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INTRODUCTION

Conventional models of ambient pressure aluminosilicate 
melt and glass structure assume that all aluminum is tetrahedrally 
coordinated ([4]Al) when the composition is metaluminous (e.g., 
mole fractions of Na2O and Al2O3 are equal) or peralkaline (e.g., 
mole fractions of Na2O are greater than Al2O3) (Mysen 1988, 
2003). A few previous theoretical and experimental studies have 
shown that small amounts of high-coordinated Al ([5]Al and [6]Al) 
exist in some peralkaline (Stebbins and Farnan 1992; Poe et al. 
1994; Allwardt et al. 2003) and metaluminous glasses (McMillan 
and Kirkpatrick 1992; Stebbins et al. 2000; Toplis et al. 2000; 
Neuville et al. 2004). These structural species have been sug-
gested to be an energetically favorable transition complex for 
viscous fl ow in aluminosilicate melts, similar to [5]Si in silicate 
melts (Stebbins 1995a; Toplis et al. 2000).

Spectroscopic studies of glasses have shown that the coor-
dination numbers of network formers (e.g., Si, Al, B) gradually 
increases with increasing pressure (Xue et al. 1991; Yarger et al. 
1995; Du et al. 2005). Mineral phase analysis, molecular dynam-
ics, and nuclear magnetic resonance (NMR) investigations have 
all shown that Al is more susceptible to increasing coordination 
with pressure than Si in aluminosilicates (Waff 1975; Yarger et al. 
1995). This increase in the average Al coordination is one manner 
in which the melt can accommodate increasing densifi cation with 
pressure. These structural changes are likely responsible for the 
anomalous pressure dependence of physical properties such as 
ionic diffusion and viscosity, which correlate to [5]Al concentra-
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tions measured in quenched melts (Poe and Rubie 2000). 
Most of the previous work on the structure of high-pressure 

aluminosilicate glasses has concentrated on charge-balanced 
glasses, such as NaAlSi3O8, due to the relatively good glass-
forming ability and low melting temperature relative to other 
aluminosilicates (Mysen et al. 1980, 1983; McMillan and Gra-
ham 1981; Hochella and Brown 1985). However, none of this 
early work detected a coordination change of Al in high-pressure 
glasses, even at pressures to 4 GPa. A slightly more recent alumi-
num-27 magic-angle spinning (27Al MAS) NMR study (9.8 and 
11.4 T) observed a tetrahedral Al peak that possibly contained 
two small discontinuities in the “tail” at approximately 25 and 
0 ppm and used this to suggest the presence of [5]Al and [6]Al 
species, respectively, in NaAlSi3O8 glasses quenched from a 
liquid at 8 and 10 GPa (Stebbins and Sykes 1990). A recent 27Al 
triple-quantum (3Q) MAS study (7.1 T) has confi rmed the pres-
ence of [5]Al in glasses synthesized at 8 GPa, but did not detect 
[6]Al (Lee 2004). Additionally, Al K-edge XANES spectra have 
been used to suggest that the average Al-coordination is greater 
than four in several high-pressure (4.4 GPa) glasses along the 
NaAlSi3O8-NaAlSi2O6 join (Li et al. 1996).

Non-bridging oxygen (NBO) atoms are bonded to only one 
tetrahedrally coordinated network former (e.g., [4]Si-O–) where 
the rest of the valence charge of the oxygen is associated with 
“softer” network modifi er-oxygen bonds (e.g., Na+-O). NBO 
have been shown to be important in the generation of high-co-
ordinated species in aluminosilicate glasses (Yarger et al. 1995; 
Lee 2004) as well as in Al-free silicate glasses (Xue et al. 1991; 
Wolf et al. 1990; Allwardt et al. 2004). A previous 27Al MAS 
NMR study showed that Al-coordination gradually increases with 
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increasing pressure in high-pressure peralkaline (Na3AlSi7O17) 
glasses (Yarger et al. 1995), as was previously suggested based 
on the variation of bond angles in glasses and melts relative 
to crystalline material (Waff 1975; Stolper and Ahrens 1987). 
However, the previous 27Al NMR spectra were collected at 9.8 
T, which increases the quadrupolar peak broadening relative to 
spectra gathered at higher fi elds (e.g., 14.1 or 18.8 T), making 
quantifi cation dependent on accurately representing the un-
constrained, overlapping peaks and their low-fi eld tails for the 
different Al-coordinations ([4]Al, [5]Al, and [6]Al). More recent 
technological advances in high-fi eld NMR spectroscopy have 
drastically increased the available external magnetic fi elds and 
sample spinning rates, which allow a more reliable approach to 
quantifying the NMR spectra as the peaks are more Gaussian in 
shape and contain a signifi cantly smaller “tail” than is observed 
in spectra from lower fi elds (Stebbins et al. 2000).

