@0 REPORTS

Magnesium and Calcium Aluminate Liquids: In Situ
High-Temperature 2”Al NMR Spectroscopy

B. T. Poe,* P. F. McMillan, B. Coté, D. Massiot, J. P. Coutures

The use of high-temperature nuclear magnetic resonance (NMR) spectroscopy provides
a means of investigating the structure of refractory aluminate liquids at temperatures up
to 2500 K. Time-averaged structural information indicates that the average aluminum
coordination for magnesium aluminate (MgAl,O,,) liquid is slightly greater than for calcium
aluminate (CaAl,O,) liquid and that in both liquids it is close to four. lon dynamics sim-
ulations for these liquids suggest the presence of four-, five-, and six-coordinated aluminate
species, in agreement with NMR experiments on fast-quenched glasses. These species
undergo rapid chemical exchange in the high-temperature liquids, which is evidenced by

a single Lorentzian NMR line.

Refractory oxide liquids help form a wide
range of technologically important materi-
als. They also form the primary constituents
of natural magmas. Knowledge of the struc-
tures and dynamic processes that occur in
these high-temperature liquids on an atom-
ic scale is necessary for an understanding of
their physical properties and also of their
vitrification and crystallization behavior.
Most structural models for such high-tem-
perature liquids are inferred from known
crystal structures or are extrapolated from
the results of experiments on glasses. How-
ever, as more structural information on the
liquids has become available from recent
spectroscopic experiments, these approach-
es seem to have limited validity, and it has
become increasingly obvious that it is nec-
essary to study the structures of liquids
directly (I).

Calcium and magnesium aluminates
form two important series of refractory ox-
ides. The structure of crystalline CaAl,O,
is related to that of the SiO, polymorph
tridymite, with Ca?* ions occupying cavi-
ties within a fully polymerized network of
AlO, tetrahedra (2). Earlier spectroscopic
studies have indicated that CaAl,O, glass
has a similar structure (3), and this obser-
vation may be extrapolated to the melt as a
first approximation. In contrast, MgAl,O,
does not vitrify, and so its liquid must be
studied directly.

We used *’Al nuclear magnetic reso-
nance (NMR) spectroscopy to investigate
the Al environment in MgALO, and
CaAl,O, liquids at temperatures up to
approximately 2500 K. We used a recently
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developed NMR technique (4) that in-
volves laser-heating a sample in aerody-
namic levitation within the bore of the
NMR magnet. Using Born-Mayer pair po-
tentials, we also carried out ion dynamics
simulations of these two liquids at temper-
atures comparable to those of the NMR
experiment (5) in order to understand the
short-range structural characteristics of
the liquids (6) (in particular the aluminum
coordination distribution) and to help in-
terpret the NMR results. The isotropic
chemical shifts obtained from the NMR
experiments provide information on the
averaged Al environment in the liquids
and are especially sensitive to the nearest
neighbor coordination number.

At approximately 2500 K, the %7Al
NMR spectrum for each of the two liquids
(Fig. 1) consists of a single, narrow (full
width at half maximum = 100 to 200 Hz)
Lorentzian-shaped line. From earlier NMR
experiments and vibrational spectroscopic
measurements on rapidly quenched glasses
and ion dynamics simulations on aluminate
liquids, we know that multiple Al sites
(four-, five-, and six-coordinate, noted as
VAL, VAl, and V'Al, respectively) are pre-
sent in these liquids (I, 6, 7). The obser-
vation of a single line in the liquid NMR
experiments indicates that these species are
averaged by rapid chemical exchange at a
rate faster than that defined by their sep-
aration in chemical shift (greater than 5
kHz) (8). In addition, 2?Al NMR lines in
solids are split and broadened asymmetri-
cally by first- and second-order quadrupo-
lar interactions whose energy is deter-
mined by the value of the quadrupole
frequency (vy) (1 to 10 MHz in solids).
The observation of a single Lorentzian line
indicates that motional averaging in the
liquids is occurring faster than this rate. In
this case, the averaging could occur by
chemical exchange or by reorientation of
molecular aluminate groups in the liquid or
by both (7).

