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ABSTRACT

Extensive negative acromagnetic anomalies in the Modum area, south Norway, derive from rocks contain-
ing ilmenite with hematite exsolution, or hematite with ilmenite exsolution, carrying strong/stable reversed
remanence. Here we describe a 2.5 cm thick high-temperature metamorphic vein of exsolved titanohematite.
Reflected-light and EMP analyses show it contains three types of exsolution: spinel plates on (001); rutile blade
satellites on spinel oriented at angles of ~60-90° to titanohematite (001); and lamellae 0.1-0.3 pum thick too
fine for EMP analyses, also parallel to (001). Powder XRD gave a = 5.0393 A, ¢ = 13.7687 A, V'=302.81 A®
for titanohematite (=Ilm9), and unrefined reflections of rutile and geikielite. Overlap EMP analyses showed
enrichment in MgO, TiO,, and lack of Al,O;, indicating a mixture of titanohematite and geikielite. Non-overlap
analyses showed the titanohematite is 6%Fe*'TiO;, 2%MgTiOs, 92% Fe,0;, generally confirmed by TEM-EDX
analyses that also showed the geikielite is 30%Fe* TiOs, 70%MgTiO;.

Orientation and interface relationships between exsolutions and host titanohematite were characterized
with TEM, using conventional and high-resolution imaging complemented by selected-area electron diffrac-
tion. Spinel shares (111) with (001) of titanohematite and geikielite (001) the same. The epitactic relationship
between rutile and titanohematite, previously not well constrained, was estimated from reflected-light and TEM
images and lattice-fit studies. The a, axis of rutile is parallel to a, of hematite and ¢ of rutile is normal to a, of
hematite, all in the hematite basal plane, which, however is not a phase interface. The rutile appears to occur in
blades within prism planes in titanohematite located ~69° from a axes of hematite, with long axes of the blades
oriented in a minimum strain direction within the planes at ~63° from the (001) basal plane.

Spinel and rutile, analyzed by EMP, exsolved first. Spinel gave 96%MgAl,0,, 3%FeFe,0,, Mg/total R*" =
0.98. Magnesian/aluminous spinel lacking Ti exsolved from titanohematite in coupled exsolution with ferrian
rutile, where combined components were dissolved as corundum/geikielite components in high-7" aluminous
magnesian titanohematite. Early exsolution lowered geikielite, and eliminated the corundum component. Later
fine exsolution of ferroan geikielite moved the titanohematite closer to Fe,O;.

Mg*" has no magnetic moment, but breaks up linkages between Fe atoms, lowers Néel Ts, and produces
unusual low-T properties. This titanohematite has Néel 7, 873 K (600 °C). Geikielite at 70%MgTiO,, is far
beyond its theoretical nearest-neighbor percolation threshold at 30.3%MgTiO,. However, the sample shows
a negative magnetic exchange bias below 25 K and low-T remanence lost above ~40 K. Such properties are
reported in samples containing thin ilmenite lamellae in titanohematite, in theory with odd numbers of Fe lay-
ers, where exchange bias is linked to lamellar magnetism at the phase interfaces, when the ilmenite becomes
a high-anisotropy magnet in a magnetically softer host. Potential explanations for the behavior of ferroan
geikileite are discussed.

Keywords: Electron microscopy, geikielite, spinel, rutile, titanohematite, metamorphic petrology, phase
equilibria, magnetic properties, XRD data

INTRODUCTION

Figure 1 shows magnetic anomalies over the Mesoprotero-
zoic basement rocks of the Modum district, south Norway (inset
Fig. 1), and northwest margin of the Permian Oslo Rift that
preserves Cambro-Silurian fossiliferous sedimentary strata cut
by Permian intrusions, many in classic ring-dike complexes.
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In many locations, the rift boundary (thin dashed black line)
is an east-dipping normal fault, but locally in Figure 1, the
boundary is a gently east-dipping unconformity. The underly-
ing basement rocks show a north-northwest trending structural
grain produced during early Sveconorwegian (~1092 Ma)
deformation and amphibolite-facies regional metamorphism
(Bingen et al. 2008).

The aeromagnetic map shows areas of positive induced
magnetization (red-lavender colors) and areas of magnetic lows
(orange through dark blue). The orange—blue areas west of the
rift margin are areas dominated by negative remanent magneti-
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zation, reflecting, in part, the structural grain of titanohematite-
bearing layers. These rocks have a reversed paleomagnetic
vector with declination 276°, inclination —67°, reflecting the
late Mesoproterozoic time of remanence acquisition. This
vector is at a large angle to the present Earth field vector with
declination 2°, inclination +72.5 © and results in magnetic lows.
The rift margin is poorly resolved, because it is mainly an un-
conformity. The positive anomaly in the northeast of the map
is a mafic body in the basement that extends southeast beneath
the unconformity under Lake Tyrifjorden. The main magnetic
low in the southeast relates to the strong circular magnetic high
associated with a Permian ring-dike complex.

Our strategy has been to study aeromagnetic maps and
related reports covering Proterozoic “basement” areas in Nor-
way, Sweden, Australia, and the Grenville Province in eastern
U.S.A. and Canada. In these areas, negative magnetic anoma-
lies quite commonly reflect substantial magnetic remanence.
In many examples, such remanence, commonly related to the
rhombohedral oxides hematite and ilmenite, proves to be very
stable magnetically, commonly reflecting the orientation of
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the magnetic field at the time of cooling field millions or even
billions of years before the present (McEnroe et al. 2001a,
2002, 2007a, 2007b, 2008, 2009; McEnroe and Brown 2000;
Robinson et al. 2013). Because of their high stability, such rocks
are an important and useful source of paleomagnetic data, but
they have also proved to be valuable for their unusual magnetic
properties, some of which may ultimately provide blueprints
for technological applications (McEnroe et al. 2007a). The
negative magnetic anomalies over the basement rocks of the
Modum area have proved particularly fruitful in this respect.

