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ABSTRACT

Considerable uncertainty has surrounded the occurrence of tetrahedrally coordinated Al and B at
the T'site in tourmaline. Although previously detected in several tourmaline specimens, the frequency
of these substitutions in nature, as well as the extent to which they occur in the tourmaline structure,
is not known. Using "B and 2’Al MAS NMR spectroscopy, we have investigated the presence of B
and Al at the T site in 50 inclusion-free tourmaline specimens of low transition-metal content and
different species (elbaite, “fluor-elbaite,” liddicoatite, dravite, uvite, olenite, and magnesiofoitite)
from different localities worldwide. Chemical shifts of /B and /B in "B spectra, and WAl and ®'Al
in 7Al spectra, are well resolved, allowing detection of even small amounts of 7-site constituents. In
the observed spectra, /B and *'B peaks are located at 0 and 18-20 ppm, respectively, with the greatest
intensity corresponding to !B (=3 apfu). In ’Al spectra, /Al and [’ Al bands are located at 68—72 and
0 ppm, respectively, with the greater intensity corresponding to [YAl. However, inadequate separa-
tion of YAl and Al precludes resolution of these two bands. Simulation of "B MAS NMR spectra
shows that tetrahedrally and trigonally coordinated B can be readily distinguished at 14.1 T and that
a B content of 0.0-0.5 apfu is common in tourmaline containing low amounts of paramagnetic spe-
cies. Al MAS NMR spectra show that Al is also a common constituent of the 7 site in tourmaline.
Determination of Al content by peak-area integration commonly shows values of 0.0-0.5 apfu.
Furthermore, the chemical shift of the >’Al tetrahedral peak is sensitive to local order at the adjacent
Y and Z octahedra, where WAI-"Mg; and WAI-"(Al,Li); arrangements result in peaks located at ~65
and ~75 ppm, respectively. Both "B MAS NMR and Al MAS NMR spectra show peak broadening
as a function of transition-metal content (i.e., Mn?* + Fe?* = 0.01-0.30 apfu) in the host tourmaline.
In "B spectra, broadening and loss of intensity of the BB signal ultimately obscures the signal cor-
responding to /B, increasing the limit of detection of /B in tourmaline. Our results clearly show that
all combinations of Si, Al, and B: 7= (AL Si)s, 7 = (B, Si)s, T = (Al, B, Si)s, and T = Si4 apfu, are

common in natural tourmalines.
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INTRODUCTION

The general formula of the tourmaline-group minerals may
be written as

XY3ZsTs0i5(BO3); Vs W

where X =Na, Ca, K, and O (vacancy); Y = Mg, Fe*", Mn*", Al,
Fe¥, Cr**, V3, Ti*, and Li; Z = Al, Fe*', Cr**, V¥', and Mg; T =
Si, Al, and B; V = 0* and OH; W = OH, F, and O* (Hawthorne
and Henry 1999). Tourmaline can provide a record of progres-
sive metamorphism (Henry and Dutrow 1992, 1996; Henry
and Guidotti 1985; Povondra and Novak 1986) and sequential
crystallization in granites and granitic pegmatites (Aurisicchio et
al. 1999; Dyar et al. 1998; Novak et al. 1999; Selway et al. 1998,
1999, 2000a, 2000b, 2002; Neiva et al. 2007). However, there
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are still uncertainties in our knowledge of the crystal chemistry
of tourmaline. Until relatively recently, it was thought that only
Al (Povondra 1981; Grice and Ercit 1993) could substitute for Si
in the tourmaline structure. However, it has since been shown di-
rectly that B may occur in tetrahedral coordination in tourmaline
(Tagg et al. 1999; Schreyer et al. 2000; Marler and Ertl 2002).
However, it is still unknown whether B (tetrahedrally coordi-
nated B) is a common constituent in tourmaline, and whether
it is restricted to certain species of tourmaline, or to specific
geologic environments. Moreover, it is still commonplace to
calculate tourmaline formulae by setting B = 3 apfu (i.e., only
BIB is assumed to be present) and Al = 6 — Si apfu. Any error
introduced into the unit formula by this approach is typically
obscured by the fact that the light elements (i.e., Li,O, B,O;, and
H,0) are usually calculated using stoichiometric constraints, and
Fe*' contents are estimated by electroneutrality and stoichiometry
assumptions, or assumed to be zero. Can we ignore /B, unless it
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has been shown to be present, or must we come to grips with the
fact that it is a common constituent of tourmaline? This question
impacts the systematic chemical-analytical work on tourmaline
in the wide variety of rocks in which it occurs, and the work
reported here addresses this question.

