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Rocks from large remanent magnetic anomalies on Earth have been found to contain exsolved rhombohedral
oxides, which also have been proposed as earth analogues for the rocks creating the observed large remanent
anomalies on Mars. Theoretical considerations and previous case studies of natural rocks have shown that
the natural magnetisation is carried by lamellar magnetism due to uncompensated moments at the
interface between antiferromagnetic hematite and paramagnetic ilmenite. Here, single grains (~250 um) of
titanohematite with ferri-ilmenite exsolution lamellae from Mesoproterozoic metamorphic rock samples in
southwest Sweden and the Adirondack Mountains, USA, are studied using room-temperature Mdssbauer
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Keywords: spectroscopy to identify possible characteristic magnetic signatures of lamellar magnetism. Mossbauer spectra
hematite of synthetic samples of titanohematite (FeggsTip 0503 and FeggTip103) were collected for comparison and
ilmenite showed a dominant six-line magnetic spectrum due to Fe>* in titanohematite with a weak sextet due to Fe? -

lamellar magnetism
nanoparticles

NRM

magnetic anomalies

Fe>" charge transfer. Mossbauer spectra of the natural ilmeno-hematite grains are similar to those for
synthetic titanohematite, but contain additionally two paramagnetic doublets corresponding to Fe?* and Fe**
in ilmenite. However, several grains also contain an additional weak, broad magnetic component that we
assign to iron in contact layers according to the lamellar magnetism model. Similar to the previous Mdssbauer
results for natural hemo-ilmenite, there is no evidence for superparamagnetic behaviour of the nanoscale
titanohematite lamellae contained within coarser ferri-ilmenite lamellae, and no evidence for single-domain
or superparamagnetic magnetite. The compositions of titanohematite and ferri-ilmenite in the individual
ilmeno-hematite grains calculated from the Mdssbauer area ratios show that compositions are closer to end-
member values than the compositions inferred from electron microprobe and transmission electron
microscopy on the same grains, consistent with observations that lamella thicknesses are as small as a few
nm. Bulk compositions of ilmeno-hematite grains calculated from the M6ssbauer data confirm that the
Swedish samples are significantly more ilmenite-rich than the Adirondack samples, and agree with an
estimation of bulk composition through point counting of electron backscatter images. The Mdssbauer data
allow a quantitative estimation of contact layer abundance, which is used to determine the efficiency of
lamellar natural remanent magnetisation acquisition. Because minerals with a high natural remanent
magnetisation efficiency are expected to create larger remanent magnetic anomalies, contact layer abundance
determination by Mossbauer spectroscopy provides a valuable new tool for mineral-based magnetic anomaly
interpretation on Earth and other planetary bodies.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Ilmeno-hematite as a natural remanence carrier

[Imeno-hematite is the mineralogical name applied to a titanohe-
matite host (FeTiOs-bearing Fe,0s3 solid solution) containing exsolution
lamellae of ferri-ilmenite (Fe,0s-bearing FeTiO3 solid solution). [lImeno-
hematite is abundant in oxidised metamorphic rocks on Earth, but
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also is a potential remanence carrier on other planets. The unusually
intense and stable natural remanent magnetisation (NRM) of rocks
containing ilmeno-hematite was highlighted many decades ago as a
source of distinctive magnetic anomalies over Mesoproterozoic meta-
morphic rocks of the Adirondack Mountains, New York (Balsley and
Buddington, 1954, 1957, 1958). More recently the Adirondack rocks
(McEnroe and Brown, 2000) and similar Mesoproterozoic meta-
morphic rocks from southwest Sweden (McEnroe et al., 2001) have
been studied in detail for their magnetic properties in relation to the
associated remanent magnetic anomalies. These studies included
reflected-light microscopy, electron microprobe analysis (EMPA) of
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constituent minerals, transmission electron microscopy (TEM) to inves-
tigate exsolution microstructures at the nanometre level, TEM-EDS
(energy dispersive spectroscopy) analyses to estimate phase composi-
tions at the submicron level (McEnroe and Brown, 2000; McEnroe et al.,
2001, 2002; Kasama et al.,, 2004), and high- and low-temperature mag-
netic properties (943 K and 10 K). All results indicate a strong relation
between exsolution microstructures and unusually strong and stable
remanent magnetisation.

1.2. Lamellar magnetism

Inquiry into the physical origin of these strong remanences led to the
concept of lamellar magnetism (LM; Robinson et al., 2002), which has
been theoretically investigated by atomic Monte Carlo and density
functional simulations of the magnetic properties of lamellar interfaces
(Harrison and Becker, 2001; Robinson et al., 2002, 2004; Pentcheva and
Nabi, 2008). The experimental proof that the natural magnetic rema-
nence originates from nanoscale lamellae formed during slow cooling
(Fabian et al., 2008) is based on the discovery of giant exchange bias
below 50 K in some ilmeno-hematite bearing rocks (McEnroe et al.,
2007a; Harrison et al., 2007; Fabian et al., 2008). Exchange bias requires
the magnetic moment to be linked to exchange-coupled interfaces
which here occur between the host and the lamellae.

1.3. Mossbauer spectroscopy on ilmeno-hematite

The magnetic properties of ilmeno-hematite minerals are entirely
due to the site occupancies, valences of Fe ions, and magnetic inter-
actions in the oxide-mineral structures and intergrowths. Therefore,
Mossbauer spectroscopy is a natural approach to study the relation
between nanoscale lamellae and host material. Previous Mdssbauer
investigations of hemo-ilmenite (ilmenite with hematite exsolution)
at room temperature (Dyar et al., 2004), room- and low-temperature
(Frandsen et al., 2007) and their magnetic properties (McEnroe et al.,
2002, 2007b) have highlighted features interpreted to be due to
magnetic interactions at the contact layers. The present work is the
first Mossbauer study of ilmeno-hematite of metamorphic origin, and
further, it uses a novel milliprobe technique (McCammon et al., 1991)
to examine single grains extracted from polished rock thin sections.
This approach was required because the selected rocks have only a
small percentage of magnetic oxides, and, although the magnetic
remanence of these rocks is dominated by ilmeno-hematite, some
samples also contain multi-domain magnetite that would add further
components to the Mdssbauer spectra and reduce the possibility of a
unique deconvolution.

1.4. Efficiency of lamellar natural remanent magnetisation

The Mossbauer results presented here provide a method to
quantify the amount of contact layers at lamellar interfaces inside
the ilmeno-hematite minerals. In combination with bulk magnetic
measurements, this allows us to calculate the efficiency of NRM
acquisition for a lamellar magnetic material. In agreement with a
previous estimate from low-temperature exchange bias (Fabian et al.,
2008), this efficiency turns out to be an order of magnitude larger than
the typical efficiency of thermoremanent-magnetisation acquisition
in single-domain (SD) magnetite. This explains the occurrence of
large remanent magnetic anomalies over rocks containing lamellar
magnetism oxides. It also may provide valuable information for the
interpretation of Mossbauer measurements from planetary material
in terms of its potential link to remanent magnetic anomalies. In
addition, fundamental knowledge of the physical environment of Fe in
ilmeno-hematite contact layers may have technological importance
for the design of thin films based on ilmenite-hematite intergrowths,
particularly where large exchange bias derives from the exchange
coupling across the interface.