Figure 1 shows 10 localities where we have collected,
mostly within significant negative anomaly areas. One (Mod-
2) was the subject of a detailed study of low-temperature (7)
magnetic exchange bias in titanohematite with 1-2 nm scale
ilmenite exsolution lamellaec (McEnroe et al. 2007a; Harrison
et al. 2007, 2010; Fabian et al. 2008). The samples at Mod-22
(manuscript in preparation) also contain titanohematite with
similar properties but with ilmenite lamellae so thin as to be
undetectable except by magnetic techniques. The present study
is based on one sample collected at Mod-24.

FIGURE 1. Helicopter acromagnetic survey map over the Mesoproterozoic basement of the Modum district, south Norway, and the adjacent
Permian Oslo Rift to the southeast, with a distinctive ring-dike magnetic anomaly (Lutro and Nordgulen 2004). Shows the location of sample
MOD-24 and other samples of magnetic interest. The selected area with magnetic color scale and shading was compiled by Giulio Viola from a
larger magnetic anomaly map at the Geological Survey of Norway. Side color scale gives magnetic intensities in nT. Red-lavender indicates areas
of positive induced magnetization to over 900 nT. Orange through blue indicates areas of negative remanent magnetization, or induced magnetic
lows marginal to highs, with values to below —700 nT. Inset map shows geographic location in south Norway. Thin black line indicates the western
boundary of the Oslo Rift, which is locally either a normal fault or an unconformity. The positive anomaly southeast of the line in the middle of the
figure is caused by gabbros in Mesoproterozoic basement extending southeast beneath the unconformity. (Color online.)
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SAMPLE OCCURRENCE AT MOD-24

The Mod-24 vein sample occurs in a north-northwest trend-
ing belt of metamorphosed stratified rocks marked by prominent
negative magnetic anomalies. The outcrop is limited and we
focused our attention on a north-south trending ridge west of
a wood road, where an east-west ground-magnetic profile was
measured before collecting samples from different layers. The
magnetic profile shows two narrow, steep-sided moderate mag-
netic lows at 48 800 (W) and 49 100 nT (E) apparently associated
with particular layers or groups of layers. The Earth field at
this location had intensity 50784 nT, higher than nearly all the
measurements. The high-7" metamorphic titanohematite vein,
discussed here, was found on a very small, glaciated, outcrop
surface near the east end of the traverse and on the eastern flank
of the eastern anomaly. The ~2.5 cm thick vein cuts through
feldspathic gneiss that is not very magnetic.

REFLECTED-LIGHT MICROSCOPY

Figure 2 shows a polarized reflected-light photomicrograph of
a part of the sample. The dominant hematite host shows light-gray
reflectivity. The most prominent exsolved phase is spinel in thin
plates parallel to (001) of the host (using 3 hexagonal indices in
the 4 index system), showing black because of very low reflectiv-
ity. Commonly attached to these plates are blades or rods of rutile
showing dark gray reflectivity. The blades or rods lie at angles of
60° or greater to the spinel plates. Throughout the hematite host
there are very thin lamellae of lower (gray) reflectivity parallel to
(001) that have been identified as ferroan geikielite. Figure 2b is a
close-up reflected-light image of spinel and tiny ferroan geikelite
plates parallel to (001) of the titanohematite host and blades or
rods of rutile formed as attachments to the spinel plates. The plates
or rods make angles of ~60° to rarely 90° to the spinel lamellae.
The nearly constant association of spinel and rutile within this
sample provided a necessary clue to the nature and sequence of
exsolution reactions.

X-RAY DIFFRACTION

An X-ray powder diffraction pattern was collected at the
Bayerisches Geoinstitut, University of Bayreuth, using a Panalyti-
cal X’Pert Pro X-ray diffraction system operating in reflection
mode at 40 kV and 40 mA equipped with a CoKa, (A = 1.78897
A) radiation selected with a focusing monochromator, a sym-
metrically cut curved Johansson Ge, crystal, and with a Philips
X’celerator detector. The diffraction pattern was analyzed with a
full pattern profile fitting refinement (Rietveld analysis) using the
GSAS software package (Larson and Von Dreele 1994) and the
Windows interface, EXPGUI (Toby 2001). This showed a hema-
tite host and traces of rutile and geikielite. The hematite gave the
following refined lattice parameters: a = 5.0393 A, ¢ = 13.7687
A, V'=1302.81 A® compared to pure Fe,0; with a = 5.038 A, ¢ =
13.772 A, V'=302.72 A3, pure geikielite with a = 5.0548 A, ¢ =
13.8992 A, V=307.56 A3, and pure ilmenite with a = 5.0884 A,
c=14.0855 A, '=315.84 A3. The cell volume on our working
curves suggests a composition ~[lm 0.09.

ELECTRON MICROPROBE CONDITIONS, STANDARDS

The instrument, instrument conditions, and standards for
these are given in Appendix Table 1'.
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FIGURE 2. (a) High-resolution reflected-light photomicrograph of
polished sample. Hematite host is light-gray. Black spinel lamellae are
parallel to (001) of the host. Dark gray blades or rods of rutile are at
angles of 60° or greater to the spinel. Very thin gray lamellae parallel to
(001) of the host have been identified as ferroan geikielite. (b) Close-up
reflected-light image of spinel and tiny ferroan geikelite plates parallel
to (001) of the titanohematite host and blades or rods of rutile formed
as attachments to the spinel plates.