Here, we use "B and *’Al magic-angle-spinning nuclear
magnetic resonance (MAS NMR) spectroscopy to investigate
the occurrence of tetrahedrally coordinated constituents in a
large suite of low-(Fe,Mn) tourmalines of various compositions.
Previous "B MAS NMR work has examined elbaite or olenite,
and many of the specimens examined in the present study are
the same species because elbaite or olenite can be sufficiently
low in paramagnetic constituents to obtain good-quality MAS
NMR spectra. Some samples from the present work correspond
to other compositions (magnesiofoitite, schorl, “fluor-elbaite,”
liddicoatite, uvite), but it is difficult to find samples sufficiently
low in paramagnetic species for MAS NMR spectroscopy.

PREVIOUS WORK

MAS NMR spectroscopy is a powerful method for determin-
ing coordination numbers of elements in solids. Boron (''B) and
Al (*Al) are of particular interest with regard to tourmaline. *'B
and /B have chemical shifts of 12 to 19 ppm and —4 to 2 ppm,
respectively (Bray et al. 1961; Turner et al. 1986), and Al and
YIA] have chemical shifts of 50 to 80 ppm and —10 to 15 ppm,
respectively (Kirkpatrick 1988; Kirkpatrick et al. 1985, 1986).
Thus coordination numbers, and hence site assignments, can be
determined, provided the structure does not contain sufficient
paramagnetic species (particularly transition metals) to attenuate
the signal. "B MAS NMR has been used for the detection of /B
in tourmaline. Tagg et al. (1999) reported small amounts (0.1-0.2
apfu) of “B in elbaite, showing that at low field (7.05 T), there
is overlap between the peaks for 'B and 4B, whereas at higher
field (11.74 T), the peaks are well resolved. Schreyer et al. (2000)
and Marler and Ertl (2002) reported low-field "B MAS NMR
spectra of a synthetic olenite with a nominal 7-site content of
Si;Bs;, and a *!B-bearing olenite from a granitic pegmatite. Ertl et
al. (1997) and Hughes et al. (2000, 2001) have shown that <7-O>
distances in the tourmaline examined by Marler and Ertl (2002)
are in accord with the presence of ¥/B, and similar stereochemical
results have been reported (Hughes et al. 2004; Kalt et al. 2001;
Marler et al. 2002; Ertl et al. 2005, 2006, 2007) indicating the
presence of /B in Li-bearing tourmaline.

To date, MAS NMR has not been applied to the investigation
of WAI (tetrahedrally coordinated Al) in tourmaline, despite the
fact that it is amenable to the task, as both [4]- and [6]-coordi-
nated Al differ sufficiently in resonance frequency (50 to 80 and
—10 to 15 ppm, respectively) to provide good resolution at the
moderately high field used here, even at small MA1/#*SIAl ratios.
MacDonald and Hawthorne (1995) have shown that <7-O>
distances in uvite, ideally Ca(Mg,Fe*");(MgAl;s)Sic0,3(BO;);
(F,OH),, are in accord with the occurrence of Al at the T site,
and structural work on other compositions (Bloodaxe et al. 1999;
Schreyer et al. 2002; Cempirek et al. 2006; Prowatke et al. 2003;
Ertl and Hughes 2002; Ertl et al. 2003) also show small amounts
of Al at the T site.

Single-crystal structure refinements suggest that the <7-O>
distance in tourmaline is sensitive to the presence of /B (Hughes
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et al. 2000, 2004; Ertl et al. 1997, 2005, 2006, 2007). However,
this type of relation is not yet at the stage of being a predictive
compositional tool, partly because of the possibility that Al
may also occur at the 7 site and perturb any possible relation
between <7-O> and “IB content. Kalt et al. (2001) and Ertl et
al. (2005) report the occurrence of Al and B (as well as Si) at
the T site in Li-rich tourmalines based on direct analysis of B,
but this type of site assignment is imprecise as it relies on the
accurate analysis of B, and uncertainties in the determination of
B are ~10% relative.