The observed peak maxima correspond
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to the average chemical shifts of Al in the
liquid: 76 ppm and 69 ppm for CaAl,O,
and MgAlL,O,, respectively (9). These
chemical shifts can be compared to the
isotropic chemical shifts determined by
27Al magic angle spinning (MAS) NMR
spectroscopy for Al in different coordina-
tion environments in the crystalline and
glassy phases (10). For CaAl,O,, both the
crystal and glass (Fig. 1, C and D) show a
single peak flanked by spinning side bands.
The crystalline phase contains six different
aluminum sites, which are all four-coordi-
nate sites with similar Al-O distances.
These give rise to a single, unresolved
NMR peak (11). Isotropic chemical shifts
for these sites range from 80 to 83 ppm in
the crystal and 83 ppm for the glass, which
are typical values for fourfold-coordinated
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Fig. 1. High-temperature 2’Al NMR spectra of
(A) CaAl,0, liquid and (B) MgAl,O, liquid. A
total of 64 free induction decays (FIDs) were
accumulated per sample with a /6 flip angle,
a 0.5-s recycle time, and a spectral width of
125 kHz. (C through E) 2’Al MAS NMR spectra
of crystalline CaAl,O, (C), glassy CaAl,O, (D),
and crystalline MgAl,O, spinel (E) obtained at
room temperature with a MAS probe at a spin
rate of 15 kHz. A large sweep width (1 to 2
MHz), small pulse angle, and 1- to 2-s recycle
times were used. All spectra were obtained on
a Bruker MSL300 spectrometer (Karlsrihe,
Germany) [external magnetic field strength
(H,) = 7.4 T, Larmor frequency (v) = 78.21
MHz for 27Al]. Chemical shifts are in parts per
million and referenced to AI(NO,),/HNO,.



Table 1. lon dynamics simulation results for
MgAILO, and CaAl,O, liquids at 3000 K show-
ing the proportions of four-, five-, and six-
coordinate aluminum species. These three spe-
cies account for more than 99% of all Al spe-
cies for both liquids (small amounts of three-
and seven-coordinate Al were observed). The
average Al coordination corresponds to a
weighted sum of the three major species.

Species (%) Average
Liquid Al coor-
VA| VAl VIAI  dination
MgALLO, 40.44 4931 974 467
CaAl,0, 5760 3830 3.67 4.44

Al atoms. The similarity between these
values and that measured for CaAl,O,
liquid suggests that the average Al coordi-
nation in CaAl,O, liquid is close to four.

In contrast, the NMR spectrum of the
MgAl,O, spinel phase exhibits two Al res-
onances associated with different coordina-
tion environments: a strong peak at 14 ppm
due to VIAl and a smaller peak at 70 ppm
due to ™AL (Fig. 1E). The occurrence of
the two peaks indicates that the crystal has
a small amount of inverse spinel structure
(12). The isotropic chemical shift observed
for the MgAlL, O, liquid is closer to that of
the tetrahedral site in the spinel phase, and
this result implies that the average Al co-
ordination number in the liquid is lower
than in the crystal. This observation is
generally consistent with the notion that
the Al site distribution in the crystal chang-
es as a function of temperature. Earlier 27Al
MAS NMR studies of MgAL,O, spinels
have shown that the tetrahedral Al site
(inverse spinel) is more abundant at higher
temperatures (12).

Results from our ion dynamics simula-
tions for the two liquids at 3000 K (Table 1)
show that the calculated average Al coor-
dination number for MgAL,O, liquid was
4.67; this number was 4.44 for CaAl,O,
liquid (13). The larger average Al coordi-
nation number calculated for MgAl,O, lig-
uid was qualitatively consistent with the
more shielded isotropic chemical shift ob-
served from the high-temperature NMR
experiment (14).