TEM-EDX ANALYSES

To analyze the chemical compositions of exsolutions and
hosts we used an analytical Philips CM20 field emission gun
(FEG) transmission electron microscope (TEM) at the Bayer-
isches Geoinstitut, University of Bayreuth. The TEM was
operated at 200 kV. Compositions were determined by aid of an
attached ThermoNoran energy-dispersive X-ray spectrometer
(EDX). The EDX detector is equipped with an ultrathin window
and a Ge detector, allowing also the detection of the K lines of
light elements including the oxygen K line. To determine the
chemical compositions of exsolutions and host titanohematite
we have calibrated the ky,, factors for the elements X contained
using a set of oxide standards (Langenhorst et al. 1995). The
quantification of analyses involved an X-ray absorption correc-
tion, which was based on the principle of electroneutrality, i.e.,
the thickness was varied until the charges of anions (oxygen)
and cations balanced (Van Cappellen and Doukhan 1994). Er-
rors in analyses result from uncertainities in & factors and the
counting statistics of analyses. The relative errors in k factors are

! Deposit item AM-14-816, Appendix Table 1. Deposit items are stored on the
MSA web site and available via the American Mineralogist Table of Contents.
Find the article in the table of contents at GSW (ammin.geoscienceworld.org) or
MSA (www.minsocam.org), and then click on the deposit link.
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1-3% and represent systematic errors in the quantification. EDX
analyses were run for 3 min to obtain >10000 counts for major
elements (O, Fe, Ti in titanohematite + Mg in geikielite). The
resultant relative statistical errors expressed as a 1o deviation
are 0.5-1% for major elements and 2-3% for minor elements
(Mg, Cr in titanohematite). Trace elements with a concentration
smaller than 1 at% are only considered as detected.

RESULTS OF CHEMICAL ANALYSES

Electron microprobe analyses of spinel, rutile, and rhombo-
hedral oxide are presented in Tables 1 and 2. Analysis of spinel
without hematite overlap (Table 1) was possible because of the
presence of a few blebs and wider lamellae. A typical composition
formulated to a three-cation formula gives Al 1.925, Mg 0.986,
Fe? 0.016, Fe** 0.067, Cr 0.002, Ti 0.003, Zn 0.001, Ni 0.001.
In terms of general end-member compositions, this calculates to
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96.3% R**Al,0, (aluminous spinel) 3.3% R*Fe3 O, (ferrite), and
0.3% R3'TiO, (ulvospinel) with a ratio Mg/(Mg+Fe?") = 0.984.
It is interesting that such a composition, obviously exsolved in
some way from hematite with only minor Al and Mg substitution,
although substantial Fe?* and Ti substitutions, could exsolve a
phase dominated by Al and Mg, with very minor Fe** and trivial Ti.

Only rare places in rutile were wide enough to obtain reason-
able electron probe analyses without overlap with the host (Table
1). A formulation to 1 cation gave 0.886 Ti, 0.087 Fe**, 0.021 V37,
and 0.005 Mg. Fe has been formulated as Fe**, based on work of
Bromiley et al. (2004) and Bromiley and Hilairet (2005), and V
as V*'. Very substantial charge imbalance shown by the formula
could be partially relieved if V were taken as V*'. According to
Bromiley and co-authors, there are two likely ways toward bal-
ancing the charge of Fe*" substitution, by oxygen vacancies and
by placing (OH) for O in the formula. Their studies suggest the

TABLE 1. EMP analyses, cation formulae, and end-member percentages of spinel (left) and rutile (right)
Point 1 2 3 4 Point 7 6
wt% oxides Nb,Os? 0.019 0.007 0.032 0.019 wt% oxides Sio, 0.022 0.04
Sio, 0.02 0.005 0.025 TiO, 81.288 80.486
Tio, 0.115 0.113 0.174 0.137 Al,O, 0.032
AlL,O; 69.515 69.743 69.501 69.473 Fe,0; 15.954 15.219
Cr,0; 0.156 0.172 0.104 0.106 Fe Tot (FeO) 14.356 13.694
V,0; 0.025 0.008 0.016 0.022 MnO 0.032 0.047
Fe Tot (FeO) 4.266 4.403 4.186 4.462 MgO 0.248 0.218
MnO 0.028 0.002 Zn0O 0.029 0.097
MgO 28.111 28.154 28.157 28.298 Ta,0s 0.078 0.004
ZnO 0.028 0.056 0.045 V,0; 2.207 2.205
NiO 0.059 0.058 0.029 0.052 Total 98.26 96.823
Total 102.322° 102.736 102.249 102.594 Corr.Total 99.858 98.348
Cats/3 Si 0.0000 0.0005 0.0001 0.0006 Cats/1 Si 0.0003 0.0006
Ti 0.0020 0.0020 0.0031 0.0024 Ti 0.8814 0.8831
Al 1.9244 1.9238 1.9248 1.9181 Al 0.0000 0.0006
Cr 0.0029 0.0032 0.0019 0.0020 v 0.0255 0.0258
\ 0.0005 0.0002 0.0003 0.0004 Fe3* 0.0866 0.0836
Fe3* 0.0681 0.0680 0.0666 0.0735 Mg 0.0053 0.0047
Mg 0.9842 0.9821 0.9862 0.9881 Mn 0.0004 0.0006
Ni 0.0011 0.0011 0.0005 0.0010 Zn 0.0003 0.0010
Fe?* 0.0157 0.0182 0.0157 0.0139 Ta 0.0002 0.0000
Mn 0.0006 0.0000 0.0000 0.0000 Sum 1.0000 1.0000
Zn 0.0005 0.0010 0.0008 0.0000
Sum 3.0000 3.0000 3.0000 3.0000 Ox/1Cats 1.9380 1.9387
2-Ox 0.0620 0.0613
Ox/3Cats 3.9659 3.9660 3.9667 3.9633 H,O 0.0620 0.0613
4-Ox 0.0341 0.0340 0.0333 0.0367 OH 0.1240 0.1226
Fe’* 0.0681 0.0680 0.0666 0.0735
Fe?* 0.0157 0.0182 0.0157 0.0139 Cation summary R 0.0002 0.0000
Fe3*/Fe Tot 0.8129 0.7886 0.8094 0.8407 R* 0.8817 0.8837
R 0.1121 0.1099
% of end-members Fe,SiO, 0.0000 0.0468 0.0117 0.0586 R 0.0060 0.0064
Fe,TiO, 0.2031 0.1989 0.3075 0.2414 H™* 0.1240 0.1226
FeCr,0, 0.1449 0.1591 0.0966 0.0982 Total Charge  4.0000 4.0000
FeV,0, 0.0235 0.0075 0.0151 0.0207
FeFe,0, 3.4061 3.3982 3.3291 3.6744 % of end-members  SiO, 0.032 0.058
Sum 3.7776 3.8105 3.7600 4.0931 TiO, 88.143 88.315
MgTa0,¢ 0.023 0.001
MgAl,O, 98.4195 98.2142 98.6184 98.8090 AIO(OH) 0.000 0.055
FeAl,O,c -2.4128 -2.2346 -2.5113 -3.0001 VO(OH) 2551 2.580
Ni Al,O, 0.1115 0.1092 0.0548 0.0980 Fe**O(OH) 8.656 8.355
Mn Al,O, 0.0557 0.0040 0.0000 0.0000 Mg(OH), 0.525 0.474
Zn AlL,O, 0.0486 0.0968 0.0781 0.0000 Mn(OH), 0.039 0.058
Sum 96.2224 96.1895 96.2400 95.9069 Zn(OH), 0.031 0.105
Sum 100.000 100.000
Total 100.0000 100.0000 100.0000 100.0000