2. Experimental methods
2.1. Description of natural samples

Four natural ilmeno-hematite samples (S17, S19, S47 and AD34)
were selected for this study, where extensive aeromagnetic surveys,
as well as laboratory measurements on individual rock samples
(magnetic properties, TEM, electron microprobe) had already been
made. The fractions of rhombohedral oxides and magnetite were
estimated using point-counted modes, supplemented by measure-
ments of magnetic susceptibility which can be linked to magnetite
content. NRM and susceptibility were measured on inch-core samples
(cylinders of 2.54 cm width and height), and thin sections were
subsequently cut from these cores.

Samples S17 and S19 are from a mafic body in the pyroxene-
granulite region near Godestad in southwestern Sweden. The texture
and contact relations of the body suggest it was originally a gabbro or
diorite that was either originally an oxidised igneous rock, or was
oxidised by externally derived fluids, and then subjected to granulite-
facies regional metamorphism. Pyroxene exsolution characteristics
suggest the samples were subjected to prolonged annealing around
600 °C (McEnroe et al., 2001). At about this temperature, the oxides
appear to have been homogeneous intermediate titanohematite, ferri-
ilmenite, and end-member magnetite. The presently observed exsolu-
tion in hematite and ilmenite occurred on cooling below 520 °C, and
electron microprobe and TEM analyses of sample S19 have been
reported in McEnroe et al. (2001). The present study concentrates on
selected grains of ilmeno-hematite (Fig. 1a,b). Modal analyses of
samples S17 and S19 show ~3% rhombohedral oxide and 1% multi-
domain magnetite. Their NRM values of ~18 A/m are extremely high for
metamorphic rocks, whereas susceptibility values of =~0.04 (SI)
are common for granulite-grade rocks. Samples S17 and S19 lose
little remanence by alternating field demagnetisation up to 100 mT,
and both have high unblocking temperatures between 550 °C and
630 °C. Hysteresis measurements of mineral separates of ilmeno-
hematite show bulk coercivities Hc> 150 mT.

S47-4 was one of several samples of hornblende-plagioclase
amphibolite from the amphibolite-facies zone in southwestern
Sweden, which lies northwest of the granulite-facies zone and
separated from it by a “Mylonite Zone”. It may have a similar origin
to the mafic rocks of the granulite-facies zone, but with a more
hydrous subsequent metamorphism. In sample S47-4 there are only
two host oxides, titanohematite, now extensively exsolved (Fig. 1d),
and end-member magnetite. Within the ilmeno-hematite there are
minor grains (some black dots in Fig. 1d) of corundum within ilmenite
exsolution lamellae. Locally, there are minute needles of rutile which
appear to have formed prior to ilmenite exsolution. Titanite rims
surround ilmeno-hematite grains, probably formed at lower tem-
peratures than the dominant oxide exsolution. Point counting of
sample S47-4 yielded 0.61% oxide, of which 0.11% is magnetite and
0.5% is ilmeno-hematite. S47 has the same magnetic characteristics as
S17 and S19: hardness, high unblocking temperature and stable
magnetisation. The NRM and susceptibility values are 3.3 A/m and
0.012 (SI), respectively.

Sample AD34-1 is a microcline-sillimanite gneiss from the Russell
Belt of the Adirondack Highlands near the boundary between the
amphibolite-facies region of the Lowlands and the granulite-facies
region of the Highlands. Its chemistry and mineralogy suggest that
it originated as a rhyolitic lava or tuff that suffered hydrothermal
alteration and/or weathering, resulting in significant removal of
alkalis (hence the sillimanite) and oxidation before metamorphism.
The dominant oxide in the microcline-sillimanite gneiss is again
ilmeno-hematite, a titanohematite host with fine ilmenite exsolution
(Fig. 1¢), with minor rutile and rare magnetite. Eight samples from the
same location (AD34) were measured for magnetic properties, and
electron microprobe analyses of samples AD34-6 and AD34-7 are
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Fig. 1. (a)-(c) Optical photomicrographs in reflected light of single ilmeno-hematite
grains of titanohematite host (light grey) containing ilmenite lamellae (dark grey) from
samples (a) $19.5 (grain #2), (b) S17.2 (grain #2) and (c) AD-34-1 (grain #2). The small
black areas are due to, Al-spinel, corundum, cracks or holes. The Mdssbauer spectra
taken from the regions enclosed by the white dashed lines are shown in Fig. 3a-c.
(d) Backscattered electron image for titanohematite (light grey) S47-4 containing
ilmenite lamellae (dark grey). The grain analysed by Mossbauer spectroscopy was from
the same rock sample, but from a different thin section.

reported by McEnroe and Brown (2000). TEM analyses of sample
AD34-5 and AD34-4 were performed by Kasama et al. (2004). The
oxide compositions and observed exsolution lamellae are similar in all
samples. NRM and susceptibility values for AD34-1 are 8.1 A/m and
0.00042 (SI), respectively. Unblocking temperatures are above 600 °C
for all AD34 samples. No magnetite was observed in thin section
AD34-1, which is in good agreement with the very low susceptibility
values and high unblocking temperatures. Similar to the Swedish
samples, alternating field demagnetisation to 100 mT has little effect
on the NRM, and bulk coercivities exceed 150 mT.

2.2. Description of synthetic samples

Synthetic samples of titanohematite with nominal compositions
Feg 95Tig 0503 (Ilmyg) and Feq oTig 103 (Ilmyo) were made as part of the
thesis work of Burton (1982). Samples were synthesized from dried
Fe,03, TiO, (anatase, partly transformed to rutile) and Fe-sponge
(Johnson Matthey and Co. Limited) and a correction was made for
oxidation of the Fe-sponge. Intimate mixtures of these constituents
were prepared by: 1) grinding in an agate mortar under ethanol to
avoid oxidation; 2) drying under a heat lamp; 3) wrapping in silver
foil and sealing in silica tubes that were simultaneously heated and
evacuated. The silica tubes were then annealed at 900-920 °C for at
least 1week, quenched in air, reground and re-annealed at 900-
920 °C for at least one more week. The resulting fine-grained powders
were X-rayed and appeared at that time to be single-phase hematite—
ilmenite solid solution with no detectable pseudobrookite or magne-
tite solid solution phase(s). Using higher precision X-ray diffraction
equipment (T. Boffa Ballaran, pers. comm. 2006), both these samples
were found to contain about 1% magnetite.

