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Abstract.  We have examined finely exsolved oxides of the hematite-ilmenite solid-solution series 
found in slowly cooled middle Proterozoic igneous and metamorphic rocks.  These oxides impart 
unusually strong and stable remanent magnetization. Transmission electron microscopy (TEM) analysis 
shows multiple generations of ilmenite and hematite exsolution lamellae, with lamellar thicknesses 
ranging from millimeters to 1-2 nanometers. Rock-magnetic experiments suggest that the remanence is 
thermally locked to the antiferromagnetism of the hematite component of the intergrowths, yet is 
stronger than expected for a canted antiferromagnetic hematite or coexisting paramagnetic Fe-Ti-
ordered (R 3) ilmenite. In alternating field experiments a stable magnetization is observed in these 
samples to fields of 100 to 120 mT, indicating that the natural remanent magnetization (NRM) is stable 
over billions of years. This feature has implications for understanding magnetism of deep rocks on 
Earth, or on planets like Mars that no longer have a magnetic field. Atomic-scale simulations of an  
(R 3) ilmenite lamella in a hematite host, based on empirical cation-cation and spin-spin pair interaction 
parameters, show that boundary regions of the lamellae are occupied by “contact layers” with a hybrid 
composition of Fe ions, intermediate between Fe2+-rich layers in ilmenite and Fe3+-rich layers in 
hematite. In this paper we review current data and explore further the nature of the interface.   

1. Introduction 
Lamellar magnetism is a recently proposed ferrimagnetic substructure [1,2] suggested to occur at the 
interfaces between fine precipitates of ilmenite and hematite. Grains of finely exsolved hematite–
ilmenite (Fe2O3–FeTiO3) have been shown to carry a strong and extremely stable remanent 
magnetization, suggesting an explanation for some magnetic anomalies in the deep Earth and on 
planetary bodies that no longer retain a magnetic field [3-6]. Large magnetic anomalies have been 
mapped by the Mars Global Surveyor in the area above the ancient cratered crust of Mars [7-8]. The 

Institute of Physics Publishing Journal of Physics: Conference Series 17 (2005) 154–167
doi:10.1088/1742-6596/17/1/022 Fifth International Conference on Fine Particle Magnetism

154© 2005 IOP Publishing Ltd



 

 

 

strongest anomalies measured at elevations of 100-200 km have amplitudes up to 1500nT, though the 
magnetic anomalies observed over the younger Martian terranes are much weaker.  The magnetic 
anomalies, with the lack of a global magnetic field, indicate the magnetization measured is due to 
memory of an ancient magnetic field i.e., a remanent magnetization. Reasonable models of the large 
anomalies on Mars require intensely magnetized rocks with average natural remanent magnetization 
(NRM) of 20 A/m and very large volumes of rock, in 100 km wide and 30 km thick crustal slabs [7-9].  

The rocks that produce these anomalies are required to preserve their magnetic properties over 
billions of years.  For that to happen, the magnetic mineral (or minerals) holding the remanent memory 
need to have a strong temporal stability and high coercivity.  It is difficult to use anomalies on Earth as 
analogs for Mars, because of Earth’s strong internal magnetic field, such that many Earth magnetic 
anomalies have a large component due to the interaction of the magnetic minerals with the inducing 
field.  In rocks with multidomain (MD) magnetite this interaction commonly dominates over the 
permanent memory of the ancient magnetic field acquired when the metamorphic or igneous rocks 
cooled through their Néel or Curie temperatures, or grew chemically at lower temperatures.  

Diverse rocks with Fe-Ti oxides that have lamellar magnetism have very similar magnetic 
properties, and the effects are clearly shown in aeromagnetic surveys.  In the Proterozoic (~1 billion 
years) Rogaland area, south Norway, the aeromagnetic signature is dominated by the Bjerkreim-
Sokndal layered intrusion (BKS, Figure 1) that covers an area of 250 km2, and by adjacent hemo-
ilmenite bearing anorthosites. Over the BKS intrusion the magnetic anomalies change from magnetic 
lows (blue) where a remanent vector with negative polarity is dominant; to induced anomalies (red)  
 

 

Figure 1. Aeromagnetic map of south Rogaland from a fixed-wing survey. The BKS intrusion 
forms the large inverted “U” right center.  The anomaly values are relative to IGF (1965) 
reference field. Colour shades: pink = strong positive anomalies; blue = strong negative 
anomalies; yellow and green = intermediate values. Coastline outlined in white.  Scale in 
nanoteslas, modified from [10]. Image in Figure 2 includes Åna Sira anorthosite (big negative 
anomaly, lower right) and southeast part of BKS. 
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with a positive vector dominated by the interaction of the oxide minerals with the present-day 
magnetic field [10].  

