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Cation mixing in natural MgAlO, spinel: A high-temperature 2’Al NMR study
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ABSTRACT

The positional disorder of Mg?* and AI** cations between the tetrahedral and octahedral
sites in natural MgALO, spinel has been investigated by Al MAS NMR at room tem-
perature and in-situ high-temperature >’A1 NMR spectroscopy up to 1600 °C. The inversion
parameter describing the disorder, x, where x stands for the positional disorder between
Mg and Al cations in Mg, ,Al (Mg Al,_)O,, increased with temperature. Below 1100 °C
the inversion parameter, x, can be determined from MAS NMR measurements of quenched
samples at room temperature. Above 1100 °C, x was estimated from the peak position in
the high-temperature *’Al NMR spectra up to 1600 °C. The observed dependence of x with
temperature was fitted using the model of O’Neill and Navrotsky (1983). The coefficients
of the model obtained are o = 35 =5 kJ and B = —32 =5 kJ, which are approximately
equal in magnitude and opposite in sign. The x values observed in the present investigation
are in agreement with the model. However the introduction of an additional entropy term,
AS,, improved the fitting. AS;, reduces the entropy of disorder relative to a random mixing
model. This would reflect either a nonconfigurational entropy contribution or short-range
Mg-Al order because of local charge balance. On the other hand, above 1400 °C a narrow
peak appeared at about 60 ppm. This peak became narrower with increasing temperature
up to 1600 °C. This behavior might suggest that a rapid exchange process among the

fourfold-coordinated Al sites occurs in this temperature range.

INTRODUCTION

Spinels are mineralogical constituents of most igneous
and metamorphic rocks. The ability of the spinel structure
to incorporate many cation species of different valence
states into its octahedral and tetrahedral sites lends sta-
bility to the spinel structure over a wide range of tem-
peratures, pressures, and compositions. This adaptability
has led to their utility as petrogenetic indicators of tem-
perature and pressure (Buddington and Lindsley 1964;
Sack 1982; Gasparik and Newton 1984; Jamieson and
Roeder 1984; Mattioli and Wood 1988; Nell et al. 1989;
Sack and Ghiorso 1991; Chamberlin et al. 1995). Spinel
compounds have the general chemical formula (A,_-B)-
[A.B, ]10,, where parentheses represent fourfold-coordi-
nated sites and brackets represent sixfold-coordinated
sites, and x is referred to as the degree of inversion or
the inversion parameter. Spinel compounds with x = 0
are termed normal spinels, whereas those with x = 1 are
called inverse spinels. The relative size of the cations,
Madelung energies calculated from the lattice energy, and
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the ligand field stability for the transition metal cations
determine the partitioning of cations in spinel.

The systematics of the spinel structure have been re-
viewed by Hill et al. (1979), and there have been many
investigations of the relationship between the temperature
and pressure on the cation distribution. Despite their sim-
ple structure, many spinels exhibit complex disordering
phenomena involving the mixing of cations on two sites,
which give rise to important consequences both for their
thermodynamic and their physical properties.

Hafner and Laves (1961) first reported the cation dis-
tribution in an ordinary spinel (MgAl,0,) determined by
means of IR spectroscopy. The peak position of the spec-
trum shifted to a lower energy between 800 and 900 °C,
which suggested an exchange of Mg and Al atoms. Brun
and Hafner (1962) investigated this by means of ZAl
NMR spectroscopy for a single-crystal sample. The NMR
intensities depended on the direction of the applied mag-
netic field relative to the direction of the crystal lattice
vector. With increasing temperature above 800 °C, the
intensity of the NMR spectrum decreased considerably.

Yamanaka and Takéuchi (1983) undertook in-situ
X-ray measurements on a synthetic spinel sample from
900 to 1800 °C. The similarity of the atomic scattering
factors for Al and Mg made it difficult to determine their
occupancy in the fourfold- and sixfold-coordinated sites.
However, the x values could be estimated from the rela-
tionships between x and the A-O and B-O bond distances
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using thermal expansion coefficients for MgO and Al,O,.
The x values evaluated from the measured lattice con-
stants varied by 15% from room temperature to 1660 °C.