EXPERIMENTAL METHODS

Samples

A total of 50 tourmaline crystals were assembled for MAS NMR spectroscopy
from various localities (Table 1). Investigation by MAS NMR requires that the
samples be as free of transition metals as possible, due to the fact that paramag-
netic species can induce very fast relaxation of the nuclear spins, broadening the
resonance signal. This limitation restricts this investigation to Li-Al tourmalines:
liddicoatite, elbaite (“fluor-elbaite™), rossmanite, and olenite, and low-Fe dravite,
uvite, and magnesiofoitite. The X-site concentrations of samples examined here are
summarized in Figure 1. We examined each sample very carefully for inclusions
and discarded any grains that had optically visible solid inclusions or extraneous
material adhering to grain boundaries. Lussier et al. (2008a, 2008b) show that varia-
tion in B correlates with other chemical variations in tourmaline that maintain
electroneutrality; such correlations would not be expected if the presence of “B
were due to the presence of an extraneous phase.

Chemical analysis

Sample compositions were analyzed with a Cameca SX-100 electron micro-
probe operating in wavelength-dispersion mode with an accelerating voltage of 15
kV, a specimen current of 15 nA, and a beam diameter of 10 pm. Analyses were
done on single grains (5-10 EMPA analysis points per grain) extracted from the
larger samples. For samples where further compositional constraint was needed due
to zoning, the powdered crystallites used in the MAS NMR experiments were set in
epoxy, polished and analyzed (1015 points). In most cases, the following elements
were analyzed: Si, Al, Na, Ca, Fe, Mn, Mg, Ti, Pb, V, Cr, Zn, and F. The following
standards and spectrometer crystals were used for Ko spectral lines.

TAP: Na, albite; Al, kyanite; Si, diopside;

LTAP: F, F-riebeckite; Mg, forsterite;

LPET: K, orthoclase; Ca, diopside; Ti, titanite; Pb, PbTe;
LLiF: Fe, fayalite; Mn, spessartine.

Accurate and precise analysis of H, Li, and B in tourmaline is difficult to impos-
sible with current instrumentation. In particular, the identification of B in excess of
3 apfu is difficult because there is a relatively large amount of 1B present in the
structure, and small amounts of of /B can be obscured by (statistical) analytical
uncertainty in the total B content. The Li content is often calculated by the following
relation: 'Li = 3 — XY apfu, and X-ray scattering (Burns et al. 1994, this work) is
generally compatible with this calculation for Li-rich tourmalines. The H content is
usually calculated as OH + F = 4 apfu. This assumes that there are only monovalent
anions at the O1 or O3 sites. This is not necessarily true. Taylor et al. (1995) have
shown that the presence of 0> at O1 correlates with the occurrence of Mg at Z and
Al at Y, and hence the latter are indicative of OH + F # 4 apfu. Here, unit formulae
were calculated based on 31 anions per formula unit, with 'Li = 3 — XY apfu, and
OH + F = 4 apfu. Chemical compositions are given in Table 2'.

! Deposit item AM-09-024, Table 2 (Chemical compositions).
Deposit items are available two ways: For a paper copy contact
the Business Office of the Mineralogical Society of America
(see inside front cover of recent issue) for price information.
For an electronic copy visit the MSA web site at http://www.
minsocam.org, go to the American Mineralogist Contents, find
the table of contents for the specific volume/issue wanted, and
then click on the deposit link there.
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TABLE 1. List of tourmaline samples investigated by ''B and Al MAS NMR, colors, localities, and T-site occupancies
Sample Species Locality Color Source*  Sample no.
141g, ¥IAl, and Si present

