
American Mineralogist, Volume 91, pages 29�34, 2006

0003-004X/06/0001�29$05.00/DOI: 10.2138/am.2006.1896      29

INTRODUCTION

Several experimental and theoretical studies have been carried 
out on the crystal-chemistry, high-temperature, and high-pres-
sure behavior of natural and synthetic beryl with different extra-
framework contents (Bragg and West 1926; Wood and Nassau 
1967, 1968; Gibbs et al. 1968; Goldman et al. 1978; Morosin 
1972; De Almeida et al. 1973; Hawthorne and Černý 1977; Aines 
and Rossman 1984; Brown and Mills 1986; Hazen et al. 1986; 
Aurisicchio et al. 1988; Schmetzer 1989; Sheriff et al. 1991; 
Artioli et al. 1993; Charoy et al. 1996; Kolesov and Geiger 2000a; 
Prencipe 2002). Beryl is an accessory mineral found mainly in 
pegmatitic rocks, with the ideal chemical formula Al2Be3Si6O18 
(space group P6/mcc). The crystal structure consists of six-mem-
bered rings of SiO4 tetrahedra, perpendicular to the [001] axis, 
linked by AlO6 octahedra and BeO4 tetrahedra to form a three-
dimensional framework (Fig. 1). Alkali cations (Cs, Rb, K, Na) 
and water molecules represent the so-called �extra-framework 
content�, which lies within the six-membered ring channels along 
[001]. The presence of such cations is due to a charge imbalance 

in the framework because of the isomorphic substitution of Al 
and Be by lower valency cations (Al3+ ↔ Mg2+, Fe2+/3+, Mn2+, 
Cr3+, V3+, and Be2+ ↔ Li+), yielding the representative chemical 
formula (Cs,Rb,K,Na)x+yAl2�xMex

2+Be3�yLiySi6O18·zH2O (0 < x + y 
< 1). Despite the large number of studies devoted to the crystal 
chemistry of beryl, the exact topological conÞ guration of the 
extra-framework content remains uncertain, especially for alkali-
poor samples. On the basis of X-ray single-crystal diffraction 
data, several studies (Gibbs et al. 1968; Hawthorne and Černý 
1977; Brown and Mills 1986; Aurisicchio et al. 1988; Ferraris 
et al. 1998) have shown that the extra-framework population is 
located at two distinct sites along the sixfold symmetry axis: 
0,0,0.25 (Wyckoff 2a position) and 0,0,0 (2b). Aurisicchio et 
al. (1988) suggested that water molecules are present at the 2b 
site, and that the extra-framework cations are located at the 2a 
site. In contrast, other authors (Gibbs et al. 1968; Hawthorne and 
Černý 1977; Brown and Mills 1986; Ferraris et al. 1998) reported 
water molecules and large cations (Cs, Rb, K) at the 2a site, 
with smaller cations (such as Na) at the 2b site. A single-crystal 
neutron diffraction study of an alkali/water-rich beryl and an 
alkali/water-poor beryl performed by Artioli et al. (1993) showed 
two distinct topological conÞ gurations of the extra-framework * E-mail: diego.gatta@unimi.it
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ABSTRACT

The crystal structure of alkali/water-poor beryl (H2O + Na2O + Cs2O < 1.2 wt%) was reinvestigated 
by means of laser ablation inductively coupled plasma mass spectroscopy, thermogravimetric analysis, 
neutron diffraction, and polarized infrared spectroscopy to determine the real topological conÞ guration 
of the extra-framework content in the six-membered ring channels. Analysis of the nuclear density 
Fourier map suggests that the (water) oxygen is located along the sixfold axis at the 2a site (0,0,1/4), 
whereas the (water) protons are at �0.028(7), �0.071(3), 0.332(1). The hydrogen atoms are distrib-
uted in 6 × 2 equivalent positions, above and below the oxygen site. Geometrical conÞ guration of the 
water molecule is well deÞ ned: the O-H bond distance is 0.949(18) Å and the H-O-H bond angle is 
106.9(2.2)°. The H···H vector is oriented at ∼4° from [001]. This conÞ guration is completely different 
from that found in alkali-rich beryl, where the H···H vector is perpendicular to [001]. Na is probably 
located, with the H2O oxygen, at the 2a site. According to the chemical analysis, which shows that the 
amounts of other alkali and earth-alkali cations are negligible (Rb, K, Mg, Mn ≤ 110 ppm, Ca ≤ 225 
ppm, Cs ≤ 430 ppm), no effect of other cations on the extra-framework population was observed in 
the structural reÞ nement. The Þ nal agreement index (R1) of the structural reÞ nement was 0.037 for 34 
reÞ ned parameters and 160 unique reß ections with Fo > 4σ(Fo). The topological conÞ guration of the 
H2O molecule into the channel is conÞ rmed by the spectroscopic investigation. Polarized single-crystal 
IR spectra show that the H2O molecule is oriented with the molecular symmetry axis perpendicular 
to the hexagonal axis and H···H vector parallel (or quasi-parallel) to [001]. 
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