Notes: wt% values in italics are below MDL (see Appendix Table 1).
2 Analyzed Nb,Os not used in analytical sums nor formulations.

® Extremely high analytical sums for spinels seem to be quite routine in several laboratories,
This is probably related to Al standardization, but the exact cause is not known.
< Negative values indicate not enough R*" to accommodate Al**. Probably consequence

of excessive Al,O;.

Notes: Of four analyses substantially of rutile, only two
were free from effects of overlap with titanohematite.
Analysis 6 shows a low analytical sum, but is otherwise
similar to the superior analysis 7.

4 Formula Mg 0.333 Ta 0.6667 O,.
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TABLE2. EMP analyses of titanohematite, cation formulae, end-member calculations, and plotting ratios
Traverse 1 1 1 1 1 1 1 1 1 1 1 1 1
Point 1 2 3 4 6 12 13 14 15 18 24 26 31
wt% oxides Sio, 0.009 0.006 0.026
TiO, 4124 5.6230 3.939 3.872 6.218 4.566 4.049 4.008 5.735 6.299 4.062 4.014 5.845
Al,O, 0.198  0.1900 0215 0243 0226 0.189 0.18 0.164 0.168 0168 0.167  0.153  0.232
Cr,0, 0.145 0.1430 0139 0107  0.161 0.15 0212 0185  0.141 0126  0.111 0.127  0.113
V,0; 0.122 0.1480 0.141 0.12 0.175 0.131 0.163 0.143 0.17 0.187 0.144 0.152 0.178
Nb,Os? 0.016 0.006 0011 0.039 0.039 0.027
Ta,05? 0.196 0.2190 0.326 0.298 0.176 0.269 0.635 0.204 0.427 0.067 0.355 0319 0.284
Fe,0; 92460 88.9059 92.150 91.102 87927 90.983 91.896 91.678 89.565 88.112 91.271 91.825 88.876
FeTot (FeO) 86.225 83.0790 85.843 85.042 81.696 84412 85715 85651 83.125 81.644 84738 85313 82.403
FeO 3.028 3.0805 2.926 3.068 2.578 2.545 3.026 3.158 2.533 2.359 2611 2.687 2431
MnO 0.019 0.0420 0.042 0.016 0.033 0.012 0.042 0.004 0.021
MgO 045 11630 0435 0339 1736 0962 0569 0329  1.621 1.87 0717 0614  1.706
Ca0 0.003 0.003 0.008 0.019 0.027 0.001 0.016 0.006
NiO 0.0030 0.011 0.014 0.016 0.011
Total 91498 90.610 91.091 90.024 90432 90.723 91.557 90.75  91.399 90.382 90.723  90.841
Corr.Total 100.762 99.517 100.323 99.151 99.241 99.838 100.764 99.935 100.372 99.205 99.526 99.923 99.745
Cats/2 Si 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0002 0.0000 0.0007
Ti 0.0812 0.1113 0.0779 0.0776 0.1227 0.0903 0.0798 0.0796 0.1123 0.1242 0.0809 0.0796 0.1149
Al 0.0061 0.0059 0.0067 0.0076 0.0070 0.0059 0.0057 0.0051 0.0052 0.0052 0.0052 0.0048 0.0071
Cr 0.0030 0.0030 0.0029 0.0023 0.0033 0.0031 0.0044 0.0039 0.0029 0.0026 0.0023 0.0026 0.0023
V3t 0.0026  0.0031 0.0030 0.0026 0.0037 0.0028 0.0034 0.0030 0.0035 0.0039 0.0031 0.0032 0.0037
Nb** 0.0002 0.0000 0.0000 0.0000 0.0001 0.0001 0.0000 0.0005 0.0000 0.0000 0.0005 0.0000 0.0003
Ta* 0.0014 0.0016 0.0023 0.0022 0.0013 0.0019 0.0045 0.0015 0.0030 0.0005 0.0026 0.0023 0.0020
Fe* 1.8212 17607 1.8246 1.8260 1.7366 1.8014 1.8127 1.8229 17548 17384 1.8183 1.8232 1.7486
Fe Tot 1.8875 1.8285 1.8890 1.8943 1.7932 1.8574 1.8791 1.8927 1.8099 1.7902 1.8761 1.8825 1.8017
Fe?* 0.0663 0.0678 0.0644 0.0683 0.0566 0.0560 0.0663 0.0698 0.0552 0.0517 0.0578 0.0593 0.0532
Mg 0.0176  0.0456 0.0171 0.0135 0.0679 0.0377 0.0222 0.0130 0.0629 0.0731 0.0283 0.0241 0.0665
Mn 0.0004 0.0009 0.0009 0.0000 0.0004 0.0007 0.0000 0.0000 0.0003 0.0000 0.0009 0.0001 0.0005
Ca 0.0001  0.0000 0.0000 0.0001 0.0002 0.0000 0.0005 0.0008 0.0000 0.0000 0.0000 0.0005 0.0002
Ni 0.0000 0.0001 0.0002 0.0000 0.0003 0.0000 0.0000 0.0000 0.0000 0.0003 0.0000 0.0002 0.0000