The present study utilizes high-fi eld 27Al MAS NMR (18.8 T) 
to investigate the following compositions that have been previ-
ously studied at lower magnetic fi elds in order to more directly 
assess the distribution of Al coordinations in these high-pressure 
glasses: Na3AlSi7O17 (Yarger et al. 1995) and NaAlSi3O8 (Ohtani 
et al. 1985; Stebbins and Sykes 1990). Glass is commonly used 
as a structural analog for geologic melts because the structure is 
that of the corresponding liquid at the fi ctive temperature (Tf), 
so any structural differences between glasses with different Tf 
values represent the confi gurational dependence of the structure 
with temperature (Richet and Neuville 1992). For this reason, we 
also collected spectra from glasses with different thermal histo-
ries to represent melts with different fi ctive temperatures. The 
comparison of these spectra can be used to investigate the effect 
of increasing temperature on melt structure, which is a fi rst step 
to qualitatively extrapolating structural data from high-pressure 
glasses to the actual structure of high-pressure melts.

EXPERIMENTAL PROCEDURES

Ambient pressure Na3AlSi7O17 and NaAlSi3O8 glasses were used as starting 
materials for the high-pressure samples. The ambient pressure Na3AlSi7O17 glass 
was made by melting appropriate amounts of Na2CO3, Al2O3, and SiO2 with about 
0.2 wt% cobalt oxide to speed spin-lattice relaxation. Synthetic and natural starting 
materials were used to make the NaAlSi3O8 glass. One was remelted from a glass 
(Ab-1) previously described by Taylor and Brown (1979) while the other was a 
high purity natural albite crystal from Cazadero, California (George and Stebbins 
1995) that was melted and quenched to a glass (Ab-2). All ambient pressure glasses 
were made by melting the appropriate starting materials in a Pt crucible and dipping 
the bottom of the crucible into a dish of water to quench the liquid into a glass 
(approximately 1000 K/s; Dingwell 1995). The high-pressure experiments were 
done at Bayerisches Geoinstitut in the 1000 ton multi-anvil press using an 18/11 
type assembly. High-pressure glasses were synthesized from dried glass wrapped in 
Re-foil to form a 2 mm (diameter) by 3.5 mm (length) cylindrical capsule. Two or 
more samples were made for each composition, two of which had different fi ctive 
temperatures (Tf). The higher Tf samples were isobarically quenched from 2200 °C 
at 10 GPa by turning off the power to the LaCrO3 furnace, yielding a quench rate 
of approximately 200-400 K/s. The lower Tf glasses were annealed at 10 GPa and 
near Tg, which was approximated from ambient pressure Tg data and Tg(P) trends 
for NaAlSi3O8 and CaAl2Si2O8 compositions (Bagdassarov et al. 2004). The two 
NaAlSi3O8 glass samples were annealed at somewhat different temperatures to test 
for effects of uncertainties in estimating the high-pressure Tg. Ab-1 was used as the 
starting material for the quenched sample and the 715 °C annealing experiment 
(Ab-715) while Ab-2 was used for the 630 °C annealing (Ab-630) experiment. All 
high-pressure glasses were decompressed at a rate of about 2-3 GPa/hour and all 
compositions were verifi ed using an electron microprobe with a large beam size 
of 30 µm to minimize Na migration. A small amount of an unknown crystalline 
impurity was detected in the Ab-715 sample using X-ray diffraction (XRD) and 

27Al MAS NMR. XRD was also used to verify that the Ab-630 sample was free of 
crystalline material. The lack of crystallinity in the Ab-630 glass shows that the 
unexpected 27Al MAS results (see next section) for both annealed Ab samples are 
not due to crystallization, but refl ect the actual structure of the NaAlSi3O8 glass. 