2.3. Mdssbauer spectroscopy

Exsolved ilmeno-hematite grains in the natural samples were
identified on thin sections using optical microscopy, and the indi-
vidual grains were removed intact using the commercially available
Medenbach microdrill mounted on a polarising microscope. A
selection of grains from each sample is shown in Fig. 1. Each grain
was mounted on a mylar sheet using clear nail varnish, and masked
with 25 pm thick Ta foil (absorbs 99% of 14.4 keV +y-rays) containing a
hole with diameter in the range of 200-500 um depending on the size
of the grain, resulting in areas of 0.03-0.2 mm? that were measured
using Mdssbauer spectroscopy. From the grain thickness (=30 pm)
and an estimated composition, the dimensionless Mossbauer thick-
ness of each sample was estimated to be roughly 3, which corresponds
to approximately 7 mg Fe/cm?. One of the ilmeno-hematite grains
(S17-2 grain #1) was subsequently discovered to be associated with a
small amount of magnetite, so a Mossbauer spectrum was recorded
over a smaller area of the grain to concentrate the magnetite (S17-2
grain #1 m).

Synthetic titanohematite samples were ground, mixed with
benzophenone to avoid preferred orientation, and loaded into
Plexiglas sample holders with 12 mm diameter. Sample weights
were chosen such that the dimensionless Mossbauer thickness was 2,
which corresponds to approximately 5 mg Fe/cm?.

Mossbauer spectra were recorded at room temperature (293 K) in
transmission mode on a constant acceleration Méssbauer spectrom-
eter fitted with either a nominal 1.85 GBq *’Co conventional source in
a 6 um thick Rh matrix (synthetic samples) or a nominal 370 MBq
57Co high specific activity point source in a 12 pm thick Rh matrix
(single grains). The velocity scale was calibrated relative to 25 pm
thick o-Fe foil using the positions certified for (former) National
Bureau of Standards standard reference material no. 1541; line
widths of 0.28 mm/s (conventional source) and 0.36 mm/s (point
source) for the outer lines of a-Fe were obtained at room temperature.
Spectra took 1 to 2 days each to collect, and were fitted using the
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Fig. 2. Room-temperature Mdssbauer spectra of synthetic polycrystalline titanohematite:
(a) FeposTip0s03; (b) FepoTig103. The spectra were fit using a Voigt-based fitting analysis
incorporating magnetic sextets for Fe>* in titanohematite (blue online) and a single Voigt
magnetic sextet for Fe>>* in titanohematite (red online; line positions indicated above
spectrum). The relative areas of the Fe?>* sub-spectra yield ilmenite compositions that
agree with the nominal chemical compositions (Table 1) when the Fe>* abundance is
taken to be 50% of the Fe?> absorption and Ti is calculated according to the substitution
reaction 2 Fe>' —Fe?* +Ti*", The residual (difference between experimental and
calculated data) is shown above each spectrum, and is plotted on the same vertical scale as
the spectra. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

commercially available fitting programme NORMOS written by R.A.
Brand (distributed by Wissenschaftliche Elektronik GmbH, Germany).

3. Results
3.1. Synthetic samples

Méossbauer spectra of synthetic Ilm10 and [lm20 are similar
to those previously reported (Warner et al., 1972), and show a

Table 1
Hyperfine parameters derived from room temperature Mossbauer data.

magnetic sextet corresponding to Fe** in (FeTi),0; with pro-
nounced broadening on the inside shoulders of the outer peaks,
resulting in an asymmetric lineshape (Fig. 2). We fit the Fe3*
in (Fe,Ti),03 contribution using a Voigt-based fitting analysis
(Rancourt and Ping, 1991) incorporating magnetic sextets, and
the additional contribution to a magnetic sextet with Voigt
lineshape. The small amount of magnetite that was detected by
X-ray diffraction does not have an observable influence on the
Mossbauer spectra, where the overlap of lines 5 and 6 of the
magnetite spectrum (which contain peaks from both the B and A
sites) with lines 5 and 6 of the hematite peaks would cause
enhanced intensity near +5 and +8 mm/s. The hyperfine parame-
ters that could be meaningfully determined from the spectra are
given in Table 1.

Low-temperature magnetic measurements from 300 to 10 K show
that these samples have no Morin transition, exactly as expected for a
Ti-substituted hematite (Ericsson et al., 1986). Therefore the spins lie
in the basal plane perpendicular to [0001], and are in the spin-canted
configuration.

The mean magnetic hyperfine field of the Fe*" subspectrum is
lower than the value for pure Fe,03 (52.1T; van der Woude and
Dekker, 1966), consistent with a reduction of the hyperfine field at
the Fe>* site due to substitution of non-magnetic Ti** in the crystal
structure. The additional component has a centre shift intermediate
between the value for Fe** and Fe?*, and is assigned to Fe?*-Fe>*
electron transfer taking place on a time-scale faster than the
Méssbauer effect (=10~ 8s) as suggested by Warner et al. (1972)
based on their Méssbauer data and by Ishikawa (1958) based on high
observed electrical conductivities. The relative amount of Fe?" is
calculated as half of the area of the additional component based on
the valence state Fe?>>", where the relative area is divided equally
between Fe?* and Fe>*. This procedure yields compositions based on
the substitution mechanism 2 Fe* — Fe?* + Ti** that are consistent
with the nominal chemical compositions (Tables 1 and 2). Thus for
Im10, Fe?*goFe?(0sTines03 is 0.90/0.95=0.947 Fe3* and 0.05/
0.95=0.053 Fe?*. Combining 0.053 Fe?™ with 0.053 Fe>* gives 0.106
Fe?>™, leaving 0.894 Fe>* which agrees with the Fe3™ relative area
from Mossbauer data in Table 1. For Ilm20 the corresponding figures
are 0.889 Fe>* and 0.111 Fe?*and 0.222 Fe?>>" and 0.777 Fe>*, also
in agreement with Table 1. All sextets were fit assuming ideal
component ratios (3:2:1:1:2:3) which are valid for absorbers
with random crystallites in the thin absorber approximation.
This assumption appears to be consistent with the observed data

(Fig. 2).