Sum 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
SumFeTot 20000 20000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
Ox/2Cats  2.0894 2.1196 2.0877 2.0870 2.1317 2.0993 2.0936 2.0885 2.1226 2.1308 2.0909 2.0884 2.1257
3-Ox 09106 0.8804 09123 09130 0.8683 0.9007 0.9064 0.9115 0.8774 0.8692 09091 09116 0.8743
Fe* 1.8212 17607 1.8246 1.8260 1.7366 1.8014 1.8127 1.8229 17548 17384 1.8183 1.8232 1.7486
Fe?* 0.0663 0.0678 0.0644 0.0683 0.0566 0.0560 0.0663 0.0698 0.0552 0.0517 0.0578 0.0593 0.0532
Fe’*/FeTot 0.9649 0.9629 0.9659 0.9639 0.9684 0.9699 0.9647 0.9631 0.9695 0.9711 0.9692 09685 0.9705
End-members FeSiO; 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0236 0.0000 0.0000 0.0000 0.0159 0.0000 0.0680
FeNbO,°> 0.0284 0.0000 0.0000 0.0000 0.0107 0.0196 0.0000 0.0699 0.0000 0.0000 0.0700 0.0000 0.0479
FeTaO;¢ 0.2093 0.2351 0.3499 0.3238 0.1884 0.2887 0.6790 0.2199 0.4535 0.0717 03834 0.3433 0.3029
FeTiOs 6.3116 6.4666 59713 6.4012 53937 5.1882 57053 6.5920 49116 5.0780 5.1606 5.4724 4.7805
MgTiO; 17557 45621 17060 1.3458 6.7911 3.7727 22232 12958 6.2905 7.3079 2.8293 24147 6.6482
MnTiO; 0.0421 0.0936 0.0936 0.0000 0.0356 0.0735 0.0000 0.0000 0.0265 0.0000 0.0942 0.0089 0.0465
CaTiOs 0.0084 0.0000 0.0000 0.0086 0.0225 0.0000 0.0534 0.0764 0.0000 0.0000 0.0028 0.0452 0.0168
NiTiO, 0.0000 0.0063 0.0233 0.0000 0.0296 0.0000 0.0000 0.0000 0.0000 0.0337 0.0000 0.0233 0.0000
Sum 83555 113638 8.1441 8.0794 124715 9.3428 8.6844 8.2540 11.6821 124913 85562 8.3080 11.9107
Fe,0,  91.0610 88.0366 91.2293 91.2984 86.8278 90.0700 90.6373 91.1459 87.7376 86.9220 90.9143 91.1609 87.4285
Cr,0; 0.1500 0.1488 0.1446 0.1127 0.1670 0.1560 0.2197 0.1932 0.1451 0.1306 0.1162 0.1325 0.1168
V,0; 0.1280 0.1561 0.1487 0.1281 0.1841 0.1382 0.1713 0.1515 0.1774 0.1965 0.1528 0.1608 0.1866
AlLO, 03054 0.2947 03334 03814 03495 0.2930 0.2873 0.2554 0.2578 02596 0.2605 0.2379 03574
Sum 91.6445 88.6362 91.8559 91.9206 87.5285 90.6572 91.3156 91.7460 88.3179 87.5087 91.4438 91.6920 88.0893
Total 100 100 100 100 100 100 100 100 100 100 100 100 100
Plotting ratios 2Ti/* 0.0836 0.1136 0.0814 0.0808 0.1247 0.0934 0.0866 0.0825 0.1168 0.1249 0.0854 0.0831 0.1185
Cr/* 0.00175 0.0015 0.0074 0.0011 0.0017 0.0016 0.0022 0.0019 0.0015 0.0013 0.0012 0.0013 0.0012
V/* 0.0026 0.0031 0.0030 0.0026 0.0037 0.0028 0.0034 0.0030 0.0035 0.0039 0.0031 0.0032 0.0037
Al/* 0.0031 0.0029 0.0033 0.0038 0.0035 0.0029 0.0029 0.0026 0.0026 0.0026 0.0026 0.0024 0.0036
Mg/# 0.0175 0.0456 0.0170 0.0134 0.0679 0.0377 0.0222 0.0129 0.0628 0.0731 0.0282 0.0241 0.0664
*=2Ti+R* 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 1.9995 2.0000 2.0000 2.0000 1.9997 2.0000 1.9986
#=R*+(R**/2) 1.0008 1.0008 1.0012 1.0011 1.0007 1.00170 1.0023 1.0010 1.0015 1.0002 1.0015 1.0011 1.0012

Notes: wt% analyses in italics are below MDL (see Appendix Table 1).

2Nb and Ta analyses, made due to presence of rutile, are suspect. Greater abundance of Ta than Nb is contrary to most occurrences.

b % Fe? + % Nb**O;.
<% Fe? + % Ta>*0,.

former mechanism is more closely coupled with Fe** substitution
than the latter. One speculates that the latter mechanism could be
important in a sample formed under amphibolite-facies conditions.
Lacking information on oxygen vacancy, the latter mechanism was
used for the formulas in Table 1. The results thus reflect a maximal
estimate of (OH) content. The composition should be described as

