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INTRODUCTION

Magnetic properties of oxide minerals are dictated by the 
superexchange interactions between the spin orientations of 
unpaired electrons. Therefore small changes in the chemical 
composition, the degree of cation order, or microstructure associ-
ated with exsolution or other chemical changes such as oxidation 
can introduce drastic changes in the magnetic properties of the 
bulk material. In natural rocks remanent magnetization occurs in 
various mineral systems, the most important of which are titano-
magnetite (Fe3O4-Fe2TiO4) and titanohematite (Fe2O3-FeTiO3) 
solid solutions. Both of these solid solutions are non-ideal. The 
composition modulation and size of Þ ne precipitates resulting 
from exsolution during cooling control the magnetic properties 
(Harrison and Putnis 1996, 1997; Kasama et al. 2003 ). 

It is experimentally difÞ cult to study exsolution in the tit-
anomagnetite solid solution due to the low solvus temperature 
(<500 °C) and hence the slow kinetics. An ideal analogue system 
is the magnetite (Fe3O4)-hercynite (FeAl2O4) system, which has 
a miscibility gap to higher temperatures, forming a complete 
solid solution above 850 °C (Turnock and Eugster 1962). Petric 
et al. (1981) also determined the solvus from calculated cation 
distributions, which shows a good agreement in the maximum 
temperature but slight changes in the shape for non-intermediate 
concentrations. 

In this work we have used a series of synthetic samples 
with compositions ranging from pure magnetite to hercynite 
to investigate the behavior of the solid solution during an-
nealing. We Þ rst investigated the magnetic susceptibility and 
determined Tc for this binary solid solution system using a χ-
Bridge (Jelinek and Pokorny 1997). The χ-Bridge is extremely 

sensitive to small amounts of material with different Tc, such 
as would be produced by heterogeneities due to exsolution or 
oxidation processes. To study such processes during annealing 
and speciÞ cally to determine the exsolution mechanism it is 
necessary to investigate variations in the chemical composition 
at high spatial resolution. 

The concept of two different mechanisms of exsolution 
was Þ rst introduced by Gibbs (1961) and is well established 
in the mineralogical literature. In nucleation and growth, com-
positional ß uctuations are large in degree but small in extent 
while in spinodal decomposition, the compositional ß uctuations 
are small in degree but large in extent. For the solid solution 
compositions for which the molar free energy of mixing has a 
positive curvature the exsolution mechanism is nucleation and 
growth but for a negative curvature the predicted exsolution 
mechanism is spinodal decomposition. Spinodal decomposition 
is a continuous process, in contrast to exsolution by nucleation 
and growth, which is a discontinuous process involving a large 
compositional change, an activation energy barrier and much 
slower kinetics. These two mechanisms have been recognized 
in minerals (e.g., Champness and Lorimer 1975) on the basis of 
textural features observed by transmission electron microscopy 
(TEM). However, the presence of sinusoidal compositional 
ß uctuations formed during spinodal decomposition has not yet 
been demonstrated by microanalytical techniques (Weinbruch et 
al. 2003) and is generally inferred from the satellite reß ections 
around Bragg diffraction spots. One of the aims of this paper is 
to verify spinodal decomposition by direct chemical analysis of 
compositional modulations. 

In the early stages of exsolution, the size of the magnetite-
rich and hercynite-rich domains is likely to be critically small 
for detection. This requires an investigation technique which 
allows detection of chemical information at low concentration * E-mail: golla@nwz.uni-muenster.de
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ABSTRACT

The magnetic susceptibility and Curie temperatures Tc have been investigated for a series of 
synthetic samples with solid-solution compositions ranging from pure magnetite (Fe3O4) to hercynite 
(FeAl2O4). The determined Tc can be Þ tted by a straight line, which also Þ ts the theoretical values for 
these end-members. With increasing hercynite concentration, susceptibility curves for one heating 
and cooling cycle become irreversible, indicating changes in the structural state of the samples during 
annealing. These changes occur in speciÞ c temperature ranges for each composition. For a sample 
of composition Mag40Hec60, irreversible changes occurring between about 200 and 300 ° C are likely 
due to changes in the cation distribution, whereas above 300 °C, compositional ß uctuations due to 
spinodal decomposition are evident. The exsolution mechanism has been investigated using energy-
Þ ltered transmission electron microscopy, which has allowed direct imaging of the compositional 
ß uctuations consistent with the theoretical predictions of spinodal decomposition. 