AT6 Elbaite Black Rapids Glacier, Alaska Light pink a BRP
AT7 Liddicoatite Black Rapids Glacier, Alaska Light green a BRG
AT9 “Fluor-elbaite” Moravia, Czech Republic Pale pink a LA7-1CR
AT10 Elbaite Pesrig, Saxony, Germany Pink/purple b T48 /M6101
AT14 Olenite Koralpe, Austria Colorless/pale green g -
AT16 Liddicoatite Namibia Dark pink to colorless a NT3
AT18 Liddicoatite Namibia Light pink a NT5
AT19 Liddicoatite Namibia Light pink/green/orange a NT6
AT20 Liddicoatite Namibia Pink a NT7
AT21 Liddicoatite Namibia Pink a NT8
AT28 Elbaite Pala, California Light pink a -
AT50 Olenite Belo Horizonte, California Colorless a -
AT51 Olenite Nina La Verda, Brazil Colorless a -
AT52 Elbaite Sverdlouskoblast, Ural Mts., USSR Pink e T15
AT54 Elbaite Tanco Pegmatite, Manitoba Pink f T34
AT73 Elbaite Mogok, Myanmar Pink a SHM1
AT73 Elbaite Mogok, Myanmar Colorless a SHM2
AT75 Elbaite Mogok, Myanmar Purple/colorless a SHW2
“Al and Si present
AT13 Dravite Brandu Valley, Pakistan Honey brown a -
AT53 Uvite Laxton Twp, Ontario Pink b T23/M20414
AT55 Dravite Karsten, Germany Golden brown b T42/M19631
AT57 Uvite Franklin, New Jersey Green d T59 / C80699
AT58 Dravite Darau Stazh, SW Pamirs Colorless h T69/DC080813
AT59 Uvite East Africa Green a 173
AT60 Uvite East Africa Green a T75
AT61 Uvite East Africa Green a T79
AT63 Dravite Tanzania Green d T85 /143901
AT65 Elbaite Brazil Pink a T96
AT67 Uvite Burma Dark green a 133839
AT68 Uvite East Africa Green a T78
AT70 Mg-foitite Kyonosawa, Japan Pale gray/colorless a -
AT72 Dravite Morogoro, Tanzania Pale brown/colorless a -
“IB and Si present
AT47 Liddicoatite Namibia Dark green to colorless a NT13
AT56 Elbaite Elba, Italy Colorless b T47 / E1454
AT75 Elbaite Mogok, Myanmar Pinkish purple a SHW1
Si present
AT11 Elbaite Minas Gerais, Brazil Light green b T50/M31184
AT48 Liddicoatite Namibia Green a NT14
AT49 Elbaite Namibia Pale green a NT15
AT66 Liddicoatite Madagascar Colorless d T98/T98m / 165836
AT71 Liddicoatite Anjanbonoina Pegmatite- Madagascar Light green i NMR1
AT71 Liddicoatite Anjanbonoina Pegmatite- Madagascar Light purple i NMR7
AT71 Liddicoatite Anjanbonoina Pegmatite- Madagascar Dark purple i NMR9
AT71 Elbaite Anjanbonoina Pegmatite- Madagascar Dark purple i NMR10
Unresolvable
AT17 Liddicoatite Namibia Dark pink a NT4
AT23 Liddicoatite Namibia Light pink/colorless a NT10
AT25 Elbaite Namibia Light pink/colorless a NT12
AT62 Elbaite Brazil Green a T83
AT64 “Fluor-elbaite” San Diego County, California Pale yellow/green j T94 /T94m
AT73 Elbaite Mogok, Myanmar Black a SHM3
AT76 Elbaite Astor, Pakistan Pale green a MT16

*a = Frank C. Hawthorne, University of Manitoba; b = Royal Ontario Museum, Ottawa, Canada; ¢ = American Museum of Natural History; d = Smithsonian Institute,
Washington; e = National Museum of Natural Sciences; f = Mark Cooper, University of Manitoba; g = Andreas Ertl; h = Edward S. Grew; i = Carl Francis, Harvard

University; j = Dalhousie University.

MAS NMR

A Varian Inova 600 spectrometer (14.1 T) was used to record the MAS NMR
spectra of Z7Al (v, = 156.3 MHz) and "B (v, = 192.4 MHz) in all tourmaline
samples. For each sample, weighed amounts (10-35 mg) of powdered sample
(~15 um crystallites) were placed in a 3.2 mm (22 UL capacity) zirconia rotor and
spun at speeds of 20-24 kHz in a double-resonance probe. The optimized recycle
delay was determined independently for each sample; averages were 5 and 30 s
for Al and "B, respectively. The final spectra are composites of 512-3072 aver-
aged scans. Spectra were referenced to 0.1 M H;BO; as a secondary reference
[=+19.6 ppm with respect to BF;(CH;CH,),0], and 1.1 M AI(NOs);. Pulse widths
were selected to coincide approximately with a 20° tip angle at an rf nutation

frequency of 50 kHz.