The 27Al MAS NMR spectra were collected with both a Varian Unity/Inova 600 
spectrometer (14.1 T) and a Varian 18.8 T spectrometer operated by the Stanford 
Magnetic Resonance Laboratory. At both fi elds, Varian/Chemagnetics ‘T3’ probes 
with 3.2 mm zirconia rotors were used. The 27Al frequencies are reported relative to 
aqueous Al(NO3)3. The 27Al MAS experiments consisted of a single pulse acquisition 
with pulse widths (about 1 µs) corresponding to approximately 30° radiofrequency 
tip angles (solid); delays of 0.2 seconds were used between pulses to optimize 
the signal to noise ratio. No differential relaxation was observed in spectra with 
longer delay times. Samples were spun at 20 kHz at both magnetic fi elds, which 
resulted in slight peak overlap of the fi rst spinning sideband of the [4]Al peak with 
the low-frequency edge of the central transition of the [6]Al in spectra collected 
at 18.8 T. Intensity from the spinning sidebands were subtracted from the [6]Al 
region by fi tting the corresponding sideband (approx. 150 ppm) and using this to 
obtain the relevant peak height, location, and widths. The MAS spectra were also 
background subtracted to remove a small signal due to substitution of [6]Al into the 
zirconia rotors. The resulting background subtracted MAS spectra were fi t with 
2 Gaussian peaks for each of the Al coordinations (4, 5, and 6) to account for the 
slight non-Gaussian peak shapes, which are apparent even at 18.8 T. 

RESULTS AND DISCUSSION

The effect of increasing external magnetic fi eld on the peak 
widths is illustrated in the comparison of the spectra collected 
at 14.1 and 18.8 T (Fig. 1). These spectra have greater peak 
resolution, but are consistent with the previous 27Al MAS NMR 
work collected at 9.4 T for this composition (NaAlSi3O8) and 
pressure (10 GPa) by Stebbins and Sykes (1990) and likely 
supports their suggestion that there are [5]Al and [6]Al species in 
glasses quenched from pressures as low as 8 GPa. The reduced 
peak overlap for different Al-coordinations ([4]Al, [5]Al, and [6]Al) 
and the more Gaussian peak shapes in the spectrum collected at 
18.8 T allow us to more robustly quantify these data relative to 
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FIGURE 1. 27Al MAS NMR spectra showing the effect of the external 
magnetic fi eld (14.1 T vs. 18.8 T) on the spectrum for the NaAlSi3O8 
(Ab) glass quenched from a liquid at 10 GPa. * denotes a spinning 
sideband.
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those obtained at lower magnetic fi elds.
Only one peak with a maximum at 58 ppm is observed in 

the background-subtracted 27Al MAS NMR spectrum (18.8 T) 
for the ambient pressure NaAlSi3O8 (Ab-1atm) glass (Fig. 2), 
which coincides with the region of the spectrum that is com-
monly assigned to fully polymerized (Q4) tetrahedral Al ([4]Al) in 
aluminosilicates (chemical shifts of approximately 56 to 64 ppm, 
Stebbins 1995b). Chemical shifts for 5 or 6-coordinated Al are in 
the ranges of 30 to 45 ppm and 0 to 16 ppm, respectively, yielding 
expected locations of peak maxima a few parts per million lower 
at the fi elds used here (Du and Stebbins 2005). Previous stud-
ies have shown that metaluminous Ca- and Mg-aluminosilicate 
glasses contain one to eight percent of the total aluminum present 
as [5]Al (Stebbins et al. 2000; Toplis et al. 2000; Neuville et al. 
2004). These differences between the metaluminous Na-, Ca-, 
and Mg-aluminosilicate glasses are completely consistent with a 
recent 27Al MAS NMR study of depolymerized aluminosilicate 
glasses, which also shows that alkaline-earth aluminosilicate 
glasses contain more high-coordinated Al than alkali alumino-
silicate glasses at ambient pressure and up to 10 GPa (Allwardt 
et al. 2005). Additionally, the lack of [5]Al and [6]Al present in 
the ambient pressure Ab glass may further support the conclu-
sion of Toplis et al. (1997), which suggests that the presence of 
triclusters (oxygen bonded to three instead of two tetrahedral 
network formers) rather than [5]Al or [6]Al is responsible for a 
shift of viscosity maxima away from the charge balanced join 
in Na-aluminosilicate glasses (NaAlO2-SiO2). This structural 
observation may suggest that triclusters exist in these glasses, 
but are not necessarily present in Ca- or Mg-aluminosilicates, 
which may also explain why the viscosity trends for the alkaline 
earth and alkali systems are different (Toplis and Dingwell 2004). 
However, there has yet to be direct spectroscopic evidence to 
support the presence of triclusters in aluminosilicate glasses.

