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Al Coordination Changes in
High-Pressure Aluminosilicate Liquids

J. L. Yarger,” K. H. Smith, R. A. Nieman, J. Diefenbacher,
G. H. Wolf, B. T. Poe, P. F. McMillan*

Understanding the effect of pressure on aluminosilicate glass and liquid structure is critical
to understanding magma flow at depth. Aluminum coordination has been predicted by
mineral phase analysis and molecular dynamic calculations to change with increasing
pressure. Nuclear magnetic resonance studies of glasses quenched from high pressure
provide clear evidence for an increase in the average coordination of Al with pressure.

Many igneous processes are influenced by
the properties of molten aluminosilicates at
depth (I). The variation in melt density
with depth compared with that of the sur-
rounding mantle will ultimately determine
the buoyancy forces on the melts. Further-
more, the change in viscosity of the melt
with pressure will determine the time scale
for melt implantation, mineral crystalliza-
tion and fractionation, and thermal trans-
port. This has spurred a great deal of interest
in understanding the thermodynamic and
transport properties of aluminosilicate melts
as a function of pressure and temperature.
Consisting of a fully polymerized tetra-
hedral network, SiO, has a high viscosity.
Addition of a network modifier, such as
Na,O, breaks the Si-O-Si linkages to form
Si-O~ +++Na* [nonbridging oxygens
(NBOs)] and lowers the viscosity. In con-
trast, the addition of Al,O; to alkali-silicate
melts (Na,0:ALO; = 1) removes the
NBOs and reconstructs the tetrahedral net-
work, increasing the viscosity. Aluminosili-
cate melts with a high silica content form
three-dimensional  tetrahedral networks
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with extremely high viscosities. However,
the viscosity of some highly silicic melts
decreases with increasing pressure, so that
their mobility at depth can be several orders
of magnitude greater. A similar decrease in
viscosity occurs in both natural and syn-
thetic aluminosilicate melts, bracketing the
entire composition range from andesitic to
basaltic magmas (2). This anomalous be-
havior was first attributed to a pressure-
induced increase in the Al coordination
and a resultant weakening of the Al-O
bond strength, analogous to that occurring
in crystalline aluminosilicate minerals at
high pressures (3). Subsequent spectroscop-
ic experiments on glasses quenched from
high-pressure melts showed no evidence of
coordination change. Hence, the observed
viscosity decrease was rationalized as bond
weakening due to bond angle changes in the
aluminosilicate tetrahedral network (4). An
early report suggested evidence for six-coor-
dinate Al in ambient albite (NaAlSi,Og)
glasses quenched from melts formed at 6 and
8 GPa (5). This was later shown to be due to
a trace of high-pressure crystalline material
quenched into the glass samples. No defin-
itive evidence has been found in subsequent
work for high-coordinate Al sites in (high-
silica) aluminosilicate glasses quenched from
pressures up to 10 GPa (6).

Nuclear magnetic resonance (NMR)
studies have revealed the presence of sub-
stantial amounts of high-coordinate Si (SiV



and Si%") species in partially depolymerized
alkali silicate glasses quenched from high-
pressure melts (7). These high-silica liquids
exhibit a large viscosity decrease with in-
creasing pressure, and the increase in Si
coordination is proposed to play a key role
in this change (7-10). High-coordinate Al
species (AlY and AIY") occur in high-tem-
perature  aluminosilicate  liquids  and
quenched glasses at ambient pressure (11—
13). However, these samples have metal
oxide (M, 0, ,):Al,O; ratios < 1, and it
would be expected from crystalline analogs
that Al enters the network in sixfold coor-
dination. Most natural melts have a higher
ratio of metal oxide to Al,O;, and Al atoms
enter the network in fourfold coordination
(14). It is these liquids with which we are
concerned. Any increase in the Al coordi-
nation with pressure would likely lead to a
decrease in the high-pressure viscosity of
these aluminosilicate melts. Although in-
ferences based on in situ infrared spectro-
scopic studies at room temperature have
been made for an increase in the Al coor-
dination in aluminosilicate glasses (15),
there has still been'no definitive evidence
for high-coordinate Al species in melts or
glasses synthesized at high pressure. NMR
spectroscopy of both the Al and Si coordi-
nation in glasses quenched from alkali-alu-
minosilicate liquids at high pressure pro-
vides unambiguous evidence that pressure
drastically alters the Al coordination state
in these liquids.

