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INTRODUCTION

The time and temperature evolution of the intracrystalline 
cation exchange between T and M sites in spinels has been ex-
tensively studied and provides a potential method for determining 
the cooling history of host rocks (Della Giusta et al. 1986; Prin-
civalle et al. 1989; Andreozzi et al. 2000). Most studies concern 
synthetic samples and only a few ones natural spinels. Recent 
studies on highly ordered natural spinels belonging to the spi-
nel-magnesiochromite series with Cr3+ substituting for Al3+ have 
been performed by means of single-crystal X-ray diffraction and 
in situ heating (Carbonin at al. 2002; Martignago et al. 2003). 
These works show how Cr3+ content inß uences the relationships 
between the Mg-Al order-disorder reaction and the temperature: 
the samples follow different disordering pathways and the 
temperature at which a certain degree of disorder is achieved is 
inversely related to Cr3+ content. This therefore implies that Cr 
limits the rate of Mg-Al exchange. In fact it is well known that 
the Cr3+ cation is completely ordered at the M site (Navrotsky and 
Kleppa 1967; Burns 1975; O�Neill and Dollase 1994). It should be 
noted, however, that the temperature at which the Mg-Al exchange 
begins is about 650 °C, independent of Cr3+ content. 

On the basis of these results, crystals belonging to the same 
spinel-magnesiochromite series from the Olkhon metamorphic 
complex (Lake Baikal, Russia; Makrygina and Petrova 1998) 
were chosen in order to study their kinetic behavior. The selected 
crystals are characterized by low (Ch) and high (Sc) Cr3+ contents, 
i.e., 0.03�0.06 and 0.24 atoms per four O atoms, respectively. 

The crystals were Þ rst used for heating experiments (quench 
method) at the isotherm of 650 °C in disordering and ordering 
experiments (reversal technique), in order to monitor the cation 
exchange patterns. A second series of heating ordering experi-
ments was then performed on the same crystals at the isotherm 
of 850 °C. 

This paper aims (1) to determine the Mg-Al cation distribution 
as a function of temperature, and then to describe the cation order-
disorder at high temperature; (2) to deÞ ne the kinetic constants 
and activation energies; and (3) to illustrate the relationships 
between the low-Cr sample and synthetic MgAl2O4 spinel (Syn) 
(Andreozzi et al. 2000; Andreozzi and Princivalle 2002), would 
have similar chemical composition.

EXPERIMENTAL METHODS

Before the heating experiments, a series of crystals with Cr content close to 
0.03�0.06 atoms per formula unit (afu) and with Cr content close to 0.25 (afu) 
were tested on a single-crystal diffractometer and chemically analyzed. Initially, 
crystals Ch (Cr = 0.03 afu) and Sc (Cr = 0.244 afu) were selected. Sample Ch was 
chosen to compare its results with the pure synthetic MgAl2O4 sample (Andreozzi 
and Princivalle 2002).

Unfortunately, after annealing at 1000 °C and before the 850 °C isothermal 
experimental, sample Ch was lost, so a new low-Cr crystal, Ch1 (Cr = 0.057 afu), 
was used for the later experiments.

Heating experiments
The crystals used for this study were sealed in a thin-walled quartz tube and 

submitted to heating-quenching experiments, which were carried out in a vertical tube 
furnace, with drop-quenching in cold water (20 cm of free fall). Run temperatures 
were accurately measured and controlled by means of a calibrated Pt/Pt-Rh thermo-
couple located near the sample; the uncertainty is estimated to be about ±5 °C.

At Þ rst, each crystal was disordered at 650 °C in several time-steps, to achieve 
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ABSTRACT

The kinetics of cation ordering (quench method) in two natural Mg(Al2-yCry)O4 spinels (y~ 0.03�0.06 
and 0.24), highly ordered in terms of Mg-Al, were studied by means of X-ray single-crystal diffraction. 
The equilibrium distribution of Mg and Al between tetrahedral and octahedral sites was investigated at 
650 °C (in disordering and ordering) and at 850 °C (in ordering), through several time-steps to monitor 
the rate of cation distribution before equilibrium was achieved. The cation distributions for both disorder-
ing and ordering experiments were obtained by measuring the oxygen positional parameter u, which is 
correlated to the inversion parameter x (Al in T site), and then to the composition of the samples.

The Mueller kinetic model, satisfactorily applied to the experimental data, allowed the calculation of 
the kinetic ordering constants K, linearly related to temperature by means of Arrhenius equations.

The kinetics of ordering  processes are inß uenced by Cr content. The equilibrium for both the 
isotherms at 650 and 850 °C was reached at different elapsed times by the low- and high-Cr spinels: 
the time for the low-Cr sample was, in both the ordering experiments, about double that of the high-
Cr sample. Consequently, the activation energy (186 and 175 kJ/mol for low- and high-Cr samples, 
respectively) for the intracrystalline Mg-Al ordering decreases with Cr increase.

Keywords: Kinetics, cation distribution, order-disorder, spinels