The early oxide to crystallize from the magma was ferri-ilmenite that exsolved hematite with 
cooling. As the magma evolved it became more reduced, leading to crystallization of magnetite, 
followed by titano-magnetite that exsolved ulvöspinel with cooling.  The norite layer in unit IVe in the 
BKS intrusion contains discrete ilmenite grains with hematite lamellae.  Also present are 
orthopyroxene grains with fine blades of ilmenite with exsolved hematite. Unit IVe forms a very large 
magnetic anomaly mapped continuously for over 20 km.  The most prominent part of the negative 
anomaly, shown in a high-resolution helicopter survey (Figure 2), with amplitude –13,000 nT and in 
ground magnetic profiles down to -27,000 nT below background, occurs where cumulate layering is 
near vertical at the southeast edge of the Bjerkreim Lobe of the intrusion at Heskestad.  The shape and 
magnitude of this anomaly is controlled by the direction of the remanent vector, which is nearly 
antiparallel to the Earth’s present day field [11-12].  Detailed ground-magnetic profiles confirm the 
near source of the anomaly.  Ground-magnetic traverse maps show a low of only 19,000nT in a 
background of a regional field of 52,000 nT.  Samples have natural remanent magnetization intensities 
of 60 A/m with upward pointing vectors.   We successfully model the anomaly using the measured 
magnetic properties [11]. 

 

 
Figure 2.  Low angle 3D image with illumination from the east made from the high-resolution 
helicopter survey data flown over the southern part of the Bjerkreim-Sokndal layered intrusion 
[modified from 11].  

 
Remanent magnetic anomalies dominate the aeromagnetic surveys over deep-seated Proterozoic 

rocks of southern Sweden and the Adirondack Mountains, eastern USA [3-6, 13-15], where similar 
rock properties and exsolution textures have been observed, though in rocks with different oxide bulk 
compositions and thermal evolution.   

Current research is focused the interpretation of aeromagnetic anomalies, on rock-magnetic 
experiments at all temperatures, observational and analytical transmission electron microscopy (TEM), 
effects of pressure and compositional variations on the Fe2O3–FeTiO3 phase diagram with special 
emphasis on the magnetic phases, crystal-chemical reconstructions, and additional atomic simulations 
of lamellar interfaces. Here we review the present data and examine the results of recent experiments 
aimed at understanding the magnetic properties of fine exsolution lamella and their contact layers. 
 
2. Mineralogy 
Common to all the studied areas, where remanent magnetic anomalies dominate the magnetic response 
of the rocks, are oxide minerals of the hematite-ilmenite (Fe2O3-FeTiO3) solid solution series. The 
relationships between cation ordering, magnetic ordering, and subsolvus exsolution determine the 
overall magnetic properties in the series [16-18], and of lamellar magnetism in particular.  
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2.1 Structure and crystal chemistry 
Hematite (Fe2O3) has the corundum structure (Fig. 3a) with space group R3c , based on an 

approximately hexagonal close packed arrangement of oxygen anions, with Fe3+ cations occupying 2/3 
of the octahedral sites in layers parallel to (001). Ilmenite (FeTiO3) adopts a related structure (space 
group R3) (Fig. 3b), with Fe2+ and Ti partitioned onto alternating α and β layers. The solid solution 
contains a mixture of Fe2+, Fe3+, and Ti. Fe3+ is distributed equally over the α and β layers at all 
temperatures and bulk compositions, whereas Fe2+ and Ti are partitioned into α and β in ilmenite-rich 
compositions at low temperatures ( R3) and become randomly distributed over both layers at high 
temperatures ( R3c ). 

 

 

Figure 3.  Structure of hematite with alternating layers of Fe3+.  Fe is disordered in 
hematite where it is ordered in ilmenite. 

