6) 1.06(6) 3.83(7) 0.17(3) 1.58(3) 0.42(3) 1.6(1) 1.7(1)
PARG 7-1 Na0.8Ca2Mg4.2Ga2.4Si6.4O22F2 Amph, [Sr1,Di] 2.67(6) 1.33(6) 3.59(8) 0.41(8) 1.36(3) 0.64(3) 2.4(1) 2.1(2)
PARG 6-4 NaCa2Mg4Ga3Si6O22F2 Amph,Sr2, [Di, Sp] 2.70(9) 1.30(9) 3.58(9) 0.42(9) 1.36(5) 0.74(5) 2.5(1) 2.43(9)
Notes: Data from Jenkins and Hawthorne (1995). Uncertainty in last digit shown in parentheses.
*Phase abbreviations: Amph = amphibole; Di = diopside; Q = quartz; Sr1 and Sr2 = gallian sapphirine 1 and 2; Sp = gallian spinel; [] = phase present
at levels <5 wt%, otherwise phases are listed in order of decreasing abundance.
†Cation populations determined from powder X-ray diffraction Rietveld structural refinements.
‡Electron Microprobe data for amphibole crystals.
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ties included in the calculation of relative intensities for each
peak. Simulations of the spectra of PARG 8-2, PARG 9-1, PARG
10-1, and TREM 19-3 required broad peaks of between 60 and
130 kHz to account for raised baselines probably due to amor-
phous or poorly crystalline material. These broad peaks were
not included in the calculations of relative intensity.

RESULTS
29Si MAS NMR spectra

As expected, the Ga-free sample (TREM 19-3) has only
two peaks in its spectrum, one at –92.4 and the other at –87.8
ppm, (Fig. 1a) that have been previously assigned to Si in the
T1(Si3) and T2(Si2) sites, respectively (Smith et al. 1983). Even
though there are equal numbers of T1 and T2 sites in the am-
phibole structure, the relative peak intensities of the center bands
of the simulated spectrum are not identical, with the –92.4 ppm
peak being slightly less intense (49.5% total peak intensity)
and broader than the –87.8 ppm peak (50.5% total peak inten-
sity) (Fig. 2a). Because this inequality of peak widths is not
observed for OH-bearing amphiboles (Jenkins et al. 1997), the
difference in peak width may be caused by dipolar or spin-spin
coupling to adjacent magnetic 19F nuclei, even though Si is not
directly bonded to the anion in the O3 site (OH– or F–). The Si-
O3 interatomic distance is shorter for the T1 site (3.48 Å) than
for the T2 site (3.55 Å) according to the single-crystal refine-
ment of fluor-tremolite by Cameron and Gibbs (1973), and thus
the coupling constant would be slightly larger for T1 than T2.
The difference in relative intensities increases from 1 to 8%
when the spinning sidebands are included in the calculation
(Table 2). This could be due to the accuracy of simulating these
small peaks or to the difference in chemical shift anisotropies
and dipolar couplings between the two sites. The difference
between the calculated and measured values of relative inten-
sity for this ordered structure allow an estimation of ±4% for
the error in the calculation of relative intensities.

With the addition of Ga, these two peaks both decrease in
relative intensity and broadening. As the amount of Ga in the
amphibole increases other peaks appear (Figs. 1b–f). The peaks
fitted to these envelopes of resonances by simulating the spec-
tra are interpreted as being due to Si in T1(Si2Ga) at about –84
ppm, T2(SiGa) at –80 ppm and T2(Ga2) at –76 ppm (Fig. 2 b–
f). In assigning the peaks, it was calculated (see below) that
there would be too low a probability of there being Si in the
T1(Ga3) and T1(Ga2Si) environments to produce measurable
peak intensity. Therefore, peaks were not assigned to these
atomic environments.