Sample Grain #  Fe’" in hematite Fe?>* in hematite Fe* in ilmenite Fe** in ilmenite
o <2e> <B> Az A o 2¢ B A o AEq r A A
mm/s mm/s T % mm/s mm/s T % mmy/s mm/s mm/s % %
IIm10 - 0.38 —0.21 50.7 2 89(2) 0.55 0.09 47 11(2)
1Im20 - 0.39 —0.22 49.7 2 77(3) 0.54 —0.01 46 23(3)
S17-2 1 037  —020 496 19 52(5) 054 007 46 11(4) 103 070 041  313)  6(3)
1m 0.42 —0.28 50.0 1.6 83(10) 1.10 0.89 0.30 17(10)
2 038  —024 498 19  64(4) 054 007 46  6(3) 102 074 037  273)  4(2)
3 039  —023 502 21 69(4) 054 007 46  3(3) 104 078 035  25(3)  3(3)
S$19-5 1 0.34 —0.22 49.6 3.2 71(6) 0.99 0.62 1.25 29(6)
2 038  —022 497 20 58(3) 054 007 46  53) 102 071 038  303) 7(3)
3 038  —022 499 22  64(3) 054 007 46  6(33) 104 073 031  283)  3(3)
AD34-1 1 038  —022 503 20 8(3) 054 007 46  7(2) 106 084 052  102)  1(1)
2 0.37 —0.23 50.6 3.5 86(4) 0.54 0.07 46 9(3) 0.94 0.88 0.52 6(2) 0(1)
547-3 038  —021 504 20 74(4) 054 007 46  6(33) 105 072 039  19(2)  2(1)
e.s.d. 0.02 0.02 0.5 0.2 0.05 0.10 2 0.05 0.05 0.05
Notes:

26: centre shift relative to a-Fe; 2&: quadrupole shift; B: hyperfine magnetic field; A,3: area ratio of line 2 to line 3; A: relative area; AEq: quadrupole splitting; I': full width at half
maximum; e.s.d.: estimated standard deviation;<N>: weighted mean value of parameter N.

bValues in italics were fixed during the fitting process.
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Table 2
Chemical compositions from Mossbauer data compared with other methods.

Sample Grain # Titanohematite(%“ilm”) Ferri-ilmenite(%"“ilm”) Bulk (%“ilm”)
Moss EMPA TEM Moss EMPA TEM Moss PC
1lm10 - 10(1)
1Im20 = 21(2)
S17-2 avg 2411 93!l
1 16(6) 92(6) 54(6)
2 8(4) 93(4) 47(6)
3 4(4) 95(6) 43(6)
$19-5 avg 21252 164312 88-902 88 +42!
2 8(4) 90(5) 50(5)
3 8(4) 95(6) 48(6)
AD34-1 avg 3-2881 8-1214 70-97 93-10014
1 8(2) 95(7) 24(5)
2 9(3) 100(14) 19(7)
$47-3 avg 16-20"1 91-95!" 40
= 7(4) 95(3) 36(5)
Notes:

Moss: Mossbauer spectroscopy; EMPA: electron microprobe analysis; TEM: transmission electron microscopy; PC: point counting.

4lm”: R**Ti**03; Moss: Méssbauer spectroscopy; PC: point counting.

b«avg” indicates measurements made on grains from the same rock, but different to the grains examined using Méssbauer spectroscopy.
“References for EMPA and TEM data: [1] this work; [2] McEnroe et al. (2001); [3] McEnroe and Brown (2000); [4] Kasama et al. (2004).

3.2. Natural samples

The Mossbauer spectra of natural ilmeno-hematite grains (Fig. 3)
show many similarities with the spectra from synthetic samples; hence
a similar fitting approach was used. We fit the titanohematite
contribution to the fitting model described above, with the lineshape
and peak positions of the Fe?> sextet fixed to the values from synthetic
Feo.95Tig 0503. Because the ilmeno-hematite grains could have preferred
orientation, we allowed the component area ratios (A,3) of the middle
(lines 2 and 5) to the inner peaks (lines 3 and 4) of the Fe*>* sextet to
deviate from the ideal ratio of 2.0 for thin absorbers with randomly
oriented crystallites. The Mossbauer spectra also show a quadrupole
doublet arising from Fe?* in ilmenite, with a shoulder on the low-
velocity side likely due to Fe*>* in the same phase (Frandsen et al., 2007).
The components of the ilmenite doublet could also be unequal due
to preferred orientation, but unfortunately due to the low intensity of
the ilmenite doublet and the strong overlap of components in the
central region of the spectrum, it was not possible to obtain a robust
solution when the ilmenite component area ratio was allowed to freely
vary. However we conducted several fitting trials with different fixed
values of the ilmenite component area ratio, and found that results
(particularly the relative area of the ilmenite doublet) were unchanged
within the given uncertainties. For the final fits, we accordingly added
two Lorentzian quadrupole doublets with conventional constraints
(equal component areas and widths), and due to the low intensity of the
Fe>* in ilmenite doublet we added the following constraints: (1) equal
widths of the Fe?* and Fe>* ilmenite doublets; (2) peak positions of the
Fe>" ilmenite doublet constrained to literature values (Frandsen et al.,
2007). Two of the spectra came from unusual grains (S17-2 grain #1 m
was specifically chosen for the presence of a small quantity of magnetite,
and S19-5 grain #1 showed extremely broad lines, perhaps due to
lattice strain), and were fit to only a single magnetic sextet (Fe>* in
titanohematite) and a single doublet (Fe?* in ilmenite). The hyperfine
parameters derived from all fits are listed in Table 1.

Fe** in natural titanohematite has hyperfine parameters similar to
those of the synthetic samples, with reduced values of the hyperfine
magnetic field due to Ti** substitution and negative quadrupole shifts
typical for the spin-canted structure. Most of the grains yield the ideal
Ay3 value within experimental error, with the exception of two which
show values greater than 3 (Table 1) (neglecting the grain containing
magnetite). This likely arises due to preferred orientation of the
magnetic quantisation axis to lie on average close to parallel to
the plane of the thin section (i.e., perpendicular to the direction of the
v-rays). The spectrum of the grain containing a small quantity of

magnetite (S17-2 grain #1 m) resembled those of other ilmeno-
hematite grains, but with enhanced intensity of lines 5 and 6. These
lines are the ones most affected by the overlap of a multi-domain
magnetite spectrum with a titanohematite spectrum, where lines 5 and
6 of magnetite (containing contributions from both the A and the B
sites) coincide with lines 5 and 6 of titanohematite. Both multi-domain
magnetite and ilmeno-hematite grains are in the area analysed in this
Méssbauer spectrum.

There is a deviation of the residual (difference between experimental
and calculated data) from a horizontal line, most notably for sample
S47-4 (Fig. 3d), but the deviation is also present in most other spectra
from natural ilmeno-hematite grains. The most likely explanation is
the presence of an additional broad magnetic component. We carried
out several trial fits in order to: (1) assess the statistical significance
of including the magnetic component in the fit using an F test (e.g.,
Bevington, 1969); (2) estimate the amount of the magnetic component
that could be present in each spectrum; (3) assess the influence of
including the magnetic component on the derived hyperfine para-
meters of the titanohematite and ilmenite components. One such trial fit
of two of the spectra is illustrated in Fig. 4. From these trials we
established the following: (1) inclusion of the magnetic component
in the fit is statistically significant in spectra from Fig. 3a,b and d to at
least the 99% level, but not the spectrum from Fig. 3¢; (2) the magnetic
component could not be fitted at all to the spectra of synthetic
titanohematite (Fig. 2a-b); (3) the relative areas of the magnetic
component in the natural ilmeno-hematite spectra vary from 4 to 16%;
(4) the detection limit of the magnetic component based on the scatter
of the baseline is estimated to be 5% of the total area; (5) although the
hyperfine parameters (centre shift, hyperfine field, line-width) of the
magnetic component cannot be determined uniquely, the relative
areas between different fitting models do not vary outside the stated
uncertainties and the hyperfine parameters of the other components in
the spectra (titanohematite and ilmenite) are unchanged within their
uncertainties.