Quantifi cation of the 27Al MAS NMR spectrum of the ambi-

ent pressure Na3AlSi7O17 (NTS-Ab-1atm) glass (Fig. 2) shows 
that about 1% of the Al in the sample is present as [5]Al. The 
previous 27Al MAS study (9.4 T) did not detect the presence of 
high-coordinated Al (Yarger et al. 1995), presumably due to the 
severe overlap of the [4]Al peak in the region of the [5]Al peak, 
especially since the [5]Al peak is near the minimum detection 
limit in the spectrum measured at 14.1 T (not shown). We did 
not detect a peak attributable to [6]Al, suggesting that a small 
peak in this region reported for a glass of similar composition at 
9.4 T could be due to a minor crystalline impurity (Stebbins and 
Farnan 1992). Small amounts of [5]Al have also been detected in 
27Al MAS NMR spectra (18.8 T) from Na3AlSi3O9, K3AlSi3O9, 
Ca3Al2Si6O18, and Mg3Al2Si6O18 glass at ambient pressure (All-
wardt et al. 2003, 2005). 

Two high-pressure Na3AlSi7O17 glasses were synthesized at 
10 GPa to investigate the temperature dependence of the per-
centage of high-coordinated Al in high-pressure glasses where 
one glass was quenched from a liquid (NTS-Ab-quench) and 
the other was annealed near Tg (NTS-Ab-475). The annealed 
glass represents the structure of the liquid at Tg (about 475 °C at 
10 GPa), while the quenched glass probably represents a tem-
perature slightly higher than Tg because of the 200 to 400 K/s 
quench rate. The peaks in the 27Al MAS NMR spectrum (Fig. 3) 
for NTS-Ab-quench glass are narrower and more Gaussian than 
that previously reported (Yarger et al. 1995) due to the increased 
external magnetic fi eld, but appear to agree with the previous re-
sults. By comparing the spectra from the 10 GPa NTS-Ab glasses 
(Fig. 3), it is clear that there is less high-coordinated Al in the 
annealed glass with lower Tf than in the quenched glass (Table 
1). This suggests that for Na3AlSi7O17 glasses, the amount of 
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FIGURE 2. 27Al MAS NMR spectra (18.8 T) of the ambient pressure 
Ab and Na3AlSi7O17 (NTS-Ab) glasses.
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FIGURE 3. 27Al MAS NMR spectra (18.8 T) of the 10 GPa high-
pressure glasses. The sharp peak in the Ab-715 spectrum is due to [6]Al 
in the crystalline impurity phase.
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TABLE 1. Aluminum speciation of high-pressure glasses
 NTS-Ab 10 GPa Ab 10 GPa

 quenched annealed quenched annealed
  (475 °C)  (630 °C)
[4]Al 38% 57% 79% 45%
[5]Al 39% 29% 15% 36%
[6]Al 23% 14% 6% 19%

high-coordinated Al likely increases with increasing temperature, 
suggesting that the percentages measured in a glass represent the 
minimum present in the melt structure at that pressure. These re-
sults agree with previous NMR and theoretical studies (Stebbins 
and Farnan 1992; Poe et al. 1993; Massiot et al. 1995) of ambient 
pressure NBO-containing aluminates and aluminosilicates. One 
explanation for this observation is that there is a lengthening of 
the Al-O bond with increasing temperature, which allows some 
of the tetrahedral Al in the sample to increase coordination to 
fi ve (Stebbins and Farnan 1992).

