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INTRODUCTION

Spinel-group minerals are characterized by a non-convergent, 
temperature-dependent cation order/disorder, i.e., no change of 
symmetry is associated with cation disordering. Cation distri-
bution can be described by the IV(A1�iBi)VI(B2�iAi)O4 structural 
formula, where IV and VI represent the tetrahedrally and octa-
hedrally coordinated T and M sites, respectively, A and B are 
cations with different valences, and i represents the inversion 
parameter. At low temperature, i tends to 0 in normal spinels 
[e.g., spinel s.s. IV(Mg)VI(Al)2O4] and to 1 in inverse spinels 
[e.g., magnesioferrite IV(Fe3+)VI(MgFe3+)O4], which are both 
ordered. At high temperature, cation disorder increases and i 
values have been shown to converge asymptotically toward 2/3 
for all compositions (Harrison et al. 1998; O�Neill et al. 1992; 
O�Neill and Dollase 1994; Redfern et al. 1999; Andreozzi et al. 
2000; Carbonin et al. 2002; Martignago et al. 2003). 

The inß uence of non-Al cations on the Mg-Al order-disorder 
reaction has been recently studied by Martignago et al. (2003) 
using a natural, highly ordered, Fe3+-bearing spinel. Their results 
indicate that the Fe3+ cation triggers trivalent-divalent cation 
exchange at T ≥ 550 °C. This agrees with the results obtained by 

Andreozzi et al. (2001) for the synthetic spinel-magnesioferrite 
series, which showed that Fe3+ partitions between the M and T 
sites as a function of both magnesioferrite component and tem-
perature. Moreover, Martignago et al. (2003) observed that at the 
lowest temperatures order-disorder is controlled by a two-stage 
kinetic process, with a rapid intersite exchange of Fe3+ with Mg 
followed by a slow exchange of Mg with Al.

Andreozzi and Princivalle (2002) quantitatively described 
the kinetics of Mg-Al exchange in MgAl2O4 spinel using the 
Mueller (1967, 1969) model. Following O�Neill (1994), these 
authors described the order-disorder process with the chemi-
cal exchange reaction IVAl + VIMg = IVMg + VIAl, the forward 
reaction accounting for the exchange of Al at the T site with 
Mg at the M site (ordering), and the backward reaction for the 
exchange of Mg at the T site with Al at the M site (disordering). 
These homogeneous reactions were assumed to be second-order 
chemical reactions, and Þ rst-order with respect to the concen-
tration at one site (Ganguly 1982). The time rate of change of 
concentration of Al at the T site (= i), was expressed as �di/dt = 
K[i2 � KD(1�i)(2�i)], where KD, the equilibrium constant of the 
exchange reaction, is a function of temperature and pressure 
alone. The variation of i with time was revealed to only depend 
on the initial and Þ nal inversion degrees, and on the rate constant 
K. The kinetics of Mg-Fe3+ exchange in MgFe2O4 spinel was * E-mail: alberto.dalnegro@unipd.it
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ABSTRACT

One natural and two synthetic spinels with compositions Mg(Al1�zFez
3+)2O4 (with 2z = 0.078, 0.138, 

and 0.200, respectively) were studied by in situ, high-temperature, single-crystal X-ray diffraction. 
All samples were heated from room temperature to 1050 °C. Thermal expansion was monitored by 
measuring the cell edge variation. Cation disorder was monitored by measuring the variation of the 
oxygen positional parameter u, which is closely correlated with the inversion parameter i. All samples 
showed extensive Al reordering at the M site between 550 and 650 °C, followed by an increase of 
disorder at T > 650 °C due to both Mg-Al and Mg-Fe3+ intersite exchanges.

The measured cation distributions were compared with those calculated using the general ther-
modynamic model for spinel binary solid-solutions of O�Neill and Navrotsky (1984). Measured and 
calculated inversion parameters compare satisfactorily at T > 650 °C, i.e., at conditions under which 
equilibrium was achieved at any temperature. In fact, at T > 650 °C, both IVFe3+ and IVAl increase with 
increasing T, following the equilibrium path. The reproducibility of IVAl occupancies was very high, 
whereas IVFe3+ occupancies were not satisfactorily matched. The cation distribution relaxation observed 
between 550 and 650 °C was interpreted on the basis of kinetic considerations. In this temperature 
range, inversion decreases to a minimum because the amounts of Al that reorder are far more abundant 
than those of Fe3+ that disorder. The Mg-Fe3+ exchange was conÞ rmed to proceed at a faster rate than 
the Mg-Al exchange. Moreover, the Mg-Fe3+ exchange was found to be active at laboratory times at 
about 550 °C, whereas the Mg-Al exchange was hard to monitor below 600 °C. 
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