 
Hematite has a canted antiferromagnetic (CAF) structure with a Néel temperature, TN = 675 °C. The 

sublattice spins lie within the basal plane but are rotated by a small angle about [001], producing a 
weak parasitic magnetic moment perpendicular to the alignment of the spins [19]. End-member 
ilmenite has an antiferromagnetic structure with spins parallel to [001] and a Néel temperature of ~57 
K. Disordered intermediate ilmenites are CAF, with a similar magnetic structure to end-member 
hematite. Ordered but metastable intermediate ilmenites are ferrimagnetic, because the concentration 
of Fe on the α and β layers is unequal [16, 20-24]. 

 
2.2 Phase diagram 
The equilibrium phase diagram at 1 atmosphere (Figure 4) shows the positions of the magnetic- and 
cation-ordering phase transitions constrained by experimental data [23-26].  The miscibility gap is not 
well constrained and estimates of its position have been made using different thermodynamic 
approaches [16-17, 25-30].  
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Figure 4. Summary of phase relations in the ilmenite-hematite solid solution at 1 
atmosphere: R3c  = cation disordered; R3  = cation ordered; P = paramagnetic; CAF 
= canted antiferromagnetic; FM = ferrimagnetic; AF = antiferromagnetic; SP = 
superparamagnetic; SG = spin glass. Closed circles are Tod for the R3c  to R3  phase 
transition [16, 31]. Endmember Tc’s and SP, SG, and AF fields are taken from 
Ishikawa et al. [23]. The miscibility gap is taken from [30]. Dashed line shows the 
metastable extension of the magnetic-ordering transition for intermediate 
compositions quenched from above the miscibility gap. Filled solid areas show 
regions of superparamagnetic (SP) and spin glass (SG) behavior Modified from 
Harrison in [5]. 

 
 

Thermodynamic models indicate a miscibility gap below 700-800 °C, separating a paramagnetic 
hematite-rich phase (P R3c ) from a paramagnetic ilmenite-rich phase (P R3). At lower temperatures, 
the hematite-rich limb of the miscibility gap approaches the magnetic ordering transition, causing the 
P R3c  phase to become canted AF (CAF R3c ). At equilibrium, magnetic ordering in the hematite-
rich phase leads to the eutectoid reaction P R3c  → CAF R3c  + P R3 , and a widening of the gap. The 
equilibrium state below the eutectoid consists of an intergrowth of CAF R3c  and P R3  phases, with 
compositions that diverge toward pure hematite and pure ilmenite, so that intermediate- to Ti-rich 
compositions can be magnetic only below the eutectoid. The size distribution and spatial arrangement 
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of these phases is a complex function of the cooling history.  The natural samples under study 
crystallized at 5-10 kbar pressure, but pressure effects on phase relations are poorly constrained.  

The temperature of the eutectoid reaction has been estimated by several authors using a variety of 
thermodynamic approaches. Burton [28] used the cluster variation method to determine a value of 
525 °C.  Ghiorso [30] used a macroscopic thermodynamic model of coupled magnetic and cation 
ordering to determine a value of 390 °C (this value is used in Figure 4). In the light of new 
experimental data on the cation ordering phase transition in Ilm60-Ilm100 [16], Harrison and Becker 
[17] used Monte Carlo simulations to determine a value of 527°C. Further refinements to the model 
used by Harrison and Becker [17] confirm this value (Harrison, pers. comm.). Given that the 
approaches used by Burton and Harrison both take proper account of short-range cation and magnetic 
ordering, our preferred value for the eutectoid temperature is ~ 525 °C. 
 
2.3 Exsolution microstructures 
A universal feature of these samples is the abundance of exsolution of ilmenite in hematite hosts, and 
of hematite in ilmenite hosts [1-6, 14, 32-33]. Optical microscopy and scanning electron microscopy 
images (Fig. 5) show a range of lamellar thicknesses from several microns down to the limit of these 
techniques. Observations of exsolution were subsequently made at even higher resolution in 
transmission electron microscopy (Figures 6, 7), and, using images produced by electron energy loss 
spectroscopy. The images show that these materials contain abundant lamellar interfaces and that the 
lamellae continue down to a thickness no more than 1-2 nm, (about one six-layer unit cell of a 
rhombohedral oxide). Images also show that the interfaces of the finest lamellae are coherent and have 
considerable lattice strain, a feature that may enhance coercivity and the Curie/Nèel temperature.  
 