Calorimetric measurements have also been carried out
on spinels. Navrotsky and Kleppa (1967) measured the
enthalpy variation of the cation exchange in MgAl,O, spi-
nel using solution calorimetry. The measured enthalpy
was 0.9 kcal/mol at 1000 °C for a sample heat-treated at
700 °C. Assuming 10% cation disorder in this tempera-
ture range, the overall enthalpy of the transition was es-
timated to be 9 kcal/mol. The first-order equation for the
reaction A(B,)O, = A,_B.(A B,_)O, was calculated as-
suming an ideal solid solution for the sublattice. The en-
thalpy change for the disorder reaction, AH,,, was found
to be represented by the relation, —AH,/RT = In [x2(1 —
x)7'(2 — x)~']. O’Neill and Navrotsky (1983) suggested
that the quadratic equation AH, = ox + Bx? better rep-
resented the above exchange.

Recently, Peterson et al. (1991) conducted neutron dif-
fraction measurements from 20 to 1000 °C. Their x values
ranged within 0.31-0.33 at 900 °C. Millard et al. (1992)
measured the Al and 7O NMR spectra for a quenched
synthetic MgAlLO, spinel. The measured x values in-
creased from x = 0.22 at 700 °C to x = 0.29 at 1000 °C.
However, each of the measurements (HT neutron diffrac-
tion, Al and 7O NMR) showed a different temperature
variation for x.

NMR measurements offer a direct method to determine
the extent of the cation mixing; however, above 1000 °C,
no NMR data could be obtained owing to problems re-
lated to quenching in the high-temperature cation disor-
dering. In the present investigation, high-temperature
measurements were undertaken for a natural spinel sam-
ple up to 1600 °C. A comparison was made of the high-
speed magic-angle-spinning (MAS) NMR spectra with
line shape simulation. The temperature dependence of the
inversion parameter was estimated up to 1600 °C.

EXPERIMENTAL METHODS

The natural spinel sample used in the present investi-
gation is a pink specimen from Pamil. X-ray diffraction
measurements were made with a Rigaku RINT-2000
X-ray diffractometer. The composition of the sample was
determined by electron probe microanalysis (EPMA). The
Mg to Al ratio obtained was Mg:Al = 0.99(1):2.00(1).
Small amounts of Fe were also found, the concentration
being 0.004 per four O atoms. High-temperature Al
NMR measurements were made using a home-built high-
temperature static probe (Maekawa et al. 1997) with a
Bruker MSL-200 spectrometer operated at 52.148 MHz
for the ¥Al nucleus at temperatures up to 1600 °C. The
spinel sample was placed into a cylindrical tube made of
silica or boron nitride, which had both ends closed with
silica wool. The sample holder was placed in a detection
coil made of molybdenum wire turned six times. The
temperature of the sample was monitored with an optical
pyrometer (IR-FB, Chino Co., Ltd.). The accuracy of the
measured temperature was *=1% for each temperature.
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For the room temperature measurements, spinel sam-
ples were enclosed in platinum capsules (5 mm i.d.) and
heated at 700, 800, 900, 1000, or 1100 °C in a SiC fur-
nace and then drop quenched into water. The quenching
time was estimated to be 0.2 s. MAS NMR signals of the
quenched samples were observed with a Bruker MSL-
300 spectrometer operated at 78.205 MHz with a Bruker
high-speed MAS probe operated at a spinning speed of
14-15 kHz. A 1 M AI(NO,), aqueous solution, whose
chemical shift was set at zero, was utilized for the chem-
ical shift reference. A pulse width of 0.6 ps was used for
data acquisition for the solid samples with a 10 s delay
for each data acquisition. An appropriate output power
for the excitation pulse was set using an attenuator, where
the w/2 pulse of the solution Al NMR signal was set at
14 ps. This condition corresponding to a /16 pulse for
a 0.6 ps excitation pulse was used for the solid. Under
these conditions, all of the central transitions are equally
excited regardless of the magnitude of the nuclear quad-
rupole coupling constant (Millard et al. 1992). In the line
shape simulation, the side-band intensities of the external
transitions as well as the second-order nuclear-quadiupole
interaction on the central transition of the MAS NMR line
shape were taken into account. The line shape simulations
were performed by means of the program Winfit (Massiot
1992). This program includes line shape simulations of
the first-order contribution of the nuclear-quadrupole in-
teractions to the side band intensities of the MAS NMR
line shape as well as second-order contribution to the cen-
tral components. The second-order nuclear quadrupole in-
teraction causes a shift of the NMR frequency. The mag-
nitude of the shift is a function of the nuclear-quadrupole
coupling constant (1), its asymmetry (7), the Larmor fre-
quency (#,), and the angle between the principal axis of
the electric-field-gradient (EFG) tensor and the applied
magnetic field (Kundla et al. 1981). The MAS-NMR
spectrum for the powdered sample can be calculated by
a numerical integration of the function. The isotropic
chemical shift is located at the left side shoulder of the
central components and can be obtained from line shape
simulation. The relative amounts of the individual species
contributing to the ?’Al NMR peaks can be directly ob-
tained from the peak area of the central components.