The ion dynamics simulations also pro-
vided information about the distribution
of Al sites in the liquids (Table 1). This
cannot be obtained from the high-temper-
ature NMR data because of the rapid
chemical exchange between these species.
The simulations indicate that significant
amounts of four- and five-coordinated Al
are present in both CaAlLO, and
MgAl,O, liquids at a given temperature.
However, the VAI/VAI ratios were very
different for the two liquids: 1.51 for
CaAl,O, and 0.82 for MgAl,O, at 3000
K. The simulations also indicate that both

liquids contained relatively small amounts
of six-coordinated Al (10 atomic percent
VIAl in MgAl,O, and 4 atomic percent in
CaAl,0,) and that only negligible
amounts (less that 0.1%) of oxygen are
not bound to aluminum.

Recent 2°Si NMR studies on silicate
glasses have shown the presence of VSi
(15, 16). The abundance of this species
increases with a faster quench rate or
higher fictive temperature, and it has been
proposed that this species acts as an inter-
mediate during the process of viscous flow
in silicate melts by chemical exchange (of
0?7) between different silicate polymer
species (16, 17). The function of VAl in
aluminate liquids could be similar (7).
Comparison of solid-state 2?Al NMR spec-
tra of CaAl,O, glasses quenched at differ-
ent rates shows a greater abundance of VAl
in the faster quenched glasses (18).

Our results demonstrate that high-tem-
perature NMR studies combined with ion
dynamics simulations provide a powerful
tool for the elucidation of the structural
properties of refractory oxide liquids. Our
observations indicate that substitution of
Mg?* for Ca?™ in aluminate liquids causes
an increase in the average coordination
number of Al. A simple explanation for
this can be provided by a consideration of
the difference in size of the two metal
cations. Ca’" is larger and can accommo-
date a greater number of oxygen anions
than can Mg?*. If the coordination of
(M?* + A7) around oxygen is essential-
ly the same for the two liquids (19), then
the average coordination of oxygen about
aluminum must be greater in the MgAlL,O,
liquid. Such effects will be important in
the determination of the coordination be-
havior of AI** and other network-forming
cations in natural magmas and glass-form-
ing batches.
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Noble Gas Partitioning Between Metal and Silicate
Under High Pressures

J. Matsuda, M. Sudo, M. Ozima, K. Ito, O. Ohtaka, E. Ito

Measurements of noble gas (helium, neon, argon, krypton, and xenon) partitioning
between silicate melt and iron melt under pressures up to 100 kilobars indicate that the
partition coefficients are much less than unity and that they decrease systematically with
increasing pressure. The results suggest that the Earth’s core contains only negligible
amounts of noble gases if core separation took place under equilibrium conditions.

The Earth’s mantle, at least the upper
mantle, has undergone extensive degas-
sing during the early history of the Earth.
Mantle degassing models based on the
comparison of *°Ar/®Ar isotopic ratios
between the mantle and the atmosphere
strongly suggest that the degassing of the
upper mantle was very extensive; that is,
more than 80% of the primordial volatiles
have been degassed (1). In view of this
extensive degassing, it is puzzling that
primordial *He and *°Ne are still degassing
from the Earth’s interior (2, 3). In partic-
ular, helium has such a high diffusivity
that one would assume that this element
has almost completely degassed. Davies
(4) therefore suggested that the primordial
helium is retained in the core and has
been escaping slowly. The crucial assump-
tion in this suggestion is that helium was
partitioned preferentially into the iron
core rather than into silicates (the mantle)
under high pressure. Stevenson (5) also
suggested that the apparent depletion of
xenon in the terrestrial atmosphere might
have been caused by the preferential in-
corporation of this element into the me-
tallic core. To evaluate these predictions,
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we measured the noble gas (He, Ne, Ar,
Kr, and Xe) partitioning between iron and
silicates under high pressures.