RESULTS: "B MAS NMR

Selected "B MAS NMR spectra are shown in Figure 2 and
clearly illustrate the ability of the MAS NMR to resolve [3]- and
[4]-coordinated B at higher field (14.1 T), in accord with Tagg et
al. (1999). The peak for B in triangular coordination has a charac-
teristic quadrupolar lineshape with 8;, ~18-20 ppm, whereas the
peaks for B in tetrahedral coordination are significantly narrower
and occur at 8, ~0 ppm (Bray 1999; Bray et al. 1961; Turner et
al. 1986; Kroeker et al. 2001; Kroeker and Stebbins 2001).

"B MAS NMR spectra were calculated using the time-domain
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FIGURE 1. Variation in occupancy of the X site in the tourmalines
of this study; the symbols indicate the type of 7-site occupancy for
each tourmaline.
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FIGURE 2. Selected "B MAS NMR spectra of tourmalines ranging
from 0.0-0.5 apfu “IB as determined by spectral simulation: (a) Mg-
foitite (AT70), (b) uvite (AT59), (¢) dravite (AT72), (d) liddicoatite
(AT20), (e) elbaite (AT52), (f) olenite (AT 14). All spectra are scaled to
the same height to facilitate comparison.

density-matrix calculation program, STARS (Skibsted et al.
1991), as implemented in the spectrometer software. Isotropic
chemical shifts, quadrupole coupling constants, and quadrupolar
asymmetry parameters were obtained, as appropriate, for the
different boron sites by manual adjustment of these NMR param-
eters for all transitions, in addition to the relative amplitude and
line-broadening functions. The ¥’ Al MAS NMR spectra lack the

well-defined lineshapes required to obtain NMR parameters, but
could be faithfully modeled by asymmetric Lorentzian-Gaussian
peakshapes, from which the integrated intensities could be reli-
ably determined. In both cases, fits were evaluated by visual
comparison between experimental and calculated spectra, and
uncertainties assessed by altering given parameters to the thresh-
old of reasonable agreement. Errors are estimated as +0.05 apfu
for B and +£0.08 apfu for Al as site populations. An example of
spectral simulation for Koralpe olenite (AT14) is shown in Figure
3. Values for quadrupolar NMR parameters (i.e., Cq and 1) and
8y, were determined for each sample by optimization, begin-
ning with the values given for elbaite and dravite by Tagg et al.
(1999). Chemical-shift anisotropy (CSA) was ignored, following
the findings of Tagg et al. (1999) and Marler and Ertl (2002)
that this parameter does not significantly affect the lineshape of
the central BB transition. Lorentzian line-broadening (100—400
Hz) was added to improve agreement between the observed
and simulated spectra and obtain reliable integrated intensities
representing relative site populations. Intensities are converted
into site populations as follows. (1) Boron: ¥B/(PB + [4B) =
HIB/(BIB + [41B) where B is the absolute intensity of the MAS
NMR peak for [B; the amount of !B is fixed stoichiometrically
at 3.0 apfu, and hence the above equation may be rearranged to
give B = 3 x BIIB/BIB apfu. (2) Aluminum: WAI/(MAI + CIATL)
= F[AY/(MITA + [OAT) where W7 is the absolute intensity of the
MAS NMR peak for AL, the total amount of Al, (WA + SJAL) =
Alv@l i determined by normalization of the electron microprobe
analysis to give the chemical formula, and hence the above equa-
tion may be rearranged to give (WAL= Al@l x HIJAI/(HI[AT 4 [6TAT)
apfu. The results are given in Table 3.