 

 
Figure 5a.  SEM image of Ti-hematite grain 
with exsolution of ilmenite (FeTiO3) and rutile 
(TiO2). Rutile commonly forms as plates or 
needles and the ilmenite is exsolving on (001) 
planes of hematite. Scale bar is 2 µm. 

Figure 5b.  SEM image of ilmenite (FeTiO3) 
grain (grey) with exsolution of Ti-hematite 
(white).  First generation hematite lamellae 
contain abundant later ilmenite lamellae. Scale 
bar is 10 µm. 

 
The nature, form and distribution of the exsolution lamellae were not known until high-resolution 

TEM studies were made.  Previously our magnetic interpretations of lamella size were based on 
optical and later SEM images with a resolution of only 100 nm. The nature of fine lamella formation 
[4-6, 14] left from previous exsolution cycles was a key aspect to the development of the concept of 
lamellar magnetism. A set of bright field TEM images in Figure 6 shows the development of lamellae 
in an ilmenite host. Figure 6a shows a coarse early generation hematite lamella most probably 
originally separated from ilmenite as R3c  hematite, with subsequent development of fine ilmenite 
lamellae. Adjacent to the large hematite lamellae in Figure 6a, the ilmenite is homogeneous. With 
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increasing distance from the hematite lamella, the ilmenite develops a finely mottled texture (Fig. 6b), 
which in turn develops into discrete fine-scale precipitates of hematite (Fig. 6c) with dark strain 
shadows in ilmenite near contact interfaces.  

 
         Hematite lamella                                  mottled texture                   mottling coarsens into fine  
                                                                                                                             hematite lamellae 

 
 
Figure 6.  Bright field TEM images of exsolution lamellae in ilmenite host showing relict chemical 
gradients (from a to c). Scale of exsolution ranges from ~ 1µm to 4nm (modified from [5]. 

 
 

 
 
Figure 7.   Fine-scale exsolution of ilmenite in hematite host from an Adirondack 
sample, bright field image for a-c.  (a) hematite with large ilmenite lamellae (> 100 
nm in width) and abundant very-fine ilmenite lamellae (vf-ilm) and rutile (rut). b) 
fine and vf- ilmenite lamellae close to end of large ilmenite lamellae. c) hematite 
with vf- ilmenite lamellae. The arrows indicate a strain contrast between the host 
and lamellae. d) A dark field image was formed using 003 refection of ilmenite, so 
that ilmenite appears bright. Figure modified from [6] 
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The distribution of coarse and fine lamellae, and mottled texture in Figure 6 are interpreted to 
indicate that there were relict diffusion gradients left from the earlier coarse exsolution process, so 
that, during later fine exsolution, interior regions reached chemical saturation earliest at highest 
temperatures whereas exterior regions reached saturation at lowest temperatures, where only mottling 
occurred. These observations had an important influence in developing models of high lamellar yields, 
enhancing the possibility for abundant interfaces. 

In hematite-rich samples (Figure 5a), there are first-generation ilmenite PM R3  lamellae parallel to 
(001), and second and subsequent generations of ilmenite PM R3  and hematite lamellae CAF R3c  
parallel to (001).  In the bright field TEM images of hematite host material (Figure 7) abundant very 
fine lamellae of ilmenite down to 1-2 nm in thickness are found between the larger 100 nm ilmenite 
lamellae that were observed on the SEM images. In regions where no discrete larger lamellae are 
visible, the hematite has developed a very-fine-scale mottling, indicative of chemical heterogeneity on 
a unit-cell length scale (~1-2 nm).  These fine-scale lamellae are always surrounded by strain contrast 
(arrows in Figure 7b) indicating the interface between the lamellae and host are coherent. The dark-
field image shown in figure 7d and electron diffraction patterns revealed that the fine-scale lamellae 
(smaller than 10 nm in thickness) lie on the (001) planes of the titanium-rich hematite hosts and the 
interfaces were structurally sharp. The large strain contrast between fine-scale lamellae and the host 
has been observed in all studies we have made. 

Because of the high thermal stability and coercivity of these samples, understanding the nature of 
the magnetization is also of interest for commercial applications, if the exsolution is reproducible in 
the laboratory. Common to all samples are grains of ilmenite–hematite with multiple generations of 
exsolution lamellae, with thicknesses ranging down to unit-cell scale (1–2 nm), about the thickness of 
one six-layer unit cell of rhombohedral oxide. 