We investigated a model composition
between albite [NaAlSi;O4 (Ab)] and sodi-
um tetrasilicate [Na,Si,Oy (NTS)]. We pre-
pared 50:50 mole percent Ab:NTS glasses
[Na;AlSi;O,, (Abs NTSs,)] from melts at
pressures between 6 and 12 GPa and at
temperatures from 1900° to 2200°C in a
multi-anvil device (16). The glasses ob-
tained from quasi-isobaric quenches of the
melts at high pressure were examined by
27Al, #°Si, and *Na magic angle spinning
(MAS) NMR (17). In order to observe the
weak 2°Si signal, we prepared one sample
with 92% 2°Si-enriched material (18).

The 2’Al MAS NMR spectra (Fig. 1A)
for the glasses prepared at high pressure
clearly show three resonances that can be
assigned to Al"Y, AlY, and AlY! species (11,
19, 20). In principle, the amount of each
species is quantitatively determined from an
integration of the peak areas. This modeling
is complicated by the fact that the bands
overlap and their precise form is not
known. Although there is no unique
means of modeling such multisite 27Al
spectra of glasses (21), a simple first-order
model assumes that the asymmetric band-
shape is the same for each species and is
approximated by the band shape for the
Al" site obtained in the spectrum of the
ambient sample (given the same magnetic

Fig. 1. The (A) ?7Al and (B) *>Na NMR spectra
acquired with a 9.4-T primary magnetic field on
high-pressure Ab ,NTS,, glasses quenched from
the liquid state at pressures indicated. The Al res-
onances (8,,,) are consistent with four-, five-, and
six-coordinate species being quenched into the
glassy phase from the liquid. The sodium NMR
reflects a continuous change to higher chemical
shift (8). All spectra were collected under MAS con-
ditions with a rotor frequency (v,) of 9.30 = 0.002
kHz. The Na spectra give one set of symmetric
central transition sidebands. The total integral of
the Al spectra appears to represent the amount of
sample in the rotor with no substantial signal loss
during receiver dead time for high-pressure sam-
ples. This indicates that higher pressure is not cre-
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ating a greater amount of highly distorted sites that would be unobservable because of the broad
linewidth. In fact, the high-pressure samples show narrower lines with respect to other observations of
high-coordinate Al ambient quenched glasses and liquid aluminosilicates. Given that some of the high-
coordinate species relax into a lower coordination state upon decompression (70), the combined Al¥ and
AM represent a minimum abundance of high-coordinate Al species in the melts at the representative

pressure.

field and spin rate). The fitting routine
allows the width and amplitude to vary.
This model allows for changes in the qua-
drupole coupling constants and quantity
in each Al species. From these fits, the
relative abundance of AIY' markedly in-
creases with pressure and is greatest for the
sample at highest pressure (~48% at 12
GPa). In contrast, the amount of AlY ap-
pears to go through a maximum (~28%)
around 8 GPa (Table 1). These results
may reflect the relative coordination dis-
tributions in the high-pressure samples;
however, structural relaxation is known to
occur on decompression in similar silicate
glasses (10, 15).

The 2*Na MAS NMR (Fig. 1B) consists
of a single broad resonance centered at —25
parts per million (ppm) relative to 1 M
NaCl. ?>Na has a spin I = %2 and, like 2’Al
(I = %), suffers from quadrupole broaden-
ing. Because 2’Na has a smaller nuclear
spin, for the same quadrupole coupling con-
stant, Na has a larger second-order quadru-
pole breadth and hence broader lines. The
lack of quadrupole splitting in the *Na
resonance of AbsoNTS,, suggests a range of
chemical shifts and quadrupolar coupling
parameters, as expected for a disordered
material (22). The pressure-quenched sam-

ples show a slight narrowing of the 2*Na
resonance and a small shift in the peak
position. The narrowing of linewidth is
caused by a decrease in quadrupole coupling
parameters or by a reduction in the range of
chemical environments. Both effects can be
interpreted as due to a slightly more sym-
metrical average coordination of Na at high
pressure, but there is no evidence for a
coordination change. The shift in peak po-
sition to increasing isotropic chemical shift
(3,,) with pressure could indicate a slight
shortening of the average Na—O bond dis-
tance (23).