TABLE 2. Relative intensities and chemical shifts (ppm) of observed 29Si MAS NMR peaks

Sample Si (apfu)* T2(Ga2) T2(SiGa) T1(Si2Ga) T2(Si2) T1(Si3)
TREM 19-3† 7.96 – – – 54% (–87.8) 46% (–92.4)
PARG 10-1† 7.48 – 9% (–81.5) – 48% (–87.9) 43% (–92.5)
PARG 9-1 7.08 – 14% (–80.8) 17% (–84.6) 35% (–87.6) 34% (–92.1)
PARG 8-2 6.76 0.4% (–76.3) 18% (–80.5) 27% (–84.4) 37% (–87.8) 16% (–91.8)
PARG 7-1 6.56 4% (–76.0) 20% (–80.4) 26% (–84.2) 22% (–86.3) 29% (–90.8)
PARG 6-4 6.45 8% (–75.0) 19% (–79.5) 54% broad (–84.5)‡ 20% (–89.8)
Notes: Relative intensity calculated as percentage of amphibole peaks. Chemical shift (ppm) in parentheses.
*From EMPA.
†Relative intensities of both spinning sidebands and center bands are included in the total relative intensities.
‡Sum of both Ti (Si2Ga) and T2 (Si2).

The production of new peaks at a higher frequency is con-
sistent with the observed shift to higher frequency when Ga
substitutes for Si in glasses (Sherriff and Fleet 1990) and in
albite (Sherriff et al. 1991a) similar to the effect of the substi-
tution of Si by Al. From Sherriff et al. (1991b), this shift to
higher frequency is commensurate with an increase in the mean
T-O distances, particularly the <T1-O> distance (Jenkins and
Hawthorne 1995) and with the decreased bond valence of Ga
when compared to Si. Sherriff and Fleet (1990) found that the
amount of shift depends strongly on T-O-T bond angle varying
from 4.2 ppm at 130° to 7.4 ppm at 170°. Here, the T1-O7-T1
and T1-O5-T2 angles decrease gradually by 10° from the Si to

FIGURE 1. 29Si MAS NMR spectra of [4]Si in (a) TREM 19-3, (b) PARG
10-1, (c) PARG 9-1, (d) PARG 8-2, (e) PARG 7-1, and (f) PARG 6-4.
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FIGURE 2. Simulations of 29Si MAS NMR spectra for (a) TREM 19-3, (b) PARG 10-1, (c) PARG 9-1, (d) PARG 8-2, (e) PARG 7-1, and (f)
PARG 6-4. Spinning sidebands are marked with asterisks.

the Ga end-members. As the XRD data gives an average of Si
and Ga containing sites, it is probable that the increase in angle
is underestimated for O atoms adjacent to Ga.

The incorporation of Ga into the octahedral sites in place of
Mg and of Na into the A-site also causes changes in the mag-
netic shielding at the tetrahedral sites and hence in 29Si chemical
shift similar to the effect found by Millard and Luth (1998) in
Di-CaTs clinopyroxenes. In a study of the scapolite mineral se-

ries, Sherriff et al. (1987) showed that the substitution of Na by
Ca in adjacent octahedral sites gave a shift of about 1 ppm. As
the narrowest peak observed in these spectra (–92.4 ppm peak of
TREM 19-3) has a peak width at half maximum of 1.5 ppm
(150Hz), the variation in adjacent octahedral cations would cause
broadening and distortion of the peaks due to overlapping peaks
that cannot be individually resolved. This effect is clearly shown
in the asymmetrically broad T1(Si3) peak at –92.4 ppm in the
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spectrum of PARG 9-1 (Fig. 1c) as compared with the symmetri-
cal narrow peak at –92.4 in the spectrum of TREM 19-3 and
PARG 10-1 (Figs. 1a and 1b, respectively).

