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INTRODUCTION

In mantles and crusts of terrestrial planets, magma transport 
rates are controlled by viscosity and density, both of which are 
affected by atomic-scale melt structures at high pressure. Magma 
densiÞ cation with pressure may have contributed to planetary-
scale stratiÞ cation early in the history of the Earth (Stolper et 
al. 1981; Agee and Walker 1993) and to the possible continued 
presence of neutrally buoyant melts above the transition zone 
(Revenaugh and Sipkin 1994; Bercovici and Karato 2003; Suzuki 
and Ohtani 2003) and the D'' layer (Williams and Garnero 1996). 
Magma buoyancy has a key inß uence on igneous processes, 
which in turn are critical to heat and mass transfer out of the 
Earthʼs mantle. If reliable, predictive models of melt density are 
to be formulated, structurally realistic constraints are needed, as 
large variations in temperature, pressure, and melt composition 
make it impractical to measure density directly at all relevant 
conditions and compositions. 

At high pressure, aluminosilicate glasses and liquids are 
known to have markedly different structures from those formed 
at ambient pressure. For example, formation of high-coordinated 
aluminum ([5]Al and [6]Al) from four-coordinated Al ([4]Al) has 
been measured with 27Al magic-angle spinning (MAS) nuclear 
magnetic resonance (NMR) of high-pressure glasses (Yarger et 
al. 1995). Molecular dynamics simulations suggest that densiÞ ca-
tion occurs by increases in network forming cation coordination 
(Nevins and Spera 1998), combined with increases in modi-
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ABSTRACT

To better understand the relationship between atomic-scale structures and densities of alumino-
silicate glasses and liquids, we used 27Al MAS NMR to determine the speciation of aluminum ions in 
K3AlSi3O9, Na3AlSi3O9, and Ca3Al2Si6O18 glasses quenched from melts at 3 to 10 GPa. These data are 
a Þ rst approximation of high-pressure melt structure and illustrate the effects of the type of modiÞ er 
cation. High Þ eld strength modiÞ er cations (e.g., Ca) clearly induce more high-coordinated Al than 
lower Þ eld strength cations (e.g., Na and K). Measured glass densities show that, especially with rapid 
decompression, a signiÞ cant portion of the total densiÞ cation observed in-situ in melts is retained on 
return to ambient temperature and pressure. Observed increases in Al coordination are well correlated 
with decreased volume, which suggests that this structural change is a major part of the mechanism 
for recovered densiÞ cation of high-pressure melts. Additionally, 23Na MAS NMR, combined with 
the 27Al MAS spectra and density determinations, reveal that other changes, such as the compression 
of modiÞ er cation sites and/or decreased network bond angles, must also be signiÞ cant, especially 
at low pressure. 

Þ er cation coordination (Matsui 1996) and decreases in mean 
network bond angles (Kubicki and Lasaga 1991; Suzuki et al. 
2002). Because melts lack long-range order and contain large 
variations in bond lengths and angles, abrupt density increases 
with pressure are unlikely (Waff 1975; Stolper and Ahrens 1987), 
a conclusion supported by experiments (Agee and Walker 1993; 
Ohtani and Maeda 2001; Suzuki and Ohtani 2003). 

Most reports on high-pressure glasses and melts have de-
scribed changes in either structure or properties; few studies 
have quantitatively and systematically documented the effects 
of composition on both the structure and the density of the same 
samples to directly correlate microscopic with macroscopic ef-
fects of pressure. Because of structural relaxation during cooling 
and possibly during decompression, glasses are not identical 
to melts at high temperature and pressures. However, glasses 
quenched from melts at high pressure do record a signiÞ cant 
fraction of the total densiÞ cation, and thus presumably important 
aspects of the structural response to pressure of the melts (Poe 
et al. 2001). Structural measurements on glasses are also often 
more straightforward, precise and less assumption-dependent 
than those made under the challenging constraints of in-situ, 
high P/T conditions. Here we report density and high-Þ eld MAS 
NMR measurements on a series of high-pressure glasses roughly 
analogous in composition to basalts, at least in terms of ambient 
pressure ratios of non-bridging oxygen to tetrahedral cations 
(NBO/T) of 0.5, molar Al/Si ratios of 0.33, and a wide range of 
modiÞ er cation Þ eld strengths (Table 1).

EXPERIMENTAL PROCEDURES

Ambient pressure K3AlSi3O9, Na3AlSi3O9, and Ca3Al2Si6O18 glasses were used 
as starting materials for the high-pressure samples. The ambient pressure glasses 
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