
American Mineralogist, Volume 85, pages 1694–1705, 2000

0003-004X/00/1112–1694$05.00      1694

INTRODUCTION

The rhombohedral oxide solid solution between ilmenite
(FeTiO3) and hematite (Fe2O3) is an important system in both
petrology and paleomagnetism. Intermediate members of the
solid solution are strongly magnetic, and contribute significantly
to the paleomagnetic record. The magnetic properties of this
material are of particular interest due to its ability to acquire
self-reversed thermoremanent magnetization (Hoffman 1992;
Nord and Lawson 1989, 1992). Together with the spinel ox-
ides magnetite (Fe3O4) and ulvöspinel (Fe2TiO4), the FeTiO3-
Fe2O3 solid solution forms the Fe-Ti oxide geothermometer,
whereby the composition of coexisting rhombohedral and spinel
oxides can be used to determine the temperature and oxygen
fugacity at which a rock was equilibrated (Anderson and
Lindsley 1988).

The thermodynamic and magnetic properties of this solid
solution are dominated by a high-temperature phase transition
at the FeTiO3-rich end, which involves the partitioning of Fe
and Ti between alternating (001) layers of the structure. At high
temperatures the symmetry is R3–c, and Fe and Ti are distrib-
uted randomly over all layers. Below the critical ordering tem-

perature, Tc, Fe and Ti order onto alternating Fe-rich and Ti-
rich layers, reducing the symmetry to R3

–
. The existence of this

transition was first demonstrated using measurements of satu-
ration magnetization on quenched material (Ishikawa 1958,
1962; Ishikawa and Akimoto 1957; Ishikawa and Syono 1963).
It is not possible to quench-in completely the high-tempera-
ture disordered state in material containing more than 60%
FeTiO3, preventing this technique being used in the region of
temperature-composition space where cation ordering is of
greatest significance (Brown et al. 1993). The problems asso-
ciated with quenching can be overcome by determining the
cation distribution directly using in-situ diffraction methods.
An in-situ study of the R3– to R3–c phase transition using time-
of-flight neutron powder diffraction (Harrison et al. 2000) con-
strains the equilibrium behavior over the range 400–1350 °C
and 70–100% FeTiO3. These data allow a thorough re-exami-
nation of the thermodynamic properties of this system.

The aims of the thermodynamic analysis are (1) to predict
the equilibrium cation distribution for a given temperature and
composition (required for the interpretation of magnetic prop-
erties); (2) to calculate the equilibrium phase diagram (essen-
tial for understanding the magnetic and microstructural
development of metamorphic ilmenite-hematites); (3) to de-
termine accurate values for the enthalpy and entropy of the
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ABSTRACT

The thermodynamics of cation ordering in the ilmenite-hematite solid solution  (FeTiO3)x(Fe2O3)1–x

were re-examined in view of a recent in-situ neutron diffraction study of the R3
–

 to R3
–

c phase transi-
tion. A macroscopic thermodynamic model is developed, in which the excess enthalpy of ordering is
described by a fourth-order polynomial function of the long-range order parameter, Q, and the ex-
cess entropy is described by the configurational point entropy. The enthalpy coefficients are deter-
mined as a function of composition by fitting to the neutron diffraction data. The fourth-order energy
coefficient increases smoothly with increasing Ti-content, indicating a change in the character of the
transition from second-order (x < 0.87) to first-order (x > 0.87). Monte Carlo simulations confirm
that the excess enthalpy is well described by a fourth-order polynomial, and demonstrate that the
reduction in configurational entropy due to short-range ordering can be described by simply scaling
the point entropy. This allows the enthalpy coefficients in the macroscopic model to be corrected for
the effects of short-range ordering, yielding a revised estimate of x = 0.92 for the position of the
tricritical point.

Monte Carlo simulations are used to study both ordering and exsolution in the solid solution,
allowing the paramagnetic portion of the equilibrium phase diagram to be derived. The changing
character of the phase transition is reproduced successfully by treating Fe2+-Ti and Fe3+-Ti interac-
tions separately in the simulations. Intralayer Fe2+-Ti interactions are negative (i.e., ordering of Fe2+

and Ti within the 001 layers is favored) whereas Fe3+-Ti intralayer interactions are positive (i.e.,
separation of Fe3+ and Ti is favored). The λ-line for the R3

–
 to R3

–
c phase transition intersects the low-

temperature miscibility gap at a tricritical point near x = 0.6 and T = 800 °C, in reasonable agreement
with previous thermodynamic models of the solid solution.
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