4. Discussion
4.1. Crystallographic orientation
Mossbauer spectroscopy provides information on the crystallo-

graphic orientation of magnetically ordered single crystals. For a
magnetic sextet from a single crystal:

Ays = 4(1-cos*0) / (1 4 cos’6), (1)
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Fig. 3. Room-temperature Mossbauer spectra of natural ilmeno-hematite: (a) S17.2
(grain #2); (b) S19.5 (grain #2); (c) AD-34-1 (grain #2); (d) S47-3. All spectra show
magnetically-ordered Fe>* and Fe?°* in titanohematite (blue and red online,
respectively) and paramagnetic Fe?* and Fe>* in ilmenite (green and grey online,
respectively). Line positions are shown as follows above each spectrum (top to
bottom): Fe?* in ilmenite doublet, Fe** in ilmenite doublet, Fe?>* in hematite sextet.
The intensity ratios of the magnetic spectra are close to the ideal 3:2:1:1:2:3 in all
spectra except for spectrum (c), which shows a preferred orientation of the magnetic
quantisation axis relative to the vy-ray direction. Some of the residuals (plotted above
each spectrum on the same vertical scale) suggest the presence of an additional broad
magnetic component, most notably spectrum (d). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

1.00

0.99 1

1.00

Relative transmission

0.99 1

0.98 1

0.97 1

0.96 T y y

Velocity (mm/s)

Fig. 4. Room-temperature Mdossbauer spectra of natural ilmeno-hematite refitted
including a broad magnetic component (shaded grey; red online): (a) S17.2 (grain #2);
(b) S47-4. The presence of the component was found to be statistically significant to at
least the 99% level in both spectra, although the hyperfine parameters cannot be
uniquely determined. For the fits shown, the relative areas of the broad magnetic
component in the upper and lower spectra are 9% and 16%, respectively. We suggest
that the component corresponds to iron in contact layers. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

where 6 is the angle between the y-ray direction and the magnetic
quantisation axis (e.g., Giitlich et al., 1978). For polycrystalline
absorbers the magnetic vectors are averaged over all possible
directions, giving the value A3 =2.0 in the ideal case. The Méssbauer
spectra of most grains from the present study gave A,3 values close
to 2, although several A3 values are above 3 (Table 1). The most
probable explanation for the difference in A,3 values relates to the
fact that the grains analysed using Mossbauer spectroscopy likely
approximate single crystals, similar to observations for hemo-
ilmenite from South Rogaland, Norway (Robinson et al., 2006a). The
grains selected were those which showed the sharpest exsolution
features, and since rhombohedral oxide lamellae are constrained to
exsolve within the basal plane (Robinson et al., 2002), thin sections
tended to be oriented with the basal plane roughly perpendicular
to the surface of the thin section (Fig. 5). The magnetisation vector lies
in the basal plane due to the absence of the Morin transition, and
should be quasi-parallel to one of the a-axes (Robinson et al., 2006a).
Since the <y-ray is always oriented perpendicular to the plane of
the thin section, the value of 6 (Eq. (1)) depends on the angle between
the «y-ray and one of the a-axes (Fig. 5). Therefore for a single crystal
with a single magnetic domain with the (0001) plane exactly per-
pendicular to the plane of the thin section, we would observe a
single A,3 value. In reality, however, there may be different magnetic
domains where the sublattice magnetisation in each domain may be
parallel to a different a axis within the crystal, and there could also be
crystallographic twins along a direction normal to the basal plane,
which would give a sufficient number of different 6 values to
approximate the polycrystalline case of A,3~ 2. For the two spectra
where A,3> 3, this could arise from a more oblique orientation of the



274 CA. McCammon et al. / Earth and Planetary Science Letters 288 (2009) 268-278

A £
,I‘ ‘\ \
gom N [0001]
~g
\J
y-ray

Fig. 5. Schematic diagram of an ilmeno-hematite thin section consisting of a
titanohematite host (unshaded) containing ferri-ilmenite lamellae (black). Grains
studied using Mossbauer spectroscopy were chosen as those showing the sharpest
exsolution features, which occurs when the c-axis (black arrow) lies within the plane of
the thin section. The A,3 ratio is determined by the angle 6 between the vy-ray (dotted
arrow; green online) and the magnetisation vector (Eq. (1)), which for titanohematite
above the Morin transition is quasi-parallel to one of the a-axes (dashed lines; red
online) (Robinson et al., 2006b). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

(0001) planes in the thin section such that the y-ray direction is closer
to being parallel to the [0001] direction, or it could arise if a single
a-axis contained the dominant sublattice magnetisation and it were
nearly perpendicular to the «y-ray. The A, ratio reaches its maximum
value of 4.0 for y-ray propagation exactly along [0001] (6 =90°).

4.2. Bulk composition

Mossbauer spectroscopy probes the atomic environment on a
short-range scale. The hyperfine parameters measured by the
Mossbauer effect are sensitive to at most the second next-nearest-
neighbour shell, which means a scale of less than 0.4 nm for
titanohematite, in contrast to TEM measurements which were made
with a spatial resolution of 1-3 nm (McEnroe et al.,, 2001; Kasama
et al.,, 2004) and electron microprobe data with a spatial resolution of
several pm. We calculated the “ilmenite” (R>*Ti**03) proportion of
the titanohematite host and of the ferri-ilmenite lamellae from the
area ratios of the individual Mossbauer components, and allowed
for the small amount of Mg, Mn, V and Al determined by electron
microprobe and analytical TEM. In nearly all grains the compositions
of the titanohematite host and ilmenite lamellae determined by
Mossbauer spectroscopy were significantly closer to end-member
compositions compared to the range determined by electron
microprobe and TEM on other grains within the same rock sample
(Table 2), which is consistent with the observation that the range of
lamellae widths extends as low as the nm length scale (e.g., McEnroe
et al,, 2001). We note that while compositions are closer to the end-
members according to Mossbauer data, there is clear evidence that
they do indeed deviate from end-member compositions based not
only on the area ratios, but also on the reduced hyperfine magnetic
field and broadened components of Fe>* (Table 1). We therefore
confirm the presence of Ti in titanohematite and Fe>" in ferri-ilmenite
even at the atomic scale.