Qur experiments were carried out on a
mixture of basalt powder (48.7% SiO,,
2.1% TiO,, 16.3% Al,O;, 12.1% Fe, 05,
0.2% MnO, 5.9% MgO, 9.3% Ca0, 4.0%
Na,0, 0.9% K,O, and 0.5% P,O,) and Fe

powder (commercial reagent with a purity
of 95%, grain size <150 wm) in a ratio of
about 1:3 by weight. Basalt powder, cho-
sen because of its low melting temperature
compared to that of peridotite, was ground
in an agate mortar and was estimated to
have a grain size of <100 wm. The basalt-
iron mixture was put into a small capsule
and subjected to high pressures. The po-
rosities of the starting material were 30 to
40%. We used three types of high-pressure
presses: a piston press at Kobe University
(5 and 20 kbar), a cubic anvil press at
Osaka University (60 kbar), and a uniax-
ial split-sphere press at Okayama Univer-
sity (100 kbar). For the 5- and 20-kbar
experiments, the samples were directly
loaded into a cylindrical graphite heater
(0.14 cm?) and were heated at 1600°C for
3 hours after high pressures had been
attained. For the 60- and 100-kbar exper-
iments, the samples were put into a boron
nitride tube (about 0.03 cm?), which was
set in a graphite (60 kbar) or a rhenium
(100 kbar) heater. For the 60-kbar mea-
surements, the samples were held at
1600°C for 40 min after the highest pres-
sure (60 kbar) had been attained. In the
100-kbar experiments, pressure and tem-
perature were raised simultaneously (to a
pressure above ~70 kbar), but the heater
broke when the highest temperature and
pressure were attained. In all cases, we
were able to quench the samples from the
highest temperature by turning off the
heater, and then the pressure was slowly
reduced to zero. All samples showed a
clear segregation of a metallic phase from

Table 1. Noble gas concentrations in metal and silicate glass as measured in distribution
experiments under high pressures. The noble gas concentration was analyzed with a static mass
spectrometer. The reproducibility in the analysis was less than 10%-in most cases. The
procedural blank levels were as follows: “He = (3.0 to 6.3) x 10~"" cm® STP (standard
temperature and pressure), 2°Ne = (0.83 to 5.0) x 10~'2 cm?® STP, 3%Ar = (0.76 to 2.4) x 1072
cm?3 STP, 84Kr = (1.21t0 7.9) x 10~ '3 cm?3 STP, and '3?Xe = (0.64 to 6.6) x 104 cm3 STP. The
blank correction was applied to the data. The data are in parentheses when the blank corrections
were 20 to 90%, for which cases the concentrations have errors of up to a factor of 2 when we
take blank variation into account. If blank corrections were more than 90%, upper limits are
shown without blank correction. M, metal samples; G, silicate glass sample; ST, starting material.

Sample “He 20Ne 36Ar 84Kr 182Xe
z{:%szl‘rgg Sample weight
(mg) (x1078 cm?® STP/g) (x10~'° cm?® STP/g)
ST Fe powder 1718.01 (0.0639) 0.0583 0.196 0.777 0.130
ST ER-24 563.86 3.89 0.0467 0.245 1.51 0.355
5 kbar, DIS8M 187.62  (0.260) (0.162) 0.44 0979  (0.0513)
180 min  DIS8G 580  (6.43) (1.81) 3.04 10.5 (1.57)
20 kbar, DIS5M 119.95 (0.149) (0.0699) 0.249 0.956 (0.125)
180 min  DIS5G 3.04 (10.4) (4.17) 8.69 48.2 15.1
60 kbar, DIS11M 117.70 (0.567) 0.828 1.58 3.45 0.158
40 min DIS11G 4.80 529 781 1250 2720 82.6
100 kbar,  DIS12M 13.74 <165 0.214) 0.411) (0.608) <0.219
<1 min DIS12G 2.12 (160) 624 1050 2090 50.5
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