(Continued on next page)

ferrian rutile, and, because of its source as an exsolution product
in hematite, is likely one of the more Fe-rich rutiles reported.
Among the rhombohedral oxide analyses, many can be
shown to result from overlaps with spinel and rutile and were not
treated further. The remaining analyses, with the best examples
listed in Table 2, are plotted in Figure 3. Here the vertical axis
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TABLE 2.—CONTINUED
Traverse 1 1 1 5 5 5 5 6 6 6
Point 34 36 37 1 13 20 21 1 4 15
Sio, 0.004 0.025 0.011 0.019 0.031 0.014 Sio, 0.02 0.011
TiO, 5.012 4.43 4.117 4.726 5.484 4.303 4.648 4.162 TiO, 6.772 5.483 4.098
ALO; 0.185 0.209 0.194 0.106 0.83 0.132 0.115 0.082 AlLO; 0.139 0.126 0.1
Cr,0; 0.128 0.12 0.16 0.055 0.051 0.077 0.115 0.097 Cr,0; 0.08 0.1 0.101
V,0, 0.172 0.132 0.143 0.164 0.15 0.155 0.159 0.113 V,0, 0.146 0.16 0.137
Nb,Os® 0.066 0.002 Nb,Os? 0.016 0.06 0.006
Ta,0s5° 0.377 0.269 0.312 0.086 0.035 Fe,0; 88.601 89.739 92.077
Fe,0; 90.310 90.655 91.128 91.254 89.962 91.975 90.773 91.854 Fe Tot (FeO) 82.192 82.643 85.237
Fe Tot (FeO) 84.519 83.964 85.067 85.178 83.387 85.55 84.729 85.57 FeO 2.468 1.895 2.385
FeO 3.257 2.392 3.069 3.067 2438 2.790 3.051 2919 MnO
MnO 0.023 0.023 0.048 0.012 0.002 MgO 2.04 1.736 0.728
MgO 0.822 0.995 0.482 0.668 1.394 0.568 0.662 0.433 Cao 0.002
Cao 0.009 0.002 NiO 0.003 0.006
NiO 0.05 0.025 0.078 0.009 0.069 ZnO 0.028 0.022
Total 91.251 90.167 90.589 91.033 91.334 90.896 90.503 90.542 Total 91.388 90.362 90.442
Corr.Total 100.299  99.250 99.719 100.1776  100.347  100.111 99.597 99.745 Corr.Total 100.265 99.353 99.667
Si 0.0001 0.0007 0.0000 0.0000 0.0003 0.0005 0.0008 0.0004 Si 0.0000 0.0005 0.0003
Ti 0.0988 0.0881 0.0819 0.0933 0.1070 0.0851 0.0923 0.0827 Ti 0.1319 0.1081 0.0813
Al 0.0057 0.0065 0.0061 0.0033 0.0254 0.0041 0.0036 0.0026 Al 0.0042 0.0039 0.0031
Cr 0.0027 0.0025 0.0033 0.0011 0.0010 0.0016 0.0024 0.0020 Cr 0.0016 0.0021 0.0021
V3 0.0036 0.0028 0.0030 0.0035 0.0031 0.0033 0.0034 0.0024 Vv 0.0030 0.0034 0.0029
Nbs* 0.0000 0.0000 0.0008 0.0000 0.0000 0.0000 0.0000 0.0000 Nb* 0.0002 0.0007 0.0001
Ta** 0.0027 0.0019 0.0022 0.0006 0.0000 0.0000 0.0003 0.0000 Fe3* 1.7267 1.7712 1.8284
Fe3* 1.7821 1.8048 1.8146 1.8036 1.7559 1.8199 1.8037 1.8268 Fe Tot 1.7802 1.8127 1.8811
Fe Tot 1.8535 1.8577 1.8825 1.8710 1.8088 1.8812 1.8710 1.8914 Fe? 0.0535 0.0416 0.0526
Fe? 0.0714 0.0529 0.0679 0.0674 0.0529 0.0614 0.0674 0.0645 Mg 0.0787 0.0679 0.0286
Mg 0.0321 0.0392 0.0190 0.0262 0.0539 0.0223 0.0261 0.0171 Mn
Mn 0.0005 0.0005 0.0011 0.0000 0.0000 0.0003 0.0000 0.0000 Ca 0.0001
Ca 0.0003 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000 Ni 0.0001 0.0001
Ni 0.0000 0.0000 0.0000 0.0011 0.0005 0.0016 0.0002 0.0015 Zn 0.0005 0.0004
Sum 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 Sum 2.0000 2.0000 2.0000
Sum Fe Tot 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 Sum FeTot 2.0000 2.0000 2.0000
Ox/2Cats 2.1090 2.0976 2.0927 2.0982 2.1221 2.0901 2.0982 2.0866 Ox/2Cats 2.1366 2.1144 2.0858
3-Ox 0.8910 0.9024 0.9073 0.9018 0.8779 0.9099 0.9018 0.9134 3-Ox 0.8634 0.8856 0.9142
Fe3* 1.7821 1.8048 1.8146 1.8036 1.7559 1.8199 1.8037 1.8268 Fe3* 1.7267 1.7712 1.8284
Fe? 0.0714 0.0529 0.0679 0.0674 0.0529 0.0614 0.0674 0.0645 Fe? 0.0535 0.0416 0.0526
Fe**/Fe Tot 0.9615 0.9715 0.9639 0.9640 0.9708 0.9674 0.9640 0.9659 Fe**/Fe Tot 0.9700 0.9771 0.9720
FeSiO; 0.0105 0.0661 0.0000 0.0000 0.0285 0.0500 0.0819 0.0370 FeSiO; 0.0000 0.0525 0.0290
FeNbO,? 0.0000 0.0000 0.1184 0.0000 0.0035 0.0000 0.0000 0.0000 FeNbO,? 0.0281 0.1067 0.0107
FeTaO;* 0.4033 0.2903 0.3368 0.0921 0.0000 0.0000 0.0377 0.0000 FeTiO, 5.3081 3.9611 5.2204
FeTiO; 6.5943 4.8384 6.1840 6.6138 5.2553 6.0851 6.6050 6.4153 MgTiOs 7.8749 6.7867 2.8634
MgTiO; 3.2128 3.9236 1.9011 2.6151 5.3892 2.2261 2.6055 1.7058 MnTiO;
MnTiO; 0.0511 0.0515 0.1076 0.0000 0.0000 0.0267 0.0000 0.0045 CaTiOs 0.0057
CaTiO, 0.0253 0.0000 0.0000 0.0000 0.0000 0.0056 0.0000 0.0000 ZnTiO; 0.0000 0.0542 0.0429
NiTiO;, 0.0000 0.0000 0.0000 0.1056 0.0522 0.1649 0.0191 0.1467 NiTiO;, 0.0062 0.0127 0.0000
Sum 10.2973  9.1699 8.6479 9.4267 10.7287 8.5585 9.3491 8.3092 Sum 13.2173 10.9739 8.1721
Fe,0; 89.1033 90.2387 90.7306 90.1794  87.7944  90.9935 90.1836 91.3420 Fe,05 86.3370 88.5595  91.4221
Cr,0; 0.1327 0.1255 0.1674 0.0571 0.0523 0.0800 0.1200 0.1013 Cr,0; 0.0819 0.1037 0.1054
V,0, 0.1808 0.1400 0.1517 0.1727 0.1560 0.1634 0.1683 0.1197 V,0, 0.1516 0.1682 0.1449
ALO; 0.2859 0.3258 0.3025 0.1641 1.2686 0.2045 0.1789 0.1277 Al,0, 0.2121 0.1947 0.1555
Sum 89.7027 90.8301 91.3521 90.5733  89.2713  91.4415 90.6509 91.6908 Sum 86.7827 89.0261  91.8279
Total 100 100 100 100 100 100 100 100 Total 100 100 100
2Ti/* 0.1029 0.0911 0.0865 0.0943 0.1070 0.0851 0.0927 0.0828 2Ti/* 0.1322 0.1092 0.0814
Cr/* 0.0013 0.0013 0.0017 0.0006 0.0005 0.0008 0.0012 0.0010 Cr/* 0.0008 0.0010 0.0011
V/7* 0.0036 0.0028 0.0030 0.0035 0.0031 0.0033 0.0034 0.0024 V/7* 0.0030 0.0034 0.0029
Al/* 0.0029 0.0033 0.0030 0.0016 0.0127 0.0020 0.0018 0.0013 Al/* 0.0021 0.0019 0.0016
Mg/# 0.0321 0.0392 0.0190 0.0261 0.0539 0.0223 0.0261 0.0171 Mg/# 0.0787 0.0678 0.0286
*=2Ti+R* 1.9998 1.9987 2.0000 2.0000 1.9994 1.9990 1.9984 1.9993 *=2Ti+R%* 2.0000 2.0006 2.0007
#=R?*+(R**/2) 1.0013 1.0010 1.0015 1.0003 1.0000 1.0000 1.0001 1.0000 #=R?*+(R**/2) 1.0001 1.0004 1.0000