RESULTS

Lattice constants and stoichiometry of the natural
MgAlO, spinel

X-ray diffraction measurement of the natural MgAl,O,
spinel yielded a lattice parameter of 8.0836 = 0.0005 A,
which is in good agreement with the value obtained in
previous investigations (8.083-8.084 A). In the case of
xAlLO, — (1 — x)MgAlLO, solid solutions, Navrotsky et
al. (1986) found that the lattice constant decreases as x
increases, i.e., a = 8.0844(3), 8.0684(2), and 8.0490(4)
A for x = 0, 0.1, and 0.2, respectively. Consequently, our
result suggests ideal stoichiometry for the MgAl,O, sam-
ple. X-ray diffraction refinements of the lattice constants
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for quenched samples showed no systematic change with-
in 0.001 A for different heating conditions. The lattice
parameters were not sensitive to the order-disorder of the
cations in the quenched spinel samples up to 1000 °C.

The Al MAS NMR spectra of the heat-treated
MgAl, O, spinel

The Al MAS NMR spectra for the sample quenched
from 700 °C at different heating periods are shown in
Figure 1. The room temperature Al MAS NMR spec-
trum for the untreated sample contains a main doublet
peak at about O ppm and a small high-frequency peak at
about 70 ppm, corresponding to AlO, octahedra (19Al)
and AlO, tetrahedra (*JAl), respectively. The spectra are
consistent with those of previous workers (Gobbi et al.
1985; Dupree et al. 1986; Wood et al. 1986; Millard et
al. 1992). The intensity of the “/Al peak increased with
the heat treatment time, suggesting that the cation disor-
der is time dependent. The line shape of the '“IAl peak
also changed with reaction period. With increasing du-
ration of heat treatment, a broadening occurred on the
right-hand side of the profile for the Al peak. This
broadening suggests that the coordination environment of
1Al changes with increasing cation disorder over the re-
action period. However, the left side of the WAl peak
showed little change. Because Al is a quadrupole nu-
cleus, its line shape is influenced by the second-order nu-
clear-quadrupole interactions. The main doublet, which
appeared at about 0 ppm, has the characteristic line shape
of a second-order nuclear-quadrupole interaction. (Lipp-
maa et al. 1986) Further analysis requires computer sim-
ulation of the spectrum, including the first-order contri-
bution to the spinning side bands, as well as the
coniribution of the second-order interaction to the central
component. The Al spectra for heat-treated sample seem
to tail off toward higher frequency sides. This observation
suggests the presence of a distribution of », values. Be-
cause the second-order nuclear-quadrupole interaction
causes a shift toward the lower frequency side relative to
the isotropic chemical shift position in the MAS NMR
spectrum, the effect of the spectra of superposition of
different v, values is significant on the lower frequency
side, whereas the effect is minimal on the higher fre-
quency side. A Gaussian distribution of v, values has
been used for the simulation of the spectra in addition to
exponential line broadening. The line shape simulations
for the MAS NMR spectra are shown in Figure 1, and
the calculated parameters are listed in Table 1. The spec-
tra are well simulated. For the untreated sample, the main
©AI peak yields v, = 3.73 MHz. This value is in good
agreement with single-crystal NQR measurements (3.68
MHz, Brun and Hafner 1962). On the other hand, the
long, low-frequency tail of the line shape for the heat-
treated sample suggests the presence of a broad distri-
bution of », and 5 values for ’Al environments. The 1Al
peak was well simulated with two components, ©Al(1)
and ©Al(2). The 9AI(1) component corresponds to the
AL initially present in the untreated sample, which is
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Figure 1. The dependence of the ”Al MAS NMR spectra