71Ga MAS NMR Spectra

Allocation of the peaks in the 71Ga spectra (Fig. 3) to Ga
environments was made taking into consideration the 5.7 times
greater chemical shift range of 71Ga than 27Al for solutions (Akitt
1987). Bradley et al. (1993) found a linear relationship between
71Ga and 27Al isotropic chemical shifts in tetrahedral and octa-
hedral sites in solids. Using the equation of Bradley et al. (1993)
and the 27Al spectrum of pargasite from Welch et al. (1994),
one would predict a single 71Ga tetrahedral peak to be at about
190 ppm and two 71Ga octahedral peaks to be at –20 and +20
ppm. Massiot et al. (1995) reports, from static NMR, the iso-
tropic chemical shift of the tetrahedral site of b-Ga2O3 to be at
200 ppm. In view of these earlier studies, we attribute the promi-
nent peak at 230 ppm to tetrahedrally coordinated Ga. There is
a quadrupolar doublet in the spectra of PARG 6-4 that is attrib-
uted to octahedrally coordinated Ga at about 40 ppm. How-
ever, it is possible that even these low intensity peaks are from
the gallian sapphirine contamination in this sample, as discussed
below.

23Na MAS NMR spectra

These 23Na MAS NMR spectra are all very similar with one
broad peak at about –23 ppm (not shown). There is a slight
shift in peak position with increasing Ga substitution into neigh-
boring tetrahedral sites from –23 ppm for PARG 10-1 to –27
ppm for PARG 6-4 as well as an increase of about 400 Hz in
peak width. This is similar to the effect on individual 29Si peaks
of replacing adjacent Si or Mg with Ga.

Mineral impurities

The mineral impurities in the amphibole consist of quartz,
diopside, and two gallian-sapphirines of varying Mg and Ca
contents (Table 1). In the 29Si MAS NMR spectra of TREM 19-

3, PARG 10-1, PARG 9-1, and PARG 8-2 the baselines are
raised between –100 and –125 ppm, which were fitted with
very broad peaks (Figs. 2a–d). This may be due to amorphous
Si that would be invisible by XRD or to instrumental artifacts.
These broad peaks were not included in the calculations of rela-
tive intensities of the Ga-amphibole peaks even though they
have relatively high intensity. The exclusion of these broad
peaks from the calculations may increase the error in the rela-
tive intensities of individual peaks

Although quartz is found by XRD in all samples except PARG
7-1 and 6-4, there is no signal due to quartz at –107.1 ppm in the
29 Si NMR spectra. This could be because quartz, especially pure
synthetic samples, tends to have a very long relaxation time and
can be invisible even when it constitutes up to 30% of the sample
(Sherriff and Hartman 1985). Diopside, which is present in
samples PARG 8-2, PARG 7-1, and PARG 6-4, has a 29Si isotro-
pic chemical shift of –84.8 ppm (Sherriff et al. 1991b). In these
samples there is a small bump on the side of the large –84 ppm
peak but as this is no larger than the background noise it was not
considered to be worth simulating these peaks. However this
would cause an overestimation in the relative intensity of the
–84 ppm peak for PARG 8-2, PARG 7-1, and PARG 6-4. There-
fore the –84 ppm peak was not used in the comparison of ob-
served and modeled spectra.

The Ga-sapphirine phases in PARG 9-1, 8-2, and 7-1 have a
composition Mg3.75Ca0.60Ga7.05Si2.60O20 whereas those in PARG
6-4 are more Ca rich with a composition of Mg2.85Ca1.55

Ga7.30Si2.30O20 (Jenkins and Hawthorne 1995). To investigate the
result of this contamination by sapphirine, 29Si MAS NMR
spectra were obtained from samples of synthetic Mg rich
(Mg3CaGa8Si2O20 = GASA 5-1) and Ca rich (Mg2Ca2Ga8Si2O20