Maossbauer spectroscopy also provides a means of determining the
bulk composition of the assemblage, which is not easily obtained from
any other method. The relative areas provide not only the Fe>*/>Fe
ratios of the individual phases, but also the relative proportion of the
phases themselves, which we used according to the lever rule to
calculate the bulk “ilmenite” composition of each ilmeno-hematite
grain. Results show that the bulk compositions of the Swedish
samples are significantly more ilmenite-rich than the Adirondack
samples (Table 2). For comparison, we calculated the modes of
titanohematite and ferri-ilmenite (Fig. 1d) through point counting,

with 3504 points. The bulk composition calculated from the point-
counted modes combined with the electron microprobe analyses of
individual phases is 40% “ilmenite”, which is consistent with the value
of 364+ 5% calculated from the Mdossbauer area ratios, particularly
considering that electron microprobe data likely overestimates the
“ilmenite” content of titanohematite. Bulk compositions determined
by Mdssbauer spectroscopy therefore provide a reliable method to
estimate the bulk composition of individual grains. Uncertainties
represent one-o statistics of simultaneously minimising residuals for
the Mdssbauer data and the model.

4.3. Abundance of contact layers

The present study of ilmeno-hematite has shown that the
Mossbauer data have many of the same properties as those reported
earlier for igneous hemo-ilmenite (Dyar et al, 2004; Frandsen
et al., 2007). In particular, Mossbauer spectra show no evidence of
superparamagnetic (SPM) behaviour, which would appear as an
additional quadrupole doublet in the spectrum. This observation
confirms magnetic property measurements indicating that small
nanoscale (<20 nm) hematite lamellae appear to be magnetically
stable. The Mdssbauer spectra also indicate that extremely small SPM
or single domain magnetite grains are not present (these would also
appear as additional quandrupole doublets, for which there is no
evidence in the Mdssbauer spectra); hence supporting the concept of
lamellar magnetism in both types of samples; ilmenite hosts with
hematite lamellae (hemo-ilmenite) and hematite hosts with ilmenite
lamellae (ilmeno-hematite). We suggest that the broad magnetic
component found in our spectra (shaded magnetic component in
Fig. 4) is the same as the ferrimagnetic component originally
identified by Frandsen et al. (2007) in their low-temperature spectra.
Since our spectra were taken from single grains, we can rule out that
the contribution comes from an impurity phase that Frandsen and
colleagues could not absolutely exclude from powdered samples of
hemo-ilmenite with rare silicate inclusions. The most likely explana-
tion for the broad magnetic component is the suggestion of Frandsen
et al. (2007) that it arises from iron in the contact layers, which are
postulated to contain a mixture of Fe?* and Fe>* (Robinson et al,,
2002, 2004; Harrison, 2006). The estimated thickness of the contact
layers (~0.23 nm; Robinson et al., 2006b) is challenging to be imaged
even using TEM. However the size of the contact layers is easily within
the range that can be detected by Mdssbauer spectroscopy.

The identification of iron in the contact layers provides a means to
estimate its proportion, and hence to obtain a rough estimate of the
contact layer abundance. We followed the theoretical approach of
Robinson et al. (2004) by constructing simulation cells of ilmenite
lamellae in a titanohematite host consisting of either 24, 36, 48 or
72 layers with differing numbers of lamellae and compositions
(Fig. 6). We assumed the ilmenite lamellae and titanohematite host
to have the compositions [Im100 and IIm10, respectively, and
calculated the average composition of the contact layers to be 0.525
Fe?*, 0.45 Fe®™ and 0.025 Ti*" based on a 50:50 ratio of IIm100 to
[Im10. For each bulk composition we calculated the density of contact
layers as a function of the proportion of iron in the contact layers (one
example is given in Table 3), and the results are summarised in Fig. 7.
For the spectrum with the highest proportion of iron in contact layers
(S47-3 shows~16% Fec/>Fe), the model gives a contact layer
abundance of roughly 13.5% for the observed bulk composition
(Ilmsg; Table 3). Prior to this work such an abundance has never been
measured directly, only postulated.

4.4. Efficiency of lamellar magnetism calculated from NRM and lamellar
models

An important practical ramification of the Mdssbauer spectros-
copy results is the possibility to estimate the efficiency of lamellar
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Fig. 6. Schematic illustration of 24-layer models of hematite containing (a) one ilmenite
lamella two unit cells thick; (b) two ilmenite lamellae each one unit cell thick; (c) three
ilmenite lamellae each 2/3 unit cell thick. All of these models have the same bulk
composition, Ilmss, but with differing numbers of lamellae. The bulk compositions of the
models are [lmss for a hematite layer composition of Ilm;o and an ilmenite composition
of IImjgo. Each model is constructed so that the top layer is compositionally and
magnetically compatible with the bottom layer, creating a “wrap-around effect” (after
Robinson et al., 2004).

remanence acquisition. The efficiency R quantifies which fraction of
the maximum possible (saturation) remanence is aligned by the NRM
acquisition process. We calculated efficiencies in two equivalent ways,
first from a microscopic perspective considering a model of atomic
layers, and second by a mathematically simpler method using only
bulk measurements and parameters, and show that both methods
yield the same results.

Table 3
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Fig. 7. Relative abundance of contact layers as a function of the amount of iron in the
contact layers for four different bulk compositions: ilm,s (solid line with triangles; red
online); ilms, (dotted line with diamonds; green online); ilmyo (dashed line; with
squares; yellow online); ilmss (dashed-dotted line with circles; blue online). For ilmss,
values were determined using a 24-layer model as illustrated in Fig. 6 and listed in
Table 3. A 36-layer model was required for ilmyo, and 48 layers and 72 layers were
required for ilmsz 5 and ilmjs, respectively. The relative abundance of contact layer iron
is higher in more ilmenite-rich samples due to the smaller amount of total iron. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

For a single crystal and constant magnetic intensity the efficiency
is related to the crystal orientation with respect to the magnetising
field during exsolution. The maximum efficiency of 100% is likely
when the (0001) basal plane is parallel to the magnetising field
(a=0°) and will decrease according to cos « to a value of 0% when
the magnetising field is perpendicular to the basal plane (x=90°).
The samples studied here are not single crystals, but aggregates of
crystals in solid rocks dominated by non-magnetic silicates. In natural
samples, the NRM is a vector sum of all the magnetic moments and
will depend on factors such as a strong lattice-preferred orientation
(LPO) and its orientation with respect to the magnetising field.
Without a LPO, the NRM (on a theoretical basis) will be 1/3 of the
maximum magnetisation of a single crystal within the aggregate
that is oriented with its (0001) plane parallel to the magnetising
field. Intensities in A/m are therefore reduced to 1/3 if the rock has
no LPO.

The lamellar magnetic moment is proportional to the number of
magnetically in-phase lamellae and is essentially 4 pg per lamella
(at 0 K) divided by the number of formula units (fu) of oxide in the
model considered, where a formula unit consists of one atom in each
of two layers (not the same as a unit cell which contains 12 atoms in
6 layers). The lamellar moment lies within the (0001) rhombohedral
basal plane, the same plane containing the hematite sub-lattice
magnetisations. The lamellar moment is independent of bulk
composition, except to the extent that bulk composition plays a role

Cation distribution in three 24-layer models of hematite (ilm;o) containing ilmenite (ilmqo) lamellae, all with bulk composition IImss.