 
3. A new ferrimagnetic substructure 
To gain an understanding of how fine-scale exsolution might influence the magnetic properties of 
these solid solutions, Monte Carlo simulations were made of lamellar interfaces (Fig. 8). Chemical and 
magnetic interactions of Fe2+, Fe3+ 

and Ti4+ ions were studied for nearest- and next-nearest-neighbor 
locations [1-2, 5-6, 17, 34]. Monte Carlo simulations involved moving individual atoms to new 
locations, until a picture of individual stable locations formed.  Because Ti

4+ 
is not paramagnetic, it 

shields ilmenite Fe
2+ 

from magnetic interaction above 57 K. The resultant model has lamellae bounded 
by "contact layers" parallel to (001).  These layers are hybrids of ~half Fe

2+
 ions as in ilmenite and 

~half Fe
3+ 

as in hematite. Formation of contact layers is proposed to reduce, but not eliminate, electron 
charge imbalance and lattice strain along interfaces.  Figure 8 shows a PM ilmenite lamella within a 
24-layer antiferromagnetic hematite.  The two contact layers on top and bottom of the lamella have 
parallel magnetic moments to the left, weaker than hematite Fe

3+  
layer moments, but coupled with 

them antiferromagnetically.  The two contact-layer moments are balanced against one odd hematite 
layer moment to the right to produce a net magnetic moment per lamella ~4µB to the left.  Intensity of 
lamellar magnetism depends on the proportion of lamellae with parallel magnetic moments 
(magnetically in phase) and the abundance of exsolution. The proportions of magnetically in-phase 
lamellae may be enhanced when (001) planes are oriented parallel to the magnetizing field during 
phase separation. Under perfect in phase-conditions, a lamellar magnetic material could have a 
saturation magnetization up to 150 kA/m, 70 times stronger than pure hematite, while retaining the 
high coercivity and thermal properties of single-domain hematite.  
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Figure 8. A snapshot of the equilibrium configuration of cations and spins generated below 
the eutectoid temperature. The lower half of the figure corresponds to cation disordered 
antiferromagnetic hematite, the upper half to cation ordered paramagnetic ilmenite. The 
ilmenite lamella is terminated on both sides by a layer Ti, followed by a mixed Fe2+/Fe3+ 
'contact layer', and finally a layer of Fe3+. This symmetrical termination naturally creates an 
imbalance between the number of left and right spins, and hence a stable net magnetic 
moment. 

 
4. Magnetic properties  
Samples with exsolution microstructures have magnetic properties that are significantly different from 
samples that have the same chemical compositions, but do not have exsolution lamellae. All exsolved 
samples measured, whether the host is ilmenite, or hematite, have high natural remanent 
magnetizations (NRM).   Exsolved samples also show significantly higher medium destructive fields 
(MDFs) and coercivities than samples that contain only unexsolved oxides.  MDFs for samples that 
contain ilmenite with hematite exsolution are ~70 mT.  When hematite is the host grain with ilmenite 
exsolution MDFs are greater than 100 mT.  

In thermal demagnetization experiments, samples all show a high thermal stability (Figure 9).   
Ilmenite host samples have lower unblocking temperatures than hematite host samples, however all 
have higher unblocking temperatures than inferred from their hematite compositions measured by 
TEM. 
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Figure 9.  Thermal demagnetization curve 
of a titanium-rich hematite with exsolution 
of ilmenite and rutile (see image in figure 
5a).   J/Jo is the magnetization at each step; 
either heating up to 670oC, or in an 
alternating field in 10 mT steps up to 80 
mT, normalized to the initial untreated 
value.  All samples show high thermal 
stability with little loss in magnetization 
until 600-610oC.  Inset shows alternating 
field demagnetization to 80 mT.  Samples 
are very stable and show no loss in 
magnetization up to peak field. 

 
Room temperature magnetic hysteresis measurements of ilmenite host samples (Figure 10), with 

hematite lamellae, that range from a few microns to 1-2 nm, typically have saturation remanence to 
saturation magnetizations ratios (Mrs/Mr) of ~ 0.2 [35].  These ratios are lower than samples of host 
hematite with ilmenite lamellae with ratios ~ 0.6 to 0.7 [3 and 6].  Ilmenite host samples with large 
first generation hematite exsolution, 10µm or greater (figure 5b), have a harder coercivity (Figure 11) 
than the ilmenite samples with hematite exsolution of only a few µm.  In both cases the larger 
lamellae, from > 10µm to at least as small as 20 nm in thickness are shown to be exsolved. 
 