for the sample quenched from 700 °C on the heat treatment time
measured at magnetic field strength of 7 T; number of scans =
1000; spectrum window = 1 MHz; spinning speed = 15 kHz.
(a) Observed spectrum; (b) simulated spectrum; (¢) components
of each of the simulated spectra whose parameters are shown in
Table 1; * = spinning side bands.

expected to have a narrower distribution of », and 7 val-
ues, whereas ®'Al(2) has a broader distribution. The
asymmetric line shape for the Al peak is well simulated
by these two components as shown in Figure 1. However
in this simulation, only the distribution of v, was consid-
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TaBLE 1. The 2’Al NMR parameters obtained from the line
shape simulations shown in Figure 1
vs (MHz) n 3, (ppm) o (MHz) Intensity (%)
Site (x0.1) (x0.1) (1) (+0.2) (=1)
t=0h
WA 3.2 0.50 76.5 0.7 2.64
BIAI(T) 3.73 0.26 14.5 0.0 84.3
BIAI(2) 4.46 0.4 -1.0 0.8 13.0
t=8h
HA| 3.2 0.30 74.5 0.7 6.79
©IA((1) 3.70 0.26 14.0 0.1 76.6
BIAL2) 4.48 0.4 -1.0 1.0 16.6
t=24h
WAL 3.2 0.30 73.5 0.7 7.25
©IAI(1) 3.70 0.24 14.0 0.3 53.3
BIAI2) 4.58 0.4 -1.0 1.2 39.5

Notes: vy, = nuclear quadrupole coupling constant; 5 = asymmetry of
electric field gradient tensor; 8, = isotropic chemical shift; ¢ = gaussian
distribution width of v,

ered. The distribution of n was not considered because
of a limitation of the program used for the line-shape
simulation. A further analysis would be necessary to de-
termine whether or not a fit with a single peak is possible
when concidering the distribution of 7 in addition to .

The amounts of /Al and ©'Al sites in the sample were
determined for each time period from the relative peak
areas of the Al MAS NMR spectra. Figure 2 shows the
heating-time dependence of the Al intensity for
MgAl,O, spinel heat-treated at 700 °C. A heating-time
dependence was observed at 700, 800, 900, 1000, and
1100 °C. At each temperature, the time evolution of the
“ Al peak was well reproduced by an exponential fit (Ka-
shii et al., in preparation):

(WAl] = ["AL,] X {1 — exp[—k(t + #,)]} (1)

where [WAL,] represents the “Al concentration at equi-
librium and k is a rate constant. The x values at each
temperature were obtained from the pre-exponential co-
efficients of the fitting functions.

High-temperature NMR spectra of spinel single crystal

A high-temperature NMR measurement was made on
a natural single-crystal MgAl,O, spinel. The temperature
dependence of the Al NMR line shape is shown in Fig-
ure 3. The twofold axis [110] of the crystal is parallel to
the applied magnetic field. Brun and Hafner (1962) re-
ported that the resonance lines of the Al NMR depend
on the applied magnetic field direction. They reported that
when the threefold axis [111] is parallel to the applied
magnetic field, the central transition from ©'Al became a
single line. This suggests that the principal axis of the
EFG tensor of the Al nucleus lies along the same direc-
tion as the threefold axis. On the other hand, if the two-
fold axis is parallel to the applied magnetic field, four
peaks from Al were observed. The WAl peak was de-
tected between these peaks, whose peak positions show
no magnetic field direction dependence. The Al spectra
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Ficure 2. The dependence on the heat treatment time of the
inversion parameter obtained from the peak area of Al MAS
NMR spectra for samples quenched from 700 °C. The solid line
represents a fit to the data with Equation 1, with [®AL,] =
7.56%, k = 2.53 x 10°/s!, and t, = 16700 s. The data point
obtained at r = 11.5 X 10° s is plotted at r = 3 X 10°s.