= GASA 2-2) Ga-sapphirine (Figs. 4a and 4b, respectively). Our
spectrum of Mg-rich Ga sapphirine has peaks at –71.8, –74.8,
–76.2, and –77.4 ppm in ratios of approximately 4:2:1:1 (Fig.
4a). The shape of these spectra is very similar to those obtained
by Christy et al. (1992) on a series of Mg-Al-sapphirine samples,
which had peaks at –73.1, –75.5, –78.0, and –80.0 ppm. These
peaks were assigned to Q3(Al3), Q3(Al 2Si), Q3(AlSi2), and Q3(Si3)
respectively. The difference of 1–2 ppm between values for Ga-
Mg-sapphirine and Al-Mg sapphirine can be explained by the
replacement of Al by Ga (Sherriff and Fleet 1990). The spec-
trum of Ca rich Ga-sapphirine is very different (Fig. 4b) with
two peaks of equal intensity at –74.8 and –78.0 ppm. In this
study we simply present the data for comparison with the am-
phibole spectra and do not interpret ordering in sapphirine. There
are small peaks in the 29Si MAS NMR spectra of PARG 9-1, 8-2,
7-1, and 6-4 that could be correlated with the peaks of Ga-sap-
phirine but most are not significantly higher than the background
noise and therefore were not separately considered in the calcu-
lations of relative intensities of peaks.

DISCUSSION
29Si MAS NMR spectra

The suite of amphibole compositions studied here should
provide a crucial test of currently accepted assignments for the
29Si spectra for pargasite and/or provide further insights into
the variations of these peak intensities with changing cation
content with known, long-range tetrahedral Si and Ga distribu-

FIGURE 3. 71Ga MAS NMR spectra of [6]Ga and [4]Ga in the most
Ga-rich samples. (a) PARG 7-1. (b) PARG 6-4.
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tions. To aid in predicting the number of next nearest neighbor
(NNN) configurations about the four tetrahedral T1 and four
T2 positions per formula unit cell of amphibole, a computer
program was written (AMPHTET) that builds a one-dimen-
sional amphibole chain by randomly dispersing Ga between
the T1 and T2 sites according to (1) the cumulative (long-range)
limits of Ga content on the T1 and T2 sites and (2) with or
without the imposition of Ga-O-Ga avoidance, the Ga equiva-
lent of Al-O-Al avoidance as is commonly imposed for tetra-
hedrally coordinated Al (Lowenstein 1954). The condition of
local-balance or homogeneous-dispersion of charges, which is
often applied to layered silicates (e.g., Herrero et al. 1985),
was not explicitly built into the program. This condition can,
however, be approximated by adjusting the probability suffi-

TABLE  3. Proportions of Si NNN configurations averaged over 80,000 sites as predicted under several limiting conditions

T2 (relative%) T1 (relative%)
Sample Ga on T2 Ga on T1 Ga2 SiGa Si2 Ga3 SiGa2 Si2Ga Si3

 (apfu)  (apfu)
TREM 19-3 (same for all conditions) 0 0 0 0 50 0 0 0 50
PARG 10-1 Avoidance 0.07 0.45 0 12 41 0 0.2 7 40
PARG 10-1 No avoidance 0.07 0.45 0 12 41 0 0.2 7 40
PARG 10-1 All Ga on T1 – 0.52 0 14 40 0 0 7 40
PARG 9-1 Avoidance 0.20 0.77 0.7 20 33 0 2 13 31
PARG 9-1 No avoidance 0.20 0.77 0.4 20 33 0 1 13 32
PARG 9-1 All Ga on T1 – 0.97 2.0 22 32 0 0 14 29
PARG 8-2 Avoidance 0.17 1.06 3.6 24 29 0 2 16 25
PARG 8-2 No avoidance 0.17 1.06 2 25 29 0 1 15 27
PARG 8-2 All Ga on T1 – 1.23 6 25 28 0 0 18 23
PARG 7-1 Avoidance 0.41 1.33 10 22 25 0 7 20 16
PARG 7-1 No avoidance 0.41 1.33 7 24 27 0 4 20 20
PARG 7-1 All Ga on T1 – 1.74 12 31 21 0 0 28 8
PARG 6-4 Avoidance 0.42 1.30 9 24 24 0 7 20 16
PARG 6-4 No avoidance 0.42 1.30 6 24 27 0 4 19 20
PARG 6-4 All Ga on T1 – 1.72 12 30 21 0 0 27 9

FIGURE 4. 29Si MAS NMR spectra of Ga-sapphirine. (a) Mg-rich
GASA 5-1. (b) Ca-rich GASA 2-2.

ciently high that a particular site will be filled by Ga to ensure
rapid “saturation” of the Ga content to the average value of the
mineral but not so high that the Ga distribution within an indi-
vidual six-member ring (segment of the double chain) becomes
a fully ordered pattern.