Annealed and quenched glasses were also synthesized at 
10 GPa for the NaAlSi3O8 composition to investigate how the 
amount of high-coordinated Al in a metaluminous glass depends 
on temperature. The peaks in the 27Al MAS spectra (Fig. 3) were 
fi t to obtain the percentage of high-coordinated Al of the Ab 
samples and reveals that, in contrast to the more depolymerized 
Na3AlSi7O17 glasses, there is a drastic decrease in the percentage 
of high-coordinated Al with increasing fi ctive temperature. Ad-
ditionally, the 27Al MAS spectrum of the Ab-715 glass reveals a 
small amount of crystalline material (Fig. 3). Another glass an-
nealed at 10 GPa, but at a lower temperature (630 °C) confi rms 
that the crystalline impurity cannot be responsible for the large 
difference between the spectra of the quenched and annealed 
samples. The 27Al MAS spectra of the two annealed glasses are 
identical, verifying that the thermal history dependence for the 
Ab glasses is fundamentally different from that observed for the 
NTS-Ab glasses. 

NBO have been shown to be an important component in the 
generation of fi ve- and six-coordinated Al (Yarger et al. 1995; 
Lee et al. 2003). However the Ab glass contains little or no NBO 
(Mysen 1988; Lee and Stebbins 2000), which would require 
that a different mechanism is responsible for generating high-
coordinated Al in high-pressure metaluminous glasses than that 
recently observed in depolymerized glasses. One possibility is to 
form triclusters (and thereby creating NBO) by the mechanism 
proposed by Toplis et al. (1997), and then consume these NBO 
to form [5]Al and [6]Al. Another possibility is to form [5]Al and 
[6]Al by forcing a bridging oxygen atom (e.g., Si-O-Al or Si-O-Si) 
into the coordination sphere of an AlO4 species, resulting in [5]Al 
bonded to a three-coordinated oxygen atom (Daniel et al. 1996). 
Whatever the mechanism for Al coordination increases in Ab 
glasses, it appears to be less favorable at higher temperature.

A very recent study has indicated that some high-coordinated 
species may be lost during decompression after the isobaric 
quench (Allwardt et al. 2004). This, combined with the tempera-
ture effects observed for the depolymerized Na3AlSi7O17 glass 
in the present study, suggest that the average Al-coordination 
measured in glasses should be considered a minimum value of 
the high-pressure melt. With this in mind, it still seems reasonable 
to believe that the maximum in oxygen diffusivity and the cor-

responding minimum in viscosity at 8 GPa is due to a maximum 
in the percentage of [5]Al in the melt (Poe et al. 1997; Poe and 
Rubie 2000); however, neither the absolute percentage of [5]Al 
measured in the glass nor the pressure at which the maximum is 
observed needs to be the same as it is in the melt structure.

Here we have attributed the observed effects of thermal his-
tory on glass structure to variations in Tg and thus to variations 
in melt structure with temperature. There remains the possibil-
ity that a portion of this phenomenon could instead be related 
to poorly known transient pressure drops in the multi-anvil 
apparatus during the quench from higher temperature, which 
is the result of thermal contraction of the sample and the sur-
rounding media. This would suggest that the quenched samples 
would represent a slightly lower pressure; however, the exact 
value is dependent on the thermal expansivities of the materials 
involved. Such an effect is not likely to be responsible for the 
greater amounts of high-coordinated Al observed in the annealed 
NaAlSi3O8 glasses as we would expect a similar temperature 
dependence for the Na3AlSi7O17 glasses. In fact, Na3AlSi7O17 has 
a greater thermal expansivity (Lange and Carmichael 1987), at 
least at ambient pressure, and a greater pressure drop on quench 
than would be expected, yet more [5]Al and [6]Al are observed in 
the quenched glass.
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