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AbstrAct

Structural analysis, using neutron powder diffraction (NPD) data on small quantities (<300 mg) 
and in combination with single-crystal X-ray diffraction (SXD) data, has been employed to determine 
accurately the position of hydrogen and other light atoms in three rare beryllate minerals, namely 
bavenite, leifite/IMA 2007-017, and nabesite. For bavenite, leifite/IMA 2007-017, and nabesite, sig-
nificant differences in the distribution of H, as compared to the literature using SXD analysis alone, 
have been found. The benefits of NPD data, even with small quantities of H-containing materials, 
and, more generally, in applying a combined SXD-NPD method to structure analysis of minerals are 
discussed, with reference to the quality of the crystallographic information obtained.
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introduction

Information on crystal structure of minerals, including the 
localization of light atoms such as H and Be, is of considerable 
importance because it allows a better understanding of the min-
eral behavior under natural conditions. This includes information 
on a mineral’s paragenesis, phase stability, compressibility/water 
content, and thermal expansion. In mineralogy, most character-
ization methods are based on X-ray diffraction for structures 
and the detection of element-characteristic X-rays for chemical 
analyses. Unfortunately, the weak scattering power of light 
elements combined with the low energy of their characteristic 
X-rays make it nontrivial to study minerals that contain such 
elements. This is a particular problem for Be minerals that also 
contain heavy elements, which dominate the X-ray diffraction 
and also produce strong X-ray absorption, making some aspects 
of structure and compositional analysis problematic.

Known three-dimensional tectosilicate framework structures 
are formed mainly from AlO4 and SiO4 tetrahedra and include 
about 80 different natural zeolites structures (Baerlocher et 
al. 2007). However, many natural minerals with structures 
formed from linked tetrahedral units are not simple silicates or 
aluminosilicates, but also incorporate other framework forming 
species such as the beryllate tetrahedron, BeO4, or oxo/hydroxo/
fluoroberyllate Be(O,OH,F)4, sometimes written Beφ4, within 
their structures. The beryllate unit, while of similar dimensions 
to the silicate tetrahedron [the distances Be-O in BeO4 and Si-O 
in SiO4 are both typically ~1.61(4) Å (Hawthorne and Huminicki 
2002)], often produces quite different structure types due to the 

lower cation charge, Be2+ vs. Si4+. Thus, a bridging or terminal 
O forming part of a Beϕ4 tetrahedron is under-bonded compared 
to the equivalent Siφ4 unit leading to the prevalence of Be-OH 
and Be-F in beryllate minerals (Hawthorne and Huminicki 
2002). The role of the H-containing species such as H2O and 
OH groups is also important in determining the structure and 
distribution of non-framework species in many silicate and 
beryllate minerals. 

Structural information extracted using conventional X-ray 
techniques has limitations in being insensitive to light atoms, 
and sites for species such as H and Be are often only proposed 
on the basis of bond length arguments and chemical composi-
tion. In structures where H-containing species show atypical 
bond lengths, unusual interactions with neighboring species 
(e.g., strong hydrogen bonds), or several structurally reasonable 
positions exist, additional data are needed to define the true light 
atom positions. Where possible, single-crystal neutron diffraction 
(SND) data can be analyzed, but the need for large high-quality 
single crystals often limits the scope of this technique in its ap-
plication to minerals. Neutron powder diffraction (NPD) data are 
also sensitive to light atoms, but potential problems include the 
need for reasonably large sample sizes, typically a few grams, 
on low-flux neutron diffractometers. For H-containing miner-
als, the large incoherent scattering from H can severely degrade 
data quality by producing very high backgrounds and, therefore, 
potentially low signal to noise ratios for the diffraction peaks. 
Deuteration, the normal route used to avoid incoherent scatter-
ing, is generally impossible for mineral samples where the H is 
tightly bound and not amenable to H/D exchange. With some 
modern, high-flux NPD instrumentation, very small samples 
can be studied, for example the recent study of 4.5 mg of the 
mineral tooeleite (P.F. Henry, personal communication) on the 
D20 instrument at the Institut Laue-Langevin (ILL), Grenoble 
(Hansen et al. 2008). High-flux instrumentation also has the 
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