In amphibole, Si residing in the T1 site is bonded to three
NNN tetrahedral cations (2 T2 and 1 T1) which produces four
possible NNN configurations for Si in a T1 site: Si surrounded
by three Si (Si3), by two Si and one Ga (Si2Ga), by two Ga and
one Si (SiGa2), and by three Ga (Ga3). Similarly, Si in a T2 site
is bonded to only two other tetrahedral (T1) cations, giving
only three possibilities: Si surrounded by two Si (Si2), by one
Si and one Ga (SiGa), by two Ga (Ga2). Table 3 shows the
relative proportions of NNN configurations that are predicted
for the cases of the presence of Ga-O-Ga avoidance (model 1),
a random distribution of Ga and Si, both of which must adhere
to the average Ga contents of the T1 and T2 sites for the whole
crystal (model 2), and the case where Ga only occurs on the T1
site and obeys Ga-O-Ga avoidance (model 3). The AMPHTET
program, when run with the condition of Ga-O-Ga avoidance,
produces T2(Si2) and T2(SiGa) relative abundances that are in
exact agreement with those predicted from the theoretical treat-
ment of Welch et al. (1998).

The differences between the observed and calculated rela-
tive intensities for each peak of each sample for each of the
tree above models are shown in Figure 5. The mean difference
is 4.4% for model 1, 4.1% for model 2, and 5.5% for model 3.
Thus, no significant difference exists between models 1 and 2
but model 3 is slightly less feasible. Therefore the observed
peak areas of the 29Si MAS NMR spectra agree best with mod-
els based on Ga distributed over both the T1 and T2 sites but
do not allow us to say unambiguously whether Ga-O-Ga avoid-
ance occurs or not. The overall agreement between the pre-
dicted and observed 29Si MAS NMR peak areas lends support
to the peak assignments.

Examination of the 29Si MAS NMR spectra in Figure 1 and
the associated assignments of NNN atomic configurations in
Table 2 illustrates the effect that a change in the bulk mineral
composition has on the spectra. In going from fluor-tremolite
to gallian-fluor-pargasite, there is a noticeable shift to higher
frequency for the T1(Si3) peak, from –92.4 to –89.8 ppm. This
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FIGURE 5. Comparison of calculated and observed relative 29Si MAS NMR peak intensities for the peaks at (a) –92 ppm, (b) –87 ppm, (c)
–80 ppm, and (d) –76 ppm. Symbols: squares = Model 1, Ga-O-Ga avoidance; circles = Model 2, random mixing; filled triangles = Model 3, all
Ga in T1 site. The straight lines represent 1:1 correlations.

magnitude of chemical shift is commensurate with the gradual
filling of the A site by Na, as observed by Welch et al. (1998).
Indeed, there is, in general, very close agreement in 29Si peak
assignments for the most pargasitic amphiboles studied here
(PARG 7-1, 6-4) and the fluor-edenite and pargasite studied by
Welch et al. (1998), with both studies assigning the –89 ppm
peak to T1(Si3), the –86 ppm peak to T2(Si2), and the –84.5
ppm peak to T1(Si2Ga/Al). In both this study and that of Welch
et al. (1998) the highest frequency peaks are assigned to the T2
site configurations with no or only 1 Ga (Al) cation NNN; how-
ever, the positions of these peaks are noticeably different, with
the T2(Ga2) and the T2(SiGa) being –75 and –80 ppm, respec-
tively, in this study, and being –79 and –82 ppm, respectively,
in Welch et al. (1998). This difference is attributed to the sub-
stitution of Ga for Al in the present study and not just to the
presence of Na in the A site, which is present in both gallian-
fluor-pargasite and pargasite.

