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Abstract

Incorporation of water in anhydrous synthetic beryl was studied at 500–700 °C and 50–150 MPa 
of confining water pressure to measure the diffusion of water molecules along the channels in a cy-
closilicate. A series of polarized IR spectra series were taken with E parallel to the channel direction, 
which is parallel to the c-axis, along a traverse parallel to this axis. Water concentration profiles were 
determined from absorbance of H2O peaks. The IR spectra showed that the dominant diffusing spe-
cies is type I water molecule, whose H-H vector is parallel to the c-axis (sharp peak at 3700 cm−1). 
No pressure dependence on water diffusivity can be recognized under these experimental conditions. 
The Arrhenius relation gives the activation energy of 133 ± 12 kJ/mol, with a pre-exponential factor 
of 10−2.6 (cm2/s). Diffusion of water is much faster in the beryl channels than volume diffusion in 
other silicates, but the activation energy and diffusion coefficient values for beryl are similar to the 
corresponding values previously reported for grain boundary diffusion in quartz aggregates. 
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Introduction

The diffusivities of H2O, H+, and H3O+ have been widely 
studied for minerals in both single crystals and polycrystalline 
aggregates because of their importance in the Earth and material 
sciences (summarized in Brady 1995; Watson and Baxter 2007). 
Three diffusional processes are recognized: volume (intra-
crystalline) diffusion, dislocation or pipe diffusion, and grain 
boundary diffusion. Volume diffusion in a crystal is generally 
much slower than diffusion through high diffusivity paths such 
as dislocations and grain boundaries. Long and narrow struc-
tural cavities called channels are characteristic of cyclosilicate 
structures such as beryl and cordierite. Since these channels are 
not crystal defects, diffusion of water through them should be 
via volume diffusion. However, diffusion through the channels 
may be more likely due to mobility along high diffusivity paths 
because atoms in the crystal structure do not impede the diffu-
sion of water molecules when the channels are empty. Water 
diffusivities have been reported for several silicates [Farver and 
Yund (1991a) for α-quartz, Fortier and Giletti (1991) for mica, 
Goryainov and Belitsky (1995) for zeolite, and Demouchy and 
Mackwell (2003) for forsterite], but only a few experimental 
studies have been conducted on rapid volume diffusion of water 
through crystal structures with channels. Most diffusion experi-
ments of water in minerals have used isotopes such as 18O and 
D and determined the concentration profile of the isotope by 
ion-microprobe analysis or the bulk concentration of diffused 
isotope by mass spectroscopy. This approach determines only 
the concentration of the particular isotope. It is also difficult 
to understand the interaction between diffusing species and 

the crystal structure without structural information during the 
diffusion process. 

Beryl is a typical cyclosilicate and its structure comprises 
hexagonal rings of corner-shared SiO4 tetrahedra. The stacking of 
six tetrahedra forms a pipe-like cavity along the crystallographic 
c-axis known as a channel (Gibbs et al. 1968). A channel is com-
posed of alternating larger and smaller cages at the 2a and 2b 
positions, respectively. The cages are ~0.51 and 0.28 nm across 
and are surrounded by oxygen atoms. Beryl is a nominally an-
hydrous mineral, but extra-framework water molecules are often 
incorporated in the channels of natural beryl. Two types of water 
molecule, referred to as type I and type II, are located at 2a posi-
tion (Wood and Nassau 1967). Type I is oriented with the H-H 
vector parallel to the c-axis. When an extra-framework cation 
is located at 2b position, a water molecule bonds to the cation 
by electric force between the cation and a water molecule and 
its H-H vector is perpendicular to the c-axis. Extra-framework 
cations are incorporated to maintain charge balance for replace-
ment of Be2+ by Li+ or Al3+ by Fe2+ (Hawthorne and Černý 1977; 
Aurisicchio et al. 1988). Many spectroscopic studies have been 
performed to investigate the state of water molecules in the beryl 
channels since the publication by Wood and Nassau (1967), 
which gave strong evidence for the two types of water molecules 
as described above. On the basis of a polarized infrared (IR) 
spectroscopic study of hydrated synthetic beryl and dehydrated 
natural beryl, Fukuda and Shinoda (2008) proposed that there are 
small vibrational energy gaps between type II water molecules 
coordinated to a single extra-framework cation and type II water 
molecules coordinated to two such cations. 
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