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Letter

Water speciation in hydrous silicate and aluminosilicate glasses: Direct evidence from     
29Si-1H and 27Al-1H double-resonance NMR
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Abstract

Through a combination of 1H MAS NMR, 1H → 29Si → 1H double cross-polarization (CP) MAS 
NMR and 27Al → 1H CP MAS NMR, different OH species [SiOH, AlOH, and (Ca,Mg)OH (free OH)] 
have been unambiguously identified for hydrous Ca,Mg-(alumino)silicate glasses. This confirms my 
earlier speciation assignments made partially on the basis of 1H chemical shift arguments. The disso-
lution mechanisms of water in both Al-free silicate and aluminosilicate glasses (quenched melts) are 
fundamentally similar. For relatively polymerized compositions, it involves dominantly the formation 
of TOH species (T: Si, Al) through the rupture of T-O-T linkages, in addition to molecular H2O; for 
more depolymerized compositions containing network-modifying cations of large field strength (e.g., 
Ca, Mg), free OH species are also important.
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Introduction

Unraveling the microscopic mechanisms of water dissolution 
in silicate melts as a function of composition is indispensable to 
gain the predictive power for the behavior of natural magmas, 
because the effects of water on the properties and phase rela-
tions of silicate melts can be drastic, and also strongly depend 
on composition (cf. Mysen and Richet 2005). It is now generally 
accepted that water may be dissolved in silicate melts/glasses as 
both molecular H2O and hydroxyls (OH), with the latter dominant 
at relatively low water contents (<a few wt%; e.g., Bartholomew 
and Schreurs 1980; Stolper 1982). The OH/molecular H2O ratios 
(and possibly also other aspects of the structure) of quenched 
glasses generally are regarded to reflect those of the melts at the 
glass transition temperature (e.g., Zhang et al. 1997). The types 
of OH species [e.g., SiOH, AlOH, NaOH, Si(OH)Al] in silicate 
melts/glasses, however, are less agreed upon, though important 
to clarify because the formation of different OH species may 
have contrasting effects on melt properties. 

Perhaps the best-studied systems, in terms of OH species, are 
relatively polymerized Al-free silicate (especially silica) melts/
glasses. Here, the formation of SiOH species through the rupture 
of Si-O-Si linkages (reaction below) is generally accepted. 

SiOSi + H2O = 2SiOH.		  (1)
Such a structural change is supported by 1H → 29Si cross-

polarization (CP) magic angle spinning (MAS) nuclear magnetic 
resonance (NMR) spectroscopy (e.g., Farnan et al. 1987; Küm-
merlen et al. 1992). It is believed to be largely responsible for 
the observed reduction of viscosity for silicate melts with water 
dissolution (cf. Mysen and Richet 2005). 

For depolymerized Al-free silicate melts, in addition to SiOH, 
the formation of free OH (MOH), i.e., OH species bonded only 
to network-modifying M cations (e.g., Ca and Mg), has also 
been long envisioned. This may have an opposing effect on melt 

viscosity compared with the above, because of the expected op-
posite trend in melt polymerization as shown below:

2SiOM + H2O = SiOSi + 2MOH.		  (2)
Our systematic 1H and 29Si MAS NMR study on hydrous CaO-

MgO-SiO2 glasses (Xue and Kanzaki 2004) provided the first 
direct spectroscopic evidence for the presence of free OH, in ad-
dition to SiOH and molecular H2O, in silicate melts/glasses. Free 
OH was shown to contribute to a sharp, well-resolved 1H MAS 
NMR peak near 1.1–1.7 ppm, whose abundances increases with 
decreasing polymerization and increasing cation field strength 
(Mg > Ca > Na). The peak assignment was made on the basis of 
1H chemical shift ranges shown by both experimental data for 
crystalline compounds and by ab initio calculations. The conclu-
sion is consistent with the observed lack of significant changes in 
29Si MAS NMR spectra between anhydrous and hydrous glasses, 
and with the observed smaller effect of water on melt viscosity 
for more depolymerized silicate compositions.

Most natural magmas contain Al as the second most important 
network-former. Although there are no fundamental differences 
between Al-free and Al-bearing silicate systems in terms of the 
effects of water on melt properties, much debate concerns the 
water dissolution mechanisms in aluminosilicate melts, espe-
cially those with (nominally) fully polymerized compositions. 
The first study that questioned the view of water causing depo-
lymerization of aluminosilicate melt structure (and formation of 
SiOH/AlOH species) was a multi-nuclear NMR study on hydrous 
NaAlSi3O8 (albite) glasses by Kohn et al. (1989). Mainly from 
the relatively small changes in 29Si and 27Al NMR spectra and 
prominent changes in 23Na NMR spectra with water dissolu-
tion, these authors suggested that the dissolved water does not 
rupture the network structure. Instead, they proposed a model 
that involves cation exchange between charge-balancing cation 
(Na+) and proton, and the consequent formation of bridging OH 
[Si(OH)Al] and NaOH species (reaction below). 

SiO(Na)Al + H2O = Si(OH)Al + NaOH.	 (3)* E-mail: xianyu@misasa.okayama-u.ac.jp