observed in the present investigation are consistent with
those reported by Brun and Hafner (1962). However, no
apparent “Al peak was noticed. No significant change
was observed in the spectra, from room temperature to
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FicUure 3. High-temperature in-situ static ¥ A1 NMR spectra
for a single-crystal spinel measured at magnetic field strength 4.7
T using a home-built high-temperature NMR probe.
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FiGure 4. High-temperature in-situ static Al NMR spectra
of a powdered natural spinel sample measured at magnetic field
strength 4.7 T using a home-built high-temperature NMR probe.

750 °C. However, at temperatures above 850 °C, the spec-
trum became broad and featureless up to about 1100 °C.
The room temperature Al NMR spectra for samples
quenched after the high temperature measurements
showed no significant change compared to those of the
in-situ high-temperature spectra.
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Ficure 5. Temperature dependence of the center of gravity
(8.;) of the high-temperature in-situ static ?Al NMR spectra of
a natural spinel.

High-temperature Al NMR spectra for powdered
samples

The Al NMR spectra of powdered natural spinel sam-
ples at temperatures from room temperature up to 1600
°C are presented in Figure 4. Above 1400 °C, a sharp
peak appears around 60 ppm. This peak became more
intense with increasing temperature. A numerical integra-
tion of the powder spectrum from 400 to —400 ppm was
calculated to obtain the center of gravity of the spectrum
(8cs). The temperature dependence of 8., is shown in
Figure 5. The error bars for 6.5 depend on the quality of
the spectrum as well as on the base line distortion. The
spectra at moderate temperature range (800-1100 °C) ex-
hibited poor signal-to-noise ratios and distorted base
lines, which lead to larger error bars (+10 ppm). A sys-
tematic increase in the 6., value with temperature was
observed.

Discussion
Cation mixing below 1100 °C

The degree of cation exchange or x value below 1100
°C was determined from the ratio of the peak area for
each of the WAl and Al peaks. In Figure 6, the temper-
ature dependence of x obtained during the present inves-
tigation, as well as those of other studies are compared.
The x values herein are smaller than those obtained by
Wood et al. (1986) and close to those obtained by Millard
et al. (1992). Millard et al. (1992) suggested that the x
values obtained by Wood et al. (1986) were overestimated
because of the longer pulse width (mw/6) used in the ac-
quisition of the NMR spectra. The relative peak intensi-
ties of different central lines in the MAS NMR spectra
of quadrupole nuclei are dependent on pulse width (Lipp-
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Figure 6. Temperature dependence of the inversion param-
eter, x, determined from the present investigation and that of
previous investigations. Solid circles represent data from room
temperature Al MAS NMR measurements of quenched samples
in this study. Open circles are estimated data from high-temper-
ature in-situ Al MAS NMR peak positions using the relation-
ships shown in Figures 5 and 7. Triangles are Al and inverted
triangles are 7O MAS NMR measurements for quenched syn-
thetic samples by Millard et al. (1992). Dashed line represents
Al MAS NMR measurements for quenched synthetic samples
by Wood et al. (1986); dashed-and-dotted line represents high-
temperature neutron diffraction measurements by Peterson et al.
(1991) on the samples of Wood et al. (1986). Open boxes are
the inversion parameter estimated from high-temperature X-ray
data by Yamanaka and Takéuchi (1993) scaled to the present data
(see text).

maa et al. 1986). The recommended data acquisition con-
dition suggested by Millard et al. (1992), a magnetization
tip angle of w/16, was used in the present investigation.

In the present investigation, as described above, the x
values were obtained as coefficients used in the exponen-
tial fitting to the heating time dependence of the NMR
intensities for MAI at each temperature. The x values of
the present data are slightly smaller than those obtained
previously by Millard et al. (1992) from Al NMR but
are similar to those obtained from 7O NMR.

