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Cation mixing in natural MgAl2O4 spinel: A high-temperature 27Al NMR study

HIDEKI MAEKAWA,* SATOSHI KATO,† KATSUYUKI KAWAMURA,‡ AND TOSHIO YOKOKAWA

Division of Chemistry, Graduate School of Science, Hokkaido University Sapporo, 060, Japan

ABSTRACT

The positional disorder of Mg21 and Al31 cations between the tetrahedral and octahedral
sites in natural MgAl2O4 spinel has been investigated by 27Al MAS NMR at room tem-
perature and in-situ high-temperature 27Al NMR spectroscopy up to 1600 8C. The inversion
parameter describing the disorder, x, where x stands for the positional disorder between
Mg and Al cations in Mg12xAlx(MgxAl22x)O4, increased with temperature. Below 1100 8C
the inversion parameter, x, can be determined from MAS NMR measurements of quenched
samples at room temperature. Above 1100 8C, x was estimated from the peak position in
the high-temperature 27Al NMR spectra up to 1600 8C. 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 a 5 35 65 kJ and b 5 232 65 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,
DSD, improved the fitting. DSD 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 8C a narrow
peak appeared at about 60 ppm. This peak became narrower with increasing temperature
up to 1600 8C. 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 (A12x-Bx)-
[AxB22x]O4, 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 5 0
are termed normal spinels, whereas those with x 5 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 (MgAl2O4) determined by
means of IR spectroscopy. The peak position of the spec-
trum shifted to a lower energy between 800 and 900 8C,
which suggested an exchange of Mg and Al atoms. Brun
and Hafner (1962) investigated this by means of 27Al
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 8C, 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 8C. 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