is 2Ti/(2Ti+R*"), which provides the total fraction of “ilmenite-
like” component. Subtraction of this fraction from 1 gives the
fraction of hematite component. The horizontal axis Mg/[(R*>"+
(R¥/2)], by its construction, gives the absolute value of the
MgTiO; geikielite end-member component. The EMP analyses
in Figure 3 show a cluster at and slightly below “ilm” 0.1, with
a considerable tail up to about “ilm” 0.2, with “geikielite” up to
just above 0.1, representing analyses where geikielite lamellae
overlap with hematite. There are two more probable geikielite

overlap analyses (not in Table 2 due to poor sums) with “ilm”
near or slightly above 0.3 and “geikielite” just below 0.3. Using
these two points and the geikielite-poor cluster as an anchor, a
trend can be drawn, implying that the actual giekielite lamellae
compositions are near “geikielite” 0.9.

Also plotted on Figure 3 are the TEM-EDX analyses per-
formed on the hematite host areas between lamellae (Table 3) and
on geikielite lamellae (Table 4) using an analytical spot size of
about 10 nm. The TEM has the ability to measure in much smaller
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areas than the electron microprobe, but the counting statistics
are less robust, and the spectral resolution is not so good (Lan-
genhorst et al. 1995), making the detection and quantification
of minor elements like Mg and Ti difficult. At the small scale of
Figure 3, the TEM hematite analyses appear to fall quite close
to the EMP hematite analyses, although closer inspection shows
this is misleading. The TEM geikielite analyses, dominated by
Mg and Ti show considerable scatter both above and below the
horizontal line at “ilm” = 1.0, and also about a location on that
line centered at “geikielite” 0.70, quite different from the position
at 0.9 implied by the EMP trend. The reason for this difference
is unclear, but we feel that the TEM results, although scattered
around “geikielite” 0.70 must be reasonably close to this value.
Figure 4 covers the hematite-rich part of Figure 3, extending
only to “ilm” 0.2 and “geikielite” 0.2. Here the hematite-rich
cluster and geikielite overlap tail of the spinel-free EMP analyses
are well shown. This also shows that the more-dispersed cluster of
hematite TEM analyses falls outside the cluster of EMP analyses.
Comparison of the results suggests that some of the EMP analysis
points are from areas where there were no geikielite lamellae.
On this basis, the hematite host composition is quite confidently
located at Hematite 0.92, Ilmenite 0.06, and Geikielite 0.02.

Secondary hematite-chlorite vein

The EBS image of Figure 5 shows one part of the sample
where there is a clean cross-cutting secondary vein of Ti-free
hematite about 200 pwm thick. This is lined with plates of mag-
nesian chlorite that are lined up parallel to (001) of the host
titanohematite. Analyses of this hematite are listed in Table 5

ROBINSON ET AL.: FERROAN GEIKIELITE AND SPINEL-RUTILE EXSOLUTION IN Ti-HEM

11 1 1 1 1 1 1 1 1
8o ,
FeTiO, © MgTiO,
S o
.
09 ’,’ -
.
,/, /,,
0.8 o’ ,/ L
.
07 & L
7 NIt
— /\@} q/\{’ .
- 4 ’ -
T 06 R
+ S P
s , ,
K 05 - ,' s B
= . ,
=~ S
= o4 o L
~ S
S id
03 S =
.
. .
S o EMP Spinel Free
.
024+ — 7427’ ) -
v . Hematite TEM
% 1
014 I Inset: Area o Geikielite TEM -
S | ofFig.4
0 T } T T T T T T
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Fe,O
2 Mg/[(R**) +(R**/2)]

FIGURE 3. Plot of EMP and TEM analyses. Vertical axis is 2Ti/
(2Ti+R*"), providing the total fraction of “ilmenite-like” component, or,
inversely, the hematite component. Horizontal axis Mg/[(R*")+(R?*/2)]
gives the absolute value of the MgTiO; giekielite end-member
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more scattered due to analytical difficulties, but center at geikielite
0.70, controlling the TEM Tie Line. Outline shows composition range
of Figure 4.