Cation exchange above 1100 °C

There are only limited investigations of the cation ex-
change in spinels above 1100 °C because the samples
quenched from such methods may have failed to attain
thermodynamic equilibrium. Although the broad and fea-
tureless line shape of the 27Al static NMR spectra does
not permit a direct determination of the inversion param-
eter from the relative peak area of each of the “Al and
1Al components, the temperature change of the center of
gravity of the Al spectra, 8.5, could provide an esti-
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Ficure 7. Relationship between the inversion parameter (x)
obtained from the room-temperatures MAS NMR measurements
and the center of gravity (8.;) of the high-temperature in-situ
2?Al NMR spectra.

mation of the inversion parameter for samples above
1100 °C. Figure 5 shows the temperature dependence of
8¢ of the high-temperature Al NMR peak obtained from
in-situ high-temperature measurements. As can be seen
in the figure, 8, increases with increasing temperature.
Figure 7 shows the relationship between the inversion
parameter obtained from the room-temperature MAS
NMR measurements and 8.; from the high-temperature
spectra for the same temperatures. A nearly linear rela-
tionship was found between the inversion parameter and
8 5. With extrapolation of the relationship to higher tem-
peratures, one can estimate the inversion parameter above
1100 °C using the 8. value obtained from the high-tem-
perature NMR spectra. The estimated inversion parame-
ters are plotted in Figure 6 and listed in Table 2. In this
treatment, the estimated inversion parameters contain er-
rors contributed from several uncertain effects. Not only
does 8. depend on the proportion of Al and ©'Al in the
sample, which have different chemical shift values and
lead to positive shifts of §.; with increasing disorder, but
it also depends on the change of v, and %, which are
affected by changes of the local coordination environ-
ments of the Al atoms. Moreover, at temperatures above
1400 °C, an additional narrow peak appeared that would
contain intensity from the external transitions. The addi-
tion of 1Al satellite intensity would lead to a systematic
shift to higher frequency. All of these effects would con-
tribute to the error of estimating x values, resulting in the
relatively larger error bars at high temperature in Figure 6.
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TaBLE 2. Inversion parameter (x) for MgAIO, spinel obtained
from MAS NMR measurements of quenched
samples and from 2’Al peak positions of high-

temperature NMR spectra.

Temperature
(C)
(+5 °C) x (MAS NMR) X (HT NMR)

20 0.050(15)

700 0.146(15)

800 0.187(15)

900 0.211(15)

1000 0.243(15)

1096 0.292(20)

1211 0.307(40)

1240 0.296(40)

1301 0.331(40)

1380 0.313(40)

1410 0.338(60)

1430 0.314(60)

1430 0.357(60)

1517 0.341(60)

1614 0.327(60)

The x values that can be compared with our present
data at high temperatures were obtained from high-tem-
perature X-ray measurements (Yamanaka and Takéuchi
1983). Their x values were estimated using the measured
thermal expansion coefficients. The degree of disorder is
small, with x = 0.057 at 720 °C and x = 0.157 at 1660
°C, compared to all the NMR measurements. However, if
the X-ray derived data are scaled to fit the same x values
of the present NMR data (by multiplying by a constant),
then the X-ray data agree well with the trends of the
present high-temperature NMR data as shown in Figure 6.

Thermodynamic model

If we express the changes in enthalpy and volume upon
disordering as AH}, and AV, and the change in the con-
figurational and nonconfigurational entropy as AS. and
AS,,, then the change in the free energy upon disordering,
AG,, is,

AG, = AU, — T(AS. + ASy) + PAV,, 2)

where AU, is the internal energy change. At equilibrium,
IAG,/ox = 0.

The thermodynamical model described by Navrotsky
and Kleppa (1967) and O’Neill and Navrotsky (1983) as-
sumed random cation mixing on the tetrahedral and oc-
tahedral sites. This yields an ideal configurational entropy
given by,

ASc = —R{xlnx + (1 - x)In(l — x) + x In(x/2)

+ (2 = 0In[1 — (x/2)]}. 3)
Differentiation of AS. with respect to x results in —R In
[¥*(2 — x)7'(1 — x)~'], which can be written as —RlInKk,
where K is the equilibrium constant of cation mixing be-
tween tetrahedral and octahedral sites. Substituting Equa-

tion 3 into Equation 2, executing differentiation with re-
spect to x, and neglecting the AV, term, one obtains,

In K = —(RT)-'(8AU,/ox) + R-'(0AS,/ox). (4)
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Ficure 8. Temperature dependence of the inversion param-
eter, x, determined in the present investigation. Solid circles rep-
resent Al MAS NMR measurements of quenched samples in
this study. Open circles are from high-temperature in-situ Al
MAS NMR peak positions using the relationship shown in Fig-
ures 5 and 7. Solid line is best fit of the O’Neill and Navrotsky
model; InK = — (a + 2B x)/RT with o = 35(5) kJ and B =
—32(%5) kJ. Dashed line is best fit of Equation 5 with « = 30.5
kJ, 3 = =30 kJ, and AS, = —13 J/K.

