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LETTERS
Tetrahedral boron in naturally occurring tourmaline
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ABSTRACT
Evidence for boron in both trigonal and tetrahedral coordination has been found in 11B magicangle-spinning (MAS) nuclear magnetic resonance (NMR) spectra of natural, inclusion-free specimens of aluminum-rich lithian tourmaline from granitic pegmatites.

INTRODUCTION
Minerals of the tourmaline group are by far the most widespread borosilicate phases and the dominant carriers of boron in
crustal metamorphic and igneous rocks. The amount of boron
and its crystallographic position in tourmaline are of interest not
only to mineralogists, but also to geochemists studying the behavior of boron and its isotopes in natural systems. Previous
studies of boron contents in tourmaline have yielded variable
results. From recent X-ray diffraction studies, boron in tourmaline group minerals occurs exclusively at a single site, coordinated to three O atoms and fully occupying this site, so three
boron ions are present in the formula based on 31 anions (Burns
et al. 1994; MacDonald and Hawthorne 1995; Hawthorne 1996;
Bloodaxe et al. 1999). Only two tourmaline analyses by XANES
have been reported, and neither sample showed tetrahedral boron (M. Fleet, personal communication, 1999). Finally, wet
chemical analyses of 85 schorl-dravite gave B = 2.992 ± 0.052
atoms per formula unit (apfu) and B = 3.011 ± 0.029 apfu for 21
elbaites (Povondra 1981; Povondra et al. 1985); although the
average B contents are close to stoichiometric, individual samples
show significant deviations from B = 3.
Compositions containing excess boron have been reported
(Barton 1969; Dyar et al. 1994), and Novozhilov et al. (1969)
have obtained electron paramagnetic resonance (EPR) evidence
for the substitution of silicon by boron at the tetrahedral site in
elbaite (0.01% of Si or 0.0006 B apfu). Serdyuchenko (1980)
proposed that excess boron is accommodated not only at the
tetrahedral Si site, but also a trigonal site that he inferred substituted for hydroxyl groups. Ertl et al. (1997) refined the crystal structure of an olenite with 4.225 B and 4.871 Si pfu, and
their reported average Si-O bond lengths of 1.61 Å are consis-
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tent with some substitution of silicon by boron (Hawthorne
1996). Wodara and Schreyer (1997; 1998) synthesized olenites
with an even greater amount of excess boron and boron substitution for silicon, and cited 11B magic-angle-spinning (MAS)
nuclear magnetic resonance (NMR) evidence for the presence
of both trigonal and tetrahedral boron. In summary, the coordination and partitioning of boron in tourmaline have not yet
been definitively characterized. In part, this results from insufficient sensitivity of the most commonly used methods for
analyzing for trigonal and tetrahedral cations; tourmaline is
refractory and dissolves with difficulty, and Si analyses by electron microprobe have large errors (typically σ = 0.6 wt% SiO2,
or about 0.1 Si pfu). Single crystal X-ray diffraction may not
be able to detect 0.1–0.2 B at the Si tetrahedral sites, i.e., 1.7–
3.3% replacement of Si by B, yet 3.1–3.2 B is a significant
excess and has been reported in SIMS analyses of tourmaline
(Guidotti et al. 1997; Dyar et al. 1998).
In experiments on borosilicates and borates, Bray et al.
(1961) and Turner et al. (1986) demonstrated that boron nuclei
in trigonal coordination environments can be differentiated from
those occupying tetrahedral sites on the basis of 11B quadrupolar
coupling parameters and isotropic chemical shift values, as
measured by 11B MAS NMR spectroscopy. This approach
should therefore ascertain whether excess boron in tourmalines can be incorporated in tetrahedral sites. In the few prior
11
B NMR investigations of tourmaline group minerals, no evidence of tetrahedral boron was detected (Turner et al. 1986;
Tsang and Ghose 1973). To determine if the occupancy of tetrahedral sites is a possibility for boron in tourmalines, we selected specimens with a range of boron-rich, low-iron
compositions for examination by 11B MAS NMR spectroscopy.
Our expectation was that Si-deficient (<six Si atoms pfu) and
B-excess (>three atoms pfu) compositions would favor the
formation of tetrahedral boron sites, and low concentrations of
transition elements would be desirable for optimal NMR resolution. The analysis of the 11B MAS NMR spectra of these speci1451