 

 
 
Figure 10.  Room 
temperature hysteresis 
loops of a paramagnetic 
ilmenite with hematite 
lamellae ranging in 
sizes from ~ 3µm to 1-
2 nm in thickness.  

 
Coercivity of saturation (Hc) values for ilmenite host samples are typically between 40 and 70 mT. 

Hematite host samples have significantly larger Hc values, usually between 150 and 330 mT. Ratios of 
coercivity of remanence (Hcr) to coercivity of saturation (Hc) in samples of ilmenite host with 
hematite lamellae are between 2 and 3, whereas hematite hosts with ilmenite lamellae are near 1. 
These differences are due to the nature of the host, a paramagnetic ilmenite, or an antiferromagnetic 
hematite.  Though there are differences in magnetic properties across the solid solution series, all the 
exsolved samples studied from this solid solution have relatively high coercivity and NRMs. These 
properties contrast sharply with those from multidomain hematite samples that have little or no 
exsolution, where Hc values are much lower, in the range of 3-10 mT [36]. 
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Figure 11. Room temperature 
hysteresis loop of ilmenite with 
coarse hematite lamellae (> 10 
µm).  All hematite lamellae 
contain abundant nm ilmenite 
lamellae. Ilmenite host material 
also contains abundant hematite 
lamellae, down to a few nm in 
size.  Ms = 100 mA/m; Mr/Ms 
is 0.61 and Hcr/Hc is 1.1. 

Generally magnetic properties of fine particles have strong size dependence. Grains of magnetite 
and hematite smaller than 30 nm are usually superparamagnetic.  In the hematite host samples AC 
susceptibility measured in multiple frequencies with decreasing temperature indicate that the smallest 
lamellae are magnetically stable, even though the scale of exsolution, ~1-2 nm, is down to the unit cell 
size of the material.  Mössbauer measurements on ilmenite with micron and nanoscale hematite 
lamellae shows only magnetically ordered phases [35]. 
 
5.  Nature of the interface between ilmenite and hematite exsolution 
The nature of the interface between the lamellae and the host material has not yet been fully 
determined. We sought evidence for exchange coupling between lamellae and host phases and 
designed magnetic experiments to explore this.  

Rotational hysteresis (WR) was determined with a high-field torque magnetometer [37] to investigate 
whether there is exchange coupling between the antiferromagnetic hematite and the ferrimagnetic 
contact substructure. The torque of the sample was measured by rotating the sample in progressively 
higher fields, first by 360° in one direction, and then in the reverse direction. WR was calculated from 
the area between the two torque curves. The torque curves are dominated by an asymmetric 2θ-signal, 
which is characteristic for hematite [38-39]. WR increases as a function of applied field until reaching 
a peak between 1200 and 1500 mT and decreasing at higher fields. Vanishing WR is typical for an 
anisotropic (anti)ferromagnetic phase that has not reached its saturation field. Above the saturation 
field WR will disappear.  Samples that undergo exchange interaction show non-vanishing WR with 
progressively higher fields. 

 
Figure12. Within plane rotational hysteresis  

 
In addition to rotational hysteresis measurements, zero field-cooled and field-cooled hysteresis 

measurements were made at low temperature to test for the possibility of exchange coupling between 
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the oxide phases. There was no shift observed between the zero field-cooled and field-cooled 
hysteresis loops, and the shape of the hysteresis loop is similar to the room temperature hysteresis 
loop.  If exchange coupling were present in these samples then a shift in the hysteresis loop would be 
expected when the sample is field cooled [40-41].    

Because there is a vanishing WR, and no observed shift in the hysteresis loops, there is at present no 
evidence for exchange interaction between the hematite, the ilmenite or the ferrimagnetic substructure 
though all samples contain abundant exsolution lamellae from the micron size down to 1-2 nm.  These 
negative results of tests for exchange coupling in these samples agree with our concept of lamellar 
magnetism as a single ferrimagnetic substructure related to coherent contacts between hematite and 
ilmenite regardless of which is the host.   
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