RESULTS: AL MAS NMR

Typical examples of 2?Al MAS NMR spectra of tourmalines
with very low paramagnetic constituents are shown in Figure 4.
All spectra show a very strong peak close to 0 ppm, characteristic
of PA1, as expected, given that Al completely occupies the [6]-
coordinated Z site in all specimens examined here. Most spectra
show a weak peak at ~65-80 ppm, characteristic of !Al, whereas

FIGURE 3. Example of an !'B spectral simulation for Koralpe olenite.
Final NMR parameters are as follows: BOs, 8, = 18.1 ppm, Cq = 2.89
MHz, n = 0.15; BO,, 8, =-0.1 ppm, Cq = 0.2 MHz, 1 = 0.8.
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TaBLE 3. Calculated percentages of tetrahedral occupants

Species B (apfu)* YAl (apfu)t

AT6 Elbaite <0.03 <0.08
AT7 Liddicoatite <0.03 <0.07
AT9 “Fluor-elbaite” 0.06 0.20
AT10 Elbaite 0.03 0.10
AT13 Dravite - 0.10
AT14 Olenite 0.45 0.26
AT16 Liddicoatite 0.06 <0.07
AT18 Liddicoatite 0.05 <0.07
AT19 Liddicoatite 0.05 <0.07
AT20 Liddicoatite <0.03 <0.07
AT21 Liddicoatite <0.03 tr
AT28 Elbaite 0.12 0.08
AT47 Liddicoatite 0.05 -
AT50 Olenite 0.30 0.13
AT51 Olenite 0.39 0.1
AT52 Elbaite 0.06 0.15
AT53 Uvite - 0.11
AT54 Elbaite <0.03 0.18
AT55 Dravite - 0.09
AT56 Elbaite 0.12 -
AT57 Uvite - tr
AT58 Dravite - <0.06
AT59 Uvite - 0.28
AT60 Uvite - 0.45
AT61 Uvite - 0.18
AT63 Dravite - 0.19
AT65 Elbaite - tr
AT67 Uvite - 0.11
AT68 Uvite - 0.25
AT70 Mg-foitite - <0.07
AT72 Dravite - <0.07
AT73(SHM1) Elbaite 0.13 <0.08
AT73(SHM2) Elbaite 0.13 <0.08
AT75(SHW1) Elbaite 0.19 -
AT75(SHW2) Elbaite 0.23 0.34
* Simulation using STARS.
T Peak-fitting.

Al ©AI

(9)

0 -50 -100
ppm

FIGURE 4. Selected Al MAS NMR spectra: (a) olenite (AT14),
(b) “fluor-elbaite” (AT9), (¢) elbaite (AT10), (d) liddicoatite (AT20), (e)
dravite (AT72), (f) magnesiofoitite (AT70), (g) uvite (AT61); the regions
characteristic of Al and [!Al are marked. All spectra are scaled to the
same height to facilitate comparison.

the spectrum of a liddicoatite (Fig. 4d) shows no such signal,
indicating that there is no /Al present in this specimen.

MAT in tourmaline

The spectral range of signals from Al in several samples is
shown enlarged in Figure 5. It is apparent that there is significant
variation in peak shape and position. In the tourmaline structure,
the 7T tetrahedron shares corners with one Y octahedron and two
Z octahedra, and the two additional anions link to the X cation
(Fig. 6). As Al MAS NMR is sensitive to small differences in
local atomic arrangement (Klinowski et al. 1987), it should be
possible to detect the difference between /Al in dravite and uvite,
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FIGURE 5. Al MAS NMR spectra showing the Al region in (a)
uvite (AT57), (b) uvite (AT60), (¢) elbaite (AT54), and (d) olenite (AT 14).
The lines A and B are drawn to emphasize the difference in position of
the peaks in the spectra.
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FIGURE 6. Local environment around the T site in tourmaline; Z
octahedron = orthogonal cross-hatched pattern, Y octahedron = crosses,
and tetrahedra = decorated square net.
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in which the Z site is occupied by Al and Mg and the Y site is
occupied by Mg, and elbaite and liddicoatite, in which the Z site
is occupied only by Al, and the Y site is occupied by Al and Li.
This is indeed the case. For tourmaline, in which Y; = Mg;, the
#Al peak is 68 ppm, whereas for tourmaline in which Y= (Al,
Li);, the WA peak occurs at ~72 ppm (Fig. 5).

6IA] in tourmaline

In tourmaline, we expect signals for Al from YAl and ?Al.
The 2’Al MAS NMR spectrum of transition-metal-free uvite
(AT61) is shown in Figure 4g. MacDonald and Hawthorne (1995)
investigated this sample, as well as several other uvite samples,
by crystal-structure refinement and electron-microprobe analysis.
Site assignments are in accord with the variation in bond lengths,
indicating that /Al occurs only at the Z site, and Mg occupies
both the Y site and the Z site. Given that Al is minimally disor-
dered in this structure, only a single prominent (Al peak should
be observed in the 2?Al MAS spectrum, and in accord with this
pattern of order, AT61 shows the smallest peakwidth of all the
spectra in Figure 4.

