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Abstract
We present the first direct observation of high-coordinated Si and Al occurring together in a series
of high-pressure sodium aluminosilicate glasses, quenched from melts at 6 GPa. Using 29Si MAS NMR,
we observe that a small amount of Al does not have a significant effect on the amount of VSi or VISi
generated, but that larger Al concentrations lead to a gradual decrease in both these species. 27Al MAS
NMR spectra show that samples with small amounts of Al have extremely high mean Al coordination
values of up to 5.49, but that larger Al concentrations cause a gradual decrease in both VAl and VIAl.
Although mean Al and Si coordination numbers both decrease with increasing Al contents, the weighted
combined (Al+Si) coordination number increases. Silicon and Al resonances shift in frequency with
increasing pressure or changing Al concentration, indicating additional structural changes, including
compression of network bond angles. Increases in the 23Na isotropic chemical shifts indicate decreases
in the mean Na-O bond lengths with increasing pressure, which are more dramatic at higher Al contents.
Recovered glass densities are about 10 to 15% greater than those of similar ambient pressure samples.
However, the density increases due to the combined coordination changes of Al and Si are estimated
to total only about 1 to 2%, and are roughly constant with composition despite the large effects of Al
content on the individual coordinations of the two cations. Thus, effects of other structural changes
must be significant to the overall densification. Apparent equilibrium constants for reactions involving the generation of high-coordinated species show systematic behavior, which suggests an internal
consistency to the observed Si and Al coordination number shifts.
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Introduction
As melts are subjected to increasing pressure, the local
structural environment around each cation and anion undergoes changes, which can include decreases in bond angles
and distances and/or increases in coordination numbers. These
structural changes control the macroscopic properties of a melt,
including viscosity, density, and diffusivity, which in turn affect
thermodynamic and transport processes in the Earth (Kushiro
1976; Stolper et al. 1981; Rigden et al. 1984; Scarfe et al. 1987;
Xue et al. 1994; Wolf and McMillan 1995; Kushiro and Mysen
2002; Lee 2005). Each component of a melt may respond to a
pressure increase differently, and, in multi-component systems,
may affect the structure and densification of all the other components. Therefore, it is important to study a range of composition
to assess compositional effects upon compression mechanisms.
The substitution of Al for Si is especially interesting in affecting
melt density, viscosity (Toplis et al. 1997), and configurational
entropy (Lee and Stebbins 1999). As it is difficult to study highpressure melts in situ, it is common instead to study glasses
formed by rapid cooling of melts, which quenches the structure
of that melt at the fictive temperature to a first approximation.
Post-quench cooling and recovery to ambient pressure can
both affect the structure, and these factors must be considered
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before extrapolating studies of high-pressure glasses to highpressure–high-temperature systems (Wolf et al. 1990; Wolf and
McMillan 1995; Farber and Williams 1996; Mysen et al. 2005;
Allwardt et al. 2005a, 2005b; Dubinsky et al. 2006; Stebbins
et al. 2008).
As a melt is compressed, network-forming cations (including
Si and Al) commonly respond with an increase in coordination
number. High-coordinated Si has been previously reported in
high-pressure silicate glasses (Xue et al. 1989, 1991; Stebbins
and Poe 1999; Allwardt et al. 2004), and high-coordinated Al
has been observed using various techniques in aluminosilicate
glasses (Wolf and McMillan 1995; Yarger et al. 1995; Li et al.
1995; Poe et al. 2001; Lee et al. 2006; Allwardt et al. 2005a,
2005b; Kelsey et al. 2009). However, in aluminosilicate glasses
the Al apparently changes coordination more readily than does
the Si and, to date, high-coordinated Si has not been directly
observed in high-pressure aluminosilicate glasses (Yarger et al.
1995; Allwardt et al. 2007; Kelsey et al. 2009), although it has
been inferred from 17O 3QMAS NMR (Lee 2004). It has been
hypothesized that if both Al and Si are present in a glass, the Al
will change coordination number instead of the Si because Al
is better charge balanced with 5 or 6 oxygen ions than is Si and
has a slightly larger cation radius. In aluminosilicate glasses, it
appears that the dominant, recovered structural change around
the Si cations involves the decrease in Si-O-(Si,Al) bond angles
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