In contrast to the behavior observed for
Al, Si remains in tetrahedral coordination in
the high-pressure (10 GPa) quenched sam-
ple. The °Si MAS NMR spectra of the glass
sample prepared at 10 GPa is compared with
that of an unpressurized ambient sample in
Fig. 2. For both samples, the spectrum con-
tains a single symmetric peak with a chem-
ical shift consistent with Si sites that have
four attached oxygens (Si"). The peak posi-
tion for the 10-GPa sample is at —93.5 + 0.4
ppm as compared with —95.1 = 0.1 ppm for
the unpressurized sample. The displacement
to a less negative chemical shift in the high-
pressure sample is consistent with a small
decrease in the mean T-O-T bond angle

Table 1. The abundance of Al and AM in quenched glasses was estimated from the asymmetric peak
areas of the —1/2 < 1/2 (central transition) 2’Al NMR resonance. The 8., was estimated near the base

18O

of the asymmetric peaks. A convolution minimization fit to all three resonances in the spectra, allowing the
amplitude and width to vary, gave a reasonable representation of the original spectra. Relative errors for

the quantification of Al species were *+6%.

Abgy NTS, integral (%)

Species ( 8‘5%)
PP 6 GPa 8 GPa 10 GPa 12 GPa
A0, (A1) 77 80 49 42 35
AIO, (AM) 40 12 28 20 17
AIO, (AM) 8 8 23 38 48
SCIENCE * VOL.270 » 22 DECEMBER 1995 1965
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found to occur in densified silicate glasses
(24). Within detection limits, there is no
indication of any Si¥ or Si¥!, which would
show resonances near —150 and —200 ppm,
respectively (7, 25).

The quench rates used in the preparation
of the glasses in this study are similar to those
used in previous high-pressure studies of al-
kali-silicate glasses (6, 7). In the studies of
alkali-silicate glasses, Si occurred in high-
coordinate sites in samples quenched from
10 GPa. The experimental results shown
here indicate that the coordination increase
occurs preferentially on the Al sites when
both Si and Al are present. Furthermore, our
results are quite different from that previous-
ly reported for Ab glass prepared at high
pressure (6). For the albite composition,
which has a fully polymerized tetrahedral
network, both Al and Si occurred in tetra-
hedral coordination in samples quenched
from 10 GPa. Our work further underscores
previous suggestions that NBOs provide a
low-energy pathway for pressure-induced co-
ordination changes of the network-forming
cations (7, 10, 26).

Recent studies indic¢ate that viscous flow
in alkali-aluminosilicate liquids is con-
strained by oxygen exchange between poly-
meric units (8, 12, 20, 23, 27). In this
model of viscous flow, the structural relax-
ation occurs through formation of transient
five-coordinated (Si¥ or AlY) species. In-
creasing pressure favors formation of the
high-coordinate species and, consequently,
lowers the activation energy (E,) for oxy-
gen exchange. The viscosity can also be
lowered in the pressure range of the coor-
dination change by an increase in the num-
ber of isoergic configuration states in the
melt, thus increasing the number of chan-
nels available for stress relaxation (9, 28).
Both of these contributions to the pressure-
induced reduction in the viscosity of alkali
aluminosilicate liquids are incorporated in
the Adam-Gibbs expression for cooperative
relaxation in polymer melts (28), which
leads to the following expression for shear
viscosity (m):

