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Abstract
Lorentz transmission electron microscopy has been used to study fine-scale exsolution microstructures in ilmenite-hematite, as part of a wider investigation of the lamellar magnetism hypothesis.
Pronounced asymmetric contrast is visible in out-of-focus Lorentz images of ilmenite lamellae in
hematite. The likelihood that lamellar magnetism may be responsible for this contrast is assessed using simulations that incorporate interfacial magnetic moments on the (001) basal planes of hematite
and ilmenite. The simulations suggest qualitatively that the asymmetric contrast is magnetic in origin.
However, the magnitude of the experimental contrast is higher than that in the simulations, suggesting that an alternative origin for the observed asymmetry cannot be ruled out. Electron tomography
was used to show that the lamellae have lens-like shapes and that (001) planes make up a significant
proportion of the interfacial surface that they share with their host.
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Introduction
Hematite-ilmenite (Fe2O3-FeTiO3) solid solutions occur abundantly in nature as accessory minerals in igneous, metamorphic,
and sedimentary rocks, and they play an important role in the
acquisition of natural remanent magnetization (NRM). McEnroe
et al. (2001a, 2001b, 2002, 2004a, 2007a) and Kasama et al.
(2004) used transmission electron microscopy (TEM) to identify
fine-scale exsolution microstructures of hematite and ilmenite
in metamorphic and igneous rocks that exhibited significant
NRMs. In all of these studies, the saturation magnetizations
of the rocks were higher than would be estimated from their
hematite contents, suggesting that the unusually large magnetic
signals were associated with the interfaces between the coherently intergrown hematite and ilmenite phases (McEnroe et al.
2002). Kasama et al. (2004) studied the microstructures and
compositions of magnetic minerals in metamorphic rocks with
different magnetic properties and confirmed that the acquisition
of stable NRM was likely to be related to the presence of fine
exsolution lamellae.
Monte Carlo simulations have been used to relate the ferrimagnetic moment of an intergrowth of hematite and ilmenite
to the arrangement of cations and spins at interfaces between
the two phases (Harrison and Becker 2001). Robinson et al.
(2002, 2004) and Harrison (2006) used Monte Carlo simulations
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to estimate that the saturation magnetization of an intergrowth
of hematite and ilmenite lamellae can be stronger than that of
end-member hematite if all of the interfacial moments are “inphase,” i.e., oriented in the same direction. They defined this
“lamellar magnetism” as being due to “contact layers,” i.e., cation
layers at interfaces between hematite and ilmenite that do not
correspond to the chemistry of either hematite or ilmenite. The
lamellar magnetism hypothesis has been discussed in detail by
Robinson et al. (2004). Kasama et al. (2003) used high-resolution
TEM and energy-filtered TEM (EFTEM) to show that hematite
and ilmenite can have coherent interfaces, with compositional
transition widths of less than a few nanometers, which is a key
requirement of the lamellar magnetism hypothesis.
There have been several attempts to prove the lamellar
magnetism hypothesis experimentally. It has been shown from
the relationship between crystallographic orientations and NRM
directions that NRM vectors appear to be parallel to the a-axes
of hematite and ilmenite, as predicted by the lamellar magnetism
hypothesis (Robinson et al. 2006). Although these measurements
can be related to the sublattice magnetization direction of hematite, they cannot be linked directly to the lamellar interfaces.
Some of the measured moments may be associated in part with
spin canting.
Mössbauer spectroscopy studies have suggested the presence
of a minor ferrimagnetic component, which could originate from
a cation arrangement of Fe2+ and Fe3+ at lamellar interfaces (Dyar
et al. 2004; Frandsen et al. 2007).
McEnroe et al. (2000, 2001a, 2001b, 2002, 2004a, 2004b,