Layer (a) One lamella (b) Two lamellae (c) Three lamellae

#layers Ti Fe*™ Fe?™ #layers Ti Fe’™ Fe?™ #layers Ti Fe>™ Fe?™
[lmenite Ti 6 6 0 0 6 6 0 0 6 6 0 0
ilmenite Fe 5 0 0 5 4 0 0 4 3 0 0 3
hematite 11 0.55 9.9 0.55 10 0.5 9 0.5 9 0.45 8.1 0.45
contact layer (CL) 2 0.05 0.9 1.05 4 0.1 1.8 2.1 6 0.15 2.7 3.15
TOTAL 24 6.60 10.8 6.60 24 6.6 10.8 6.6 24 6.6 10.8 6.6
FeCL/SFe 0.112 0224 0.342
%CL 8.3 16.7 25.0
bulk composition (xjm) 55 55 55
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in determining lamellar interface abundance during exsolution. If two
lamellae are magnetically out-of-phase, then their moments cancel
and contribute no lamellar magnetic moment. In considering the
numbers for magnetic moment (per fu), it is convenient to consider a
model with even numbers of lamellae and then to subtract them away
in pairs to understand the progressive decrease in magnetic moment.

The first procedure we used to calculate efficiency of lamellar
magnetism in these samples is presented in Table 4 (A-Q). Using
the NRM values measured from the bulk sample (Table 4-A) and the
point-counted volume fraction of rhombohedral oxide (Table 4-B),
we calculate the NRM normalised to 100% rhombohedral oxide
(Table 4-C). From the Mdssbauer estimates of Fec|/Ferota (Table 4-D)
and of bulk ilmenite composition (Table 4-E), we determine the ratio
Atomiccr/AtomiCrotal Layers ffom Fig. 7 (Table 4-F). This ratio is then
multiplied (Table 4-G) in order to construct atomic models. The
multipliers are used to produce models fulfilling the following
requirements: 1) the number of lamellae must be an even integer,
and 2) the model must have the same ratio Atomicc/AtOMiCrota Layers
as in row F. Such models give a representation of a small segment of
material in each sample with average properties within the real
sample that must include thousands to millions of lamellae and layers.
For sample S47 the model has 108 contact layers (Table 4-H)
contained in 54 lamellae (Table 4-I) within a model 800 layers thick
(Table 4-]) which contains 400 formula units (Table 4-K).

The rationale behind this approach is that the simplest model, with
a line of atoms parallel to the c-axis, must have at least one atom in
each layer, and a formula unit of rhombohedral oxide contains two
atoms in two layers. A’lamella’ would consist of two average Fe? " —Fe>*
contact layers each with a magnetic moment of 4.5 uB, intervening
ilmenite with no magnetic moment, and the remaining hematite with
one unbalanced magnetic moment of 5 uB in the opposite direction
from the two contact layers. Thus, the magnetic moment of one lamella
approximately equals (2x4.5 uB) — (1x5 uB) =4 uB.

An alternative to the above is to consider a model in which each
layer parallel to (0001) covers the area of a unit cell and always
contains two atoms. For a Fe?"-Fe3™ contact layer the magnetic
moment is 4 1B+ 5 pB=9 pB. For a Fe3>"-Fe>" hematite layer it is

2x 5B =10 . For a lamella, regardless of thickness, the moment in
this model with 2 atoms per layer is (2x9uB) — (1x10 uB) =28 uB.

In the model for sample S47 with 800 layers containing 54 lamellae
which are magnetically in-phase, i.e., 100% efficiency of magnetisation,
the theoretical NRM at 0 K is (54 x 4 1B)/400 fu=0.54 uB (Table 4-L).
This NRM is converted into A/m by multiplying the numerical value of
0.54 1B by ~183,000 A/m (Table 4-M). The conversion derives from
the value of 1pB (9.274x10~2*Am?) divided by the approximate
volume per formula unit of rhombohedral oxide (0.05x10~27 m?),
which takes into account the very dense atomic packing of this phase
(Robinson et al., 2004). The same amount of material with the same
proportion of contact layers could be placed within a single lamellain a
thinner, but wider model, without any reduction in NRM. Models with
asmaller fraction of atoms in contact layers will have smaller magnetic
moments for the same “% efficiency”.

The natural 100% oxide normalised NRMs (Table 4-C) are then
divided by the calculated NRMs for 100% efficiency (Table 4-M)
to give a ratio (Table 4-N). This ratio is multiplied by 100% to give
the final % efficiency (Table 4-0), assuming that all of the crystals
with their % efficiency are oriented in parallel, i.e., a perfect lattice-
preferred orientation in the rock. When the same crystals are
randomly oriented, the NRM is 1/3 of what it would have been with
perfect orientation. Thus, the denominator of the ratio is divided by 3
(Table 4-P), yielding efficiency values that are three times larger
(Table 4-Q).

4.5. Efficiency of lamellar remanence calculated from volume magnetisation
and surface moment

A mathematically more direct approach to evaluating efficiency is
provided by examining the volume magnetisation contained within
the measured proportion of contact layers (Table 4: R-V). The contact
layer abundance determined from Mdossbauer data, combined with
magnetic measurements, can be used to calculate the efficiency of
magnetisation of the samples in acquiring a natural remanent
magnetisation, assuming that the magnetisation is carried by lamellar
magnetism. The bulk NRM is the magnetic moment per volume of a

Table 4
Two methods to calculate the efficiency of magnetisation.
Sample
Unit S47 S17 S19 AD34
Method 1
A) Measured Mngrm A/m 33 174 18.8 8.1
B) Rhombohedral oxide volume % 0.5 3.1 3.0 1.8
C) NRM Normalised to 100% Oxide A/m 660 561 627 450
D) Mossbauer estimate Fecy /Ferotal 0.16(5) 0.09(4) 0.10(6) 0.04(4)
E) Mossbauer Estimate of Bulk Composition IIm 36 Ilm 47 IIm 48 IIm 20
F)AtomiCcontact Layers/AtOMiCrotal Layers from Fig. 7 0.134 0.071 0.075 0.035
(Simplified for Model) (0.135) (0.070) (0.075) (0.035)
G) Multiplier for Lamellar Model 800 400 800 800
H) Number of contact layers in model 108 28 60 28
[) Number of lamellae in model 54 14 30 14
J) Total Number of layers in model 800 400 800 800
K) Number of formula units in model 400 200 400 400
L) NRM pfu for 100% efficient model [(Number of Lamellae x 4 uB)/fu] 1B 0.54 0.28 0.30 0.14
M) Conversion pB to A/m (x 183,000 A/m) for 100% efficient model A/m 98820 51240 54900 25620
N) NRM 100% Oxide/NRM Model (perfectly oriented crystals) 660/98820 561/51240 627/54960 450/25620
0) Efficiency = Ratio x NRM 100% (perfectly oriented crystals) % 0.67 1.10 1.14 1.76
P) NRM 100% Oxide/NRM Model (randomly oriented crystals) 660/32940 561/17080 627/18320 450/8540
Q) Efficiency = Ratio x NRM 100% (randomly oriented crystals) % 2.00 3.29 342 5.27
Method 2
R) measured Mnrm A/m 33 174 18.8 8.1
S) rhombohedral oxide volume (Cgp) % 0.5 3.1 3.0 1.8
T) AtomiCcontact Layers/AtOMiCrotal Layers from Fig. 7 simplified for model (Ac.) % 135 7.0 7.5 35
U) Volume magnetisation of the contact layers (Mc.) A/m 4890 8020 8360 12860
V) Efficiency (R) % 0.67 1.10 1.14 1.76
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sample, denoted by Mygrym (Table 4-R). The mode, Cgy, is the volume
fraction of magnetic rhombohedral oxides in the sample (Table 4-S).
The atomic fraction (Ac.) of the oxides (= volume fraction) residing
in contact layers between hosts and lamellae has been estimated from
the Mossbauer data (Table 4-T). By assuming that all NRM results
from lamellar magnetism and ignoring the extremely weak moment
contributed from spin-canted hematite, the volume magnetisation
M. of the contact layers is calculated as:

Mc, = Myrm / (Crn Ac)- (2)

This quantity can be directly compared to the theoretically
predicted volume magnetisation M, of lamellar surface moments
residing in a contact layer of thickness hc. The unit cells of hematite
and ilmenite are six layers thick, and have heights of 13.747 A and
14.086 A, respectively. A single contact layer would thus have a height
he=2.3 A. The theoretical lamellar surface moment my,, is calculat-
ed by dividing the uncompensated lamellar moment ., of one unit
cell by the rhombohedral area U related to the unit cell on (0001):

Miagm = Ham / U. 3)

According to Robinson et al. (2004), Wam = 4 g, Which is derived
from the fact that there are two Fe atoms within the unit cell area of an
(0001) plane and there are two contact layers. This gives a net
moment per lamella of this size of 8 uB, but when divided by two
contact layers the final value is 4 11B. The area related to the unit cell
on (0001) of the contact layer is a rhombus with sides of 5.048 A with
an angle of 60° between them, which yields

U = (5.0484)*sin60°. (4)

The theoretical volume magnetisation M., of the contact layers
thereby becomes

My = My / e = lJlam/U/hCL = 731kA/m, (5)
and from this we can infer the efficiency,
R= MCL/Mlam- (6)

of lamellar remanence acquisition for the four samples. The R values
derived by this method (Table 4-V) lie between 0.6% and 1.8% and
correspond exactly with the calculations by the previous method
(Table 4-0).

4.6. Interpretation of the efficiency of lamellar remanence

The two calculation routes above yield mutually consistent
values of efficiency between 0.7% and 1.8%. While the initial volume
magnetisation of the samples varied by a factor of 6, the normalised
efficiency varies only by a factor 3, indicating that remanence
acquisition of the contact layers is equally efficient in different
settings. Higher efficiency is observed if (a) the modal amount of
oxide is less, if (b) the estimated fraction of magnetically stable
contact layers is lowered, giving lower theoretical magnetisations
for the same efficiency, or if (¢) an LPO is weak or absent, reducing
the theoretical efficiency compared to single crystals. The observed
lamellar-remanence efficiency of R=1-2% is large, even when
compared to typical thermoremanent magnetisation (TRM) effi-
ciencies Mrrm(Ho)/Ms for ideal isotropic single-domain (SD)
magnetite particles acquiring a thermoremanent magnetisation by
cooling in the geomagnetic field Ho. The maximal TRM efficiency
Rrrv for SD magnetite is estimated by using the theoretical TRM
efficiency (Eq. (7.6) from Stacey and Banerjee (1974)) and estimat-

ing the temperature dependence of saturation magnetisation for
magnetite as:

Ms(T) = Mso(1—T/To)*". (7)

Here, Tc is the Curie-temperature of magnetite and Msg is the
saturation magnetisation at room temperature. Rgy can then be
estimated as:

Rrrm = Mg (Ho) / Msg = VHMs(1—Tg /T)** / (3ksTy) < 3%, (8)

where the SD particle volume is approximately V= (50 nm)3, Ms o=
480 kA/m, the thermal blocking temperature is taken as Tz =800 K,
and Tc=850 K. More realistic efficiency values for grain-size dis-
tributions of SD particles yield values well below R=0.1%.

By comparing the Mdssbauer spectroscopy results to the above
value for SD magnetite TRM, it appears that lamellar magnetism may
be the most efficient mechanism of natural remanence acquisition
known to date. A previous estimate of lamellar NRM-alignment
efficiency is based on low-temperature exchange bias (Fabian et al.,
2008), and resulted in an efficiency ratio of Rgg=76% (88% of the
exchange bias moments aligned, 12% inverse). However, as discussed
by Fabian et al. (2008), this high efficiency probably does not refer to
alignment of individual lamellae, but to the alignment of the net
moments of coupled clusters of lamellae, where each cluster contains
lamellae with opposite orientations. Based on the value of R~ 2%, the
probability of a single lamella to be aligned with the magnetising field
is p* = (1+R)/2=51%. If clusters with a number of such lamellae (N)
lead to an exchange-bias efficiency Rgg=76%, the calculation in
Fabian et al. (2008) gives N~ (p* —12)~2~10000, a value already
considered in this previous article.

The Mossbauer spectroscopy data indicate that the magnetic
moments of nanoscale hematite lamellae contained within ilmenite
lamellae are thermally stable, in contrast to hematite nanoparticles of
the same size, which would be superparamagnetic. If the magnetism
of these nanoscale lamellae were not thermally stable, then the
number of stable contact layers would be lower, and the efficiency of
the remaining magnetisation would have to be significantly higher to
account for the NRM values.

4.7. Implications for remanent magnetic anomalies

Using the above finding that remanence acquisition of the contact
layers has approximately a constant efficiency, it follows that the
volume magnetisation of a rock produced by lamellar magnetism is
proportional to the modal amount of exsolved rhombohedral oxide in
the rock and to the contact-layer density, which in turn is proportional
to the total surface area of the lamellae. The technique proposed here,
which relates the contribution from the magnetic contact layers to a
broad component of the Mdssbauer spectrum not fitted to the spectra
of synthetic titanohematite, is the only currently available method to
measure contact layer density.

Because rocks with similar modal amounts of rhombohedral oxide
but greater contact-layer density have higher NRM values than those
with low contact-layer density, even rocks with only a few percent
of rhombohedral oxides can have very high NRM values. Thus, the
remanent magnetic anomalies over very similar rock types can vary
considerably in intensity, depending on small variations in exsolution
conditions.
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