Fig. 2. The 2°Si NMR of labeled AbgNTS,, thermal-
ly quenched from the liquid state at two different
pressures to obtain glasses under the same condi-
tions as the samples used in the Al and Na NMR
analysis. The 1-bar-pressure quenched glass (A)
and the 10-GPa quenched glass (B) were loaded
into a SizN, rotor (*) for MAS NMR at a spin rate of
6.0 = 0.002 kHz and 8.6 + 0.002 kHz, respectively.
The only resonance observable in either spectrum is
that of a four-coordinate silicon (SiV) and its spinning
sidebands (**). Differing spinning speeds were test-
ed to ensure that the rotor and SiV sidebands were
not masking any high-coordinate resonance. The
spectra are internally referenced to the SigN, rotor

n = m, exp(=C/TS,) (1)

where T is the temperature, C is related to
the activation energy barrier for relax-
ation, and S_ is the configurational entro-
py of the melt. For binary silicates, viscous
flow in pure silica (SiO,) requires break-
ing strong Si—O bonds (452 k]/mol), lead-
ing to a high viscosity (26). Adding alkali
creates NBOs, which lowers the barrier for
formation of high-coordinate network cat-
ions, in turn reducing viscosity. As one
adds Al,O;, the NBO concentration is
decreased, the activation energy increases,
and the viscosity increases (26). However,
an increase of pressure forms high-coordi-
nate Al and the viscosity decreases strong-
ly. As the composition approaches that of
albite (M, 0, ,:Al,O; = 1), the number of
NBOs becomes negligible, and the AlY
intermediate must be created through a
bridging oxygen. This requires a higher ac-
tivation energy, which explains the maxi-
mum in viscosity along the fully polymerized
alkali-aluminosilicate join with Na,0:AL,O;
= 1 and the lack of high-coordinate cations
upon quenching (6, 26). This inability to
quench a high-coordinate cation is also ob-
served in other fully polymerized tetrahedral
networks such as SiO, and GeO, (15, 29).
The framework cations in these tetrahedral
glasses are known to go through a transition
to six-coordinate; however, upon decom-
pression the glass reverts to a tetrahedral
coordination. By departing in composition
from the fully polymerized Na,O:AlL,O; join
to create NBOs, high-coordinate Al species
can be quenched from high pressure, as
shown in Fig. 1.

The presence of high-coordination Al in
high-pressure aluminosilicate liquids at depth
has been a controversial issue in geochemis-
try. Recent MAS NMR spectra and molecular
dynamic simulations have shown that both
AlY and AIV! likely exist in high-temperature
aluminosilicate (M,0-AL05-Si0,) liquids
(12, 13, 20). We have now shown that pres-
sure also increases the Al coordination in
alkali-aluminosilicate glasses. It is interesting

Siv
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that Al is strongly preferred over Si for high-
coordinate sites in aluminosilicate glasses at
high pressure. Thus, a pressure-induced Al
coordination change is likely to be a much
more important mechanism in influencing
the properties of natural magmas in the
Earth’s upper mantle (<300 km) than are Si
coordination changes. Our data suggest that a
large viscosity decrease with pressure should
be observed for liquids at this composition (2,
30), which provides a model for natural basalt
to andesitic magmas. Further, the apparent
maximum in the concentration of AlY species
in the glass quenched from 8 GPa might
indicate a change in the rate of decrease in
viscosity near this pressure (30).
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tors gave a characteristic resonance at —48.8 ppm
relative to tetramethyl silane at 0 ppm with spinning
sidebands in the silicon NMR. This was used as an
internal chemical shift calibration for 2°Si NMR. To
reference the chemical shift of 2°Na and 27Al, a
liquid sample of 1 M NaCl (0 ppm) and 1 M AICI, (O
ppm) was run before each spectrum, respectively.
We prepared the 2°Si-enriched Abg NTS, by fusing
stoichiometric amounts of 92%-labeled 2°SiO, glass
(Cambridge Isotope Laboratory, Andover, MA) with
sodium carbonate (Na,COy), aluminum oxide (Al,0,),
and 0.1 weight percent gadolinium oxide (Gd,O,) at
1200°C for 2 hours. Glass was formed upon removal
of the Pt crucible containing the mixed liquid compo-
nents from the furnace. We did not chemically analyze
the sample because of the expense of labeled mate-
rial and the proven nature of the synthesis process.
Gd,0, was added to shorten the spin-lattice relax-
ation time of Si. This sample, along with unlabeled
glass made under the same conditions, was then
sealed in Pt capsules for use in the high-pressure
multi-anvil quenching described in (16).
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High-Resolution Microcoil 'TH-NMR for
Mass-Limited, Nanoliter-Volume Samples