71Ga MAS NMR spectra

Comparison of the observed and predicted octahedral and
tetrahedral 71Ga peak intensities could shed some light on the

interpretation of the 27Al spectra, which has proven problem-
atic for certain common silicates. For example, Circone et al.
(1991) noted the pronounced excess of tetrahedral relative to
octahedral Al for their phlogopite-eastonite series and could
not readily explain it. Similarly, Welch et al. (1994) in their
study of synthetic pargasite also observed more tetrahedral than
octahedral Al based on the ratios of NMR peaks. In both of
these cases the authors did not have independent (i.e., X-ray
diffraction) information on the distribution of octahedral and
tetrahedral Al, aside from the bulk chemistry of the samples.
Such a mis-match between observed and predicted partition-
ing of octahedral vs. tetrahedral Al was not observed for chlo-
rite (Welch et al. 1995).

With the Ga-F-pargasites, we do have independent infor-
mation on the octahedral and tetrahedral Ga contents and ob-
serve that the tetrahedral to octahedral ratios from the NMR
spectra do not correspond to those from the XRD data. The
ratio of the tetrahedral to octahedral site occupancy by Ga from
the Rietveld refinement is 2.3:1 for PARG 6-4 and 2.7:1 for
PARG 7-1. Therefore the intensity of the octahedral peak in
both 71Ga spectra should be about one-third of the tetrahedral
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peak. Even the small quadrupolar doublet observed in the 71Ga
spectrum of PARG 6-4 may be due to contamination by Ga-
sapphirine. The lack of octahedral peak intensity is likely to be
due to the larger asymmetry and therefore quadrupolar mo-
ment of this site with respect to the tetrahedral site. Massiot et
al. (1995) were unable to obtain an MAS peak from the octa-
hedral site of -Ga2O3 due to the large quadrupolar moment de-
spite there being equal proportions of octahedral and tetrahedral
Ga present. They obtained the isotropic chemical shift and
quadrupolar parameters using a combination of static and spin
echo techniques. The loss of signal due to quadrupolar effects
may be greater for 71Ga than for 27Al due to the quadrupolar
width factor for 71Ga being 2.34 times that for 27Al. Akitt (1987)
observes that even in solution the width factor appears to be
greater than calculated for 71Ga.

APPLICATIONS

There are two main insights obtained from this study which
are of direct application to our understanding of the crystal
chemistry of amphiboles and of Al-bearing minerals in gen-
eral. First, there is very good agreement between the predicted
and observed peak intensities for the 29Si MAS NMR spectra
when Ga is allowed to reside on both the T1 and T2 octahedral
sites. Such cation disorder on the tetrahedral sites is not only in
agreement with the previous XRD Rietveld structure refine-
ments of Jenkins and Hawthorne (1995) but lends further sup-
port to the growing opinion that there can be much more disorder
of trivalent cations over the tetrahedral sites of amphibole than
customarily believed. At issue is the temperature dependency
of this cation disorder, which, to date, has only been observed
in natural amphiboles equilibrated at high temperatures (Oberti
et al. 1995a) or in synthetic amphiboles made at temperatures
of 900–1000 °C (Welch et al. 1998; this study). Knowledge of
the temperature and bulk-composition dependence of Al-Si
cation disorder in pargasitic amphiboles would help immensely
in deducing the thermal history of natural hornblende-bearing
assemblages. Second, using the relative peak areas of the MAS
NMR spectra of quadrupolar nuclei (e.g., 27Al, 71Ga) for de-
ducing the relative proportions of tetrahedral vs. octahedral
trivalent cations without accounting for the quadrupolar broad-
ening effects, may lead to a significant under-estimation of the
amount of octahedral cations present in the structure. This may
account, in part, for the abnormally high [4]Al/ [6]Al ratios ob-
served in the study of phlogopitic micas by Circone et al. (1991)
and pargasite by Welch et al. (1994). In this study, the [6]Ga
MAS NMR signal is only observable in the most Ga-rich sample
(PARG 6-4) despite its presence in all but the fluor-tremolite
sample. Even then the [6]Ga MAS NMR signal may, unfortu-
nately, be attributable to other [6]Ga-rich phases present.
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