The spectra in Figure 4 show a subtle variation in the profile
of the envelope centered at 0 ppm. Some peaks (such as g) are
narrow and asymmetric, whereas other peaks are broader and
symmetric. To the right of each spectrum is shown the amount
of YAl in that particular tourmaline; values range from 0.0 to
2.63 apfu. As the Z site is completely filled with Al in all the
specimens included in Figure 4, we must conclude that the
width of the peak centered on 0 ppm increases with increasing
Al content of the Y site. There are two possible causes for this:
(1) the envelope centered on 0 ppm contains two discrete peaks
with slightly different values of chemical shift; and (2) there is
increasing quadrupolar broadening with increasing Al content
of the Y site. It is not possible to distinguish between these two
possibilities here, but it is probable that both contribute to the
increasing peak width in Figure 4.

The effect of paramagnetic constituents

Figure 7 compares the Al and ''B MAS NMR spectra of
elbaite-liddicoatite with different contents of paramagnetic con-
stituents (i.e., Fe?” + Mn?*= 0.01-0.30 apfu; Table 2'). Cursory
inspection of these spectra indicates that increasing amounts
of paramagnetic constituents result in dramatic changes to the
spectral intensity. The integrated peak intensities of the spectra
(which were all collected under identical experimental conditions
on weighed amounts of sample) diminish dramatically with the
incorporation of paramagnetic components in the tourmaline.
Inspection of Figure 7 suggests that the response of the ’Al and
"B spectra to paramagnetic broadening is the same, and this is
confirmed by comparison of the relative intensities of the dif-
ferent spectra in each sample (Fig. 8); the data scatter closely
about the 1:1 line.

Occurrence of tetrahedrally coordinated constituents in
tourmaline

The results of this work are summarized in Table 3. In Table
1, the specimens are separated into four groups on the basis of
the 7-site species present: (1) 7' = Sis apfu; (2) T = (Si + B)s
apfu; (3) T = (Si + Al), apfu; and (4) T = (Si + B + Al), apfu.
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FIGURE 7.7 Al and ''B MAS NMR spectra of elbaite-liddicoatite with
differing contents of paramagnetic constituents: (a) AT21; (b) AT18; (¢)
AT16; (d) AT23; (e) AT48; (f) AT17. All spectra are on the same scale.
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FIGURE 8. Comparison of the relative areas of the Al and ''B MAS
spectra of elbaite-liddicoatite shown in Figure 7. The data scatter about
the 1:1 line, indicating that they are equally affected by paramagnetic
quenching.

Upon inspection of Table 1, it is immediately apparent that the
tetrahedrally coordinated constituents of tourmaline are more
variable than was previously realized. Of the 50 individual
samples investigated, eight have 7= 6 Si apfu, three have T'=
(Si+ B)s apfu; 14 have T'= (Si + Al)s apfu; 18 have 7=(Si+ B
+ Al)s apfu; and seven have too high a content of paramagnetic
species (and hence a degraded spectrum) to reliably detect minor
Al and/or B (Table 3).

There is no clear-cut correspondence between the species
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of tourmaline and whether either /B or WALl is present in the
structure. Of course, we lack sufficient samples for some com-
positions (e.g., magnesiofoitite; Hawthorne et al. 1999) to state
definitively that no pattern exists. Only in species in which the ¥
site is dominated by Mg (i.e., dravite, uvite, and magnesiofoitite)
is WAl consistently present and /B consistently absent (and this
is only for three of our samples). Within the elbaite-liddicoatite
series, there seems to be no method of predicting the type of 7-
site occupancy, which is quite variable: 7= (Si, B)s, or 7= (Si,
Al, B)g, but not 7'= (Si, Al)s apfu.

Although MAS NMR has proven a successful method of
identifying the presence of tetrahedrally coordinated constituents
in tourmaline with low contents of paramagnetic species, deriving
quantitative results, particularly concerning Al site populations,
is usually precluded by the fact that the spectral bands are subject
to severe broadening by paramagnetic constituents.
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