Dean L. Olson, Timothy L. Peck, Andrew G. Webb,
Richard L. Magin, Jonathan V. Sweedler*

High-resolution, proton nuclear magnetic resonance (NMR) spectra of 5-nanoliter sam-
ples have been obtained with much higher mass sensitivity [signal-to-noise ratio (S/N) per
micromole] than with traditional methods. Arginine and sucrose show a mean sensitivity
enhancement of 130 compared to 278-microliter samples run in a 5-millimeter tube in a
conventional, commercial probe. This can reduce data acquisition time by a factor of
>16,000 or reduce the needed sample mass by a factor of about 130. A linewidth of 0.6
hertz was achieved on a 300-megahertz spectrometer by matching the magnetic sus-
ceptibility of the medium that surrounds the detection cell to that of the copper coil. For

~sucrose, the limit of detection (defined at S/N = 3) was 19 nanograms (56 picomoles) for
a 1-minute data acquisition. This technique should prove useful with mass-limited sam-
ples and for use as a detector in capillary separations.

Compared to other common spectroscopic
methods of molecular characterization,
NMR is by far the least sensitive (I1). NMR
is seldom the method of choice for analysis
of trace level quantities, despite its strong
structural identification capability and non-
destructive nature. In this report, we de-
scribe an NMR radiofrequency (rf) transmis-
sion/detection coil that is more than an
order of magnitude smaller than typical coils
(2, 3). The increase in mass sensitivity, de-
fined as the signal-to-noise ratio (S/N) per
micromole, is greater than 100-fold com-
pared to conventional NMR. Although we
previously demonstrated the feasibility of
microcoil NMR spectroscopy for capillary
electrophoresis (CE) and liquid chromatog-
raphy (3), typical linewidths of 11 Hz were
obtained, which were broad compared to
conventional systems and prevented obser-
vation of proton scalar coupling. The ap-
proach reported here provides high-resolu-
tion NMR spectra by surrounding the coil
region with a magnetic susceptibility match-
ing fluid (Fig. 1). Efforts by others to im-
prove sensitivity for NMR imaging have
included the use of high-temperature super-
conducting coil materials and NMR force
microscopy (4).

For tf coils =1 mm in diameter, the
noise in an NMR experiment is dominated
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by thermal noise from the coil and not the
sample (5). As the coil size is reduced, the
strength of the rf magnetic field per unit
current increases, thereby improving mass
sensitivity (6). The S/N per unit volume
achieved by a solenoidal microcoil in an
NMR experiment is proportional to the
quantity of sample and inversely propor-
tional to the coil diameter (6).

Fabrication of the coil shown in Fig. 2
was modified from earlier work (3, 7). The
microcoil is 1 mm long and encloses a sam-
ple volume of 5 nl within the capillary [76.5
pwm inside diameter and 357 pm outside
diameter (OD)]. The capillary functions as
both the coil form and sample container
and provides a flow-through means of sam-
ple loading. The sample is not spun, and
sample loading through the capillary usually
makes shimming between different samples
unnecessary. .

Compared to previous microcoil NMR
results (3), several distinct improvements
were devised to obtain the high resolution
reported here. Cyanoacrylate adhesive was
used to hold the coil in place instead of
epoxy. This adhesive readily flows into the
interface between the capillary and wire
coatings and allows the matching fluid to
come in close proximity to the coil materi-
al. Placement of the coil at the vertical and
axial center of the shims allows rapid man-
ual and automatic shim optimization. In
addition, the capillary OD was increased
from 325 to 357 pm (by leaving intact the
16-pm-thick polyimide coating).

To reduce the effects of magnetic sus-
ceptibility caused by proximity of the rf coil
to the sample, Fluorinert FC-43, a perflu-

1967