O’Neill and Navrotsky (1983) supposed a quadratic de-
pendence of AU, on x, which can be written in the form
AU, = ax + Bx?, and neglected any nonconfigurational
entropy contribution. This yields the equilibrium constant
with a simpler equation, In K = — (a + 28 x)/RT. The
present data, when fitted with the O’Neill and Navrotsky
model, give o = 35 (=5) kJ and B8 = —32 (£5) k.
O’Neill and Navrotsky (1983) calculated o and B for var-
ious spinels from the variation of the inversion parame-
ters. They found that the coefficients « and 8 are approx-
imately equal in magnitude and opposite in sign to each
other for all spinels, which was predicted from their lat-
tice energy model. Our « and B values are also approxi-
mately equal in magnitude and opposite in sign. A line
fitted to the present data is shown in Figure 8. The in-
version parameter follows the trends predicted by the
O’Neill and Navrotsky model.

On the other hand, the vibrational entropy, AS,, reflects
the modified vibrational properties of spinel with different
degrees of inversion. This term is usually regarded as
subordinate in magnitude to the configurational term and
was assumed to be zero by Navrotsky and Kleppa (1967)
and O’Neill and Navrotsky (1983). However, if the in-
version parameters obtained in the present investigation
are fitted to a model adding a AS, term as,

In K = -~ (a + 2Bx)/RT + 0(AS,/R)/ox, 5)
yields « = 30.5 kJ, B = =30 kJ, and AS, = —13 J/K. A
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fitted line is shown in Figure 8. Here, AS,, represents the
nonconfigurational entropy difference of completely nor-
mal, x = 0, and completely inverse, x = 1, spinel. Wood
et al. (1986) suggested from the P-T slope of the reaction
enstatite + spinel = pyrope + forsterite, which strongly
depends on the degree of cation mixing of the spinel, that
the entropy of disorder calculated from the random mix-
ing model overestimates the residual entropy of spinel
derived from calorimetric measurements. The estimated
residual entropy for spinel at about 900-1000 °C was 4
J/K, which is considerably smaller than that calculated
from the configurational entropy from the random-mixing
model. In the present experiment, the inversion parameter
obtained at 1000 °C was x = 0.243, which gives a con-
figurational entropy of 10.7 J/K assuming random mixing.
The value obtained in the present investigation, AS, =
—13 J/K, reduces the entropy contribution at 1000 °C
from 10.7 J/K for a random mixing model to 7.5 J/K,
which is consistent with the trend expected by Wood et
al. (1986). The reduction of the entropy of disorder from
that calculated from the random mixing model would
suggest either the existence of a nonconfigurational con-
tribution to the entropy or short-range Mg-Al order in the
spinel sublattice, which is expected to reduce the entropy
of disorder considerably (Wood et al. 1936).

Possibility of a rapid exchange reaction among
fourfold-coordinated sites above 1400 °C

The NMR spectrum above 1400 °C shows a sharp peak
around 60 ppm. This chemical shift value corresponds to
the MAl species. There is a possibility that a small amount
of impurity (e.g., B,O, from the BN sample holder) exists
in the natural spinel sample and might cause a partial
melting of the phase and a sharpened NMR resonance
line at high temperature. However, we believe that this
peak suggests the occurrence of a rapid exchange reaction
inside the spinel structure. Because the peak became more
intense with increasing temperature and the resonance po-
sition appears at around that of the fourfold-coordinated
Al species, we suggest that a rapid exchange reaction (on
the order of 10° Hz) among the fourfold-coordinated sites
in the spinel starts at these high temperatures.
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