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Thermodynamics and kinetics of cation ordering in MgAl2O4 spinel up to 1600 8C
from in situ neutron diffraction
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ABSTRACT
The temperature dependence of the cation distribution in synthetic spinel (MgAl2O4) was
determined using in-situ time-of-flight neutron powder diffraction. Neutron diffraction patterns of stoichiometric MgAl2O4 and slightly non-stoichiometric Mg0.99Al2O4 samples were
collected under vacuum on heating from room temperature to 1600 8C, and the cation
distribution was determined directly from site occupancies obtained by Rietveld refinement.
The equilibrium non-convergent ordering has been analyzed using both the O’Neill-Navrotsky and Landau thermodynamic models, both of which fit the observed behavior well
over the temperature range of the measurements. Fitting the data between 560 8C and 1600
8C using the O’Neill and Navrotsky (1983) thermodynamic model yields a 5 32.8 6 0.9
kJ/mol and b 5 4.7 6 2.0 kJ/mol. The fit to the Landau expression for ordering gives
values of Tc 5 445 6 109 K and c9 5 1.62 6 0.21. This confirms suggestions that the
sign of the b coefficient in FeAl2O4 and MgAl2O4 is positive, and opposite to that found
in other 2–3 oxide spinels. Non-equilibrium order-disorder behavior below 600 8C has
been analyzed using the Ginzburg-Landau model, and successfully explains the time-temperature dependent relaxation behavior observed in the inversion parameter. Changing the
stoichiometry, even by as little as 1 mol% Mg-deficiency, significantly reduces the degree
of order.

INTRODUCTION
Temperature-dependent cation disordering of Mg and
Al between the octahedrally and tetrahedrally coordinated
sites in the spinel (MgAl2O4) has considerable petrologic
importance. High-temperature disorder in spinel could
stabilize it with respect to other phases in a mineral assemblage. For example, MgAl2O4 is the dominant component in the spinel phase of the Earth’s shallow mantle,
but it reacts at depths of 50–80 km according to the idealized reaction: MgAl2O4 1 2Mg2Si2O6 5 Mg2SiO4 1
Mg3Al2Si3O12 (i.e., spinel 1 pyroxene 5 olivine 1 garnet). This region spans the depths from which many types
of basaltic magma are thought to originate. Determining
the exact stability limits of spinel in natural, chemically
complex systems is, therefore, necessary to understand
the detailed chemistry of basalts. This requires accurate
thermochemical data, which are only obtainable if the cation distribution is known (so that the zero-point entropy
may be calculated). Preliminary investigations, by Klemme et al. (1997), of the spinel lherzolite to garnet lherzolite transition at high temperatures (1300 to 1500 8C),
have revealed a change in the solubility of Al in pyroxenes at these Ts. Interpretation of this phenomenon de* E-mail: satr@esc.cam.ac.uk
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pends on understanding the Mg/Al order-disorder in spinel. This may also pertain to the controls on Al2O3 in
mantle-derived partial melts. Another example of the importance of understanding the high-T equilibrium order in
spinel is that the Fe3O4 component in natural spinels may
be used to calculate the redox state at which planetary
material is equilibrated. This information is relevant to
the processes that lead to the accretion and core formation
of the terrestrial planets. Accurate modeling of the activity of Fe3O4 in complex Mg-Fe-Al-Cr-O spinels requires
knowledge of cation distributions, starting with the simple end-member components including spinel (MgAl2O4)
itself.
The majority of spinels show some degree of disorder,
with MgAl2O4 being close to the ‘‘normal’’ spinel configuration [4]A[6]B2O4. The alternative ordering scheme
[4] [6]
B (AB)O4 is termed ‘‘inverse.’’ Any intermediate partly
disordered state may be expressed as a mix of these two
end-members, with a general formula [4](A12xBx)[6](B22xAx)O4,
where x is the ‘‘inversion parameter.’’ The degree of order
may, alternatively, be expressed as an order parameter,
denoted Q, which varies from Q 5 1 for completely ordered normal spinel to Q 5 0 for a random arrangement
of cations (with, on average, ⅓ of an A atom and ⅔ of a
B atom on every crystallographic site), to Q 5 20.5 in
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