TaBLE3. TEM-EDX analyses, cation formulae, percentages of end-members, and plotting ratios of titanohematite

Point 5 8 12 13 17 18 20 22
Feb. 6-8, 2007 (0] 60.00 60.01 60.00 60.00 60.00 60.00 60.00 60.00
at% Ti 136 1.28 1.22 1.52 137 159 1.22 1.42
Cr 0.03 0.05 0.02 0.04 0.05 0.03 0.03 0.04
Mg 0.36 0.41 0.52 0.57 0.93 0.71 0.69 0.58
Fe 38.25 38.26 38.24 37.87 37.65 37.66 38.05 37.97
Total 100.00 100.01 100.00 100.00 100.00 99.99 99.99 100.01
Cations/2 Ti 0.0680 0.0640 0.0610 0.0760 0.0685 0.0795 0.0610 0.0710
Cr 0.0015 0.0025 0.0010 0.0020 0.0025 0.0015 0.0015 0.0020
Fe3* 1.8625 1.8692 1.8770 1.8460 1.8605 1.8390 1.8760 1.8565
Mg 0.0180 0.0205 0.0260 0.0285 0.0465 0.0355 0.0345 0.0290
(Fe Total) 1.9125 1.9127 19120 1.8935 1.8825 1.8830 1.9025 1.8985
Fe?* 0.0500 0.0435 0.0350 0.0475 0.0220 0.0440 0.0265 0.0420
(Total Cats) 2.0000 1.9997 2.0000 2.0000 2.0000 1.9995 1.9995 2.0005
Total Cats 2.0000 1.9997 2.0000 2.0000 2.0000 1.9995 1.9995 2.0005
Total Ox* 2.0688 2.0649 2.0615 2.0770 2.0698 2.0798 2.0613 2.0725
Total Fe*+® 1.8625 1.8692 1.8770 1.8460 1.8605 1.8390 1.8760 1.8565
% of end-members MgTiO; 1.8000 2.0497 2.6000 2.8500 4.6500 3.5500 3.4500 2.9000
FeTiO, 5.0000 4.3493 3.5000 4.7500 2.2000 4.4000 2.6500 4.2000
Sum 6.8000 6.3989 6.1000 7.6000 6.8500 7.9500 6.1000 7.1000
Fe,0; 93.1250 93.4594 93.8500 92.3000 93.0250 91.9500 93.8000 92.8250
Cr,0; 0.0750 0.1250 0.0500 0.1000 0.1250 0.0750 0.0750 0.1000
Sum 93.2000 93.5844 93.9000 92.4000 93.1500 92.0250 93.8750 92.9250
Total 100.0000 99.9833 100.0000 100.0000 100.0000 99.9750 99.9750 100.0250
Plotting ratios 2Tir* 0.0680 0.0640 0.0610 0.0760 0.0685 0.0795 0.0610 0.0710
Cr/* 0.0008 0.0013 0.0005 0.0010 0.0013 0.0008 0.0008 0.0010
Mg/# 0.0180 0.0205 0.0260 0.0285 0.0465 0.0355 0.0345 0.0290
* = 2Ti+R* 2.0000 1.9997 2.0000 2.0000 2.0000 1.9995 1.9995 2.0005
#=R*R3/2 1.0000 0.9998 1.0000 1.0000 1.0000 0.9998 0.9998 1.0003
Fe**/Fe Tot 0.97386 0.97726 0.98169 0.97491 0.98831 0.97663 0.98607 0.97788

2Total oxygen associated with each cation with Fe as FeO.

b2 (3-Total Ox).
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TaBLE4. TEM-EDX analyses, cation formulae, percentages of end-members, and plotting ratios of ferroan geikielite
Point 1 2 3 4 5 12 13 14 15 16 21 23
Feb. 6-8, 2007 0 60.00 6000 6000 6000 6000 6000 60.00 60.00 6000 6000 60.00  60.00
at% Ti 19.04 1948 1977 2013 2096 1936  19.53 2127 2072  20.05 2048 2073
Cr 0.03 0.00 0.03 0.02 0.03 0.08 0.00 0.03 0.00 0.04 0.02 0.00
Ni 0.03 0.00 0.00 0.01 0.03 0.00 0.04 0.02 0.01 0.04 0.02 0.00
Mg 13.75 1490 1432 1442 1361 1503 1350 13.62 1442 1423 1230 1345
Fe 7.15 5.55 5.84 5.35 5.35 5.50 6.91 5.07 4.83 5.62 7.15 5.79
Mn 0.00 0.07 0.04 0.06 0.04 0.03 0.03 0.00 0.02 0.01 0.03 0.02
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Cations/2 Ti 0952 0974 0989 1007 1048 0968 0977 1.064 1.036 1003 1024  1.037
Cr 0.002 0.000 0.002 0.001 0.002 0.004 0.000 0.002 0.000 0.002 0.001 0.000
Ni 0.002 0.000 0.000 0.001 0.002 0.000 0.002 0.001 0.001 0.002 0.001 0.000
Fe3* 0.095 0052 0022 -0015 -0.09 0.060 0047 -0.128 -0.072 -0.008 -0.049 -0.073
Mg 0.688 0.745 0.716 0.721 0.681 0.752 0.675 0.681 0.721 0.712 0.615 0.673
(Fe Total) 0.358 0.278 0.292 0.268 0.268 0.275 0.346 0.254 0.242 0.281 0.358 0.290
Fe* 0263 0225 0270 0282 0364 0215 0298 0382 0314 0289 0407 0363
Mn 0.000 0.004 0.002 0.003 0.002 0.002 0.002 0.000 0.001 0.001 0.002 0.001
(Total Cats) 2.000 2.000 2.000 2.000 2.001 2.000 2.001 2.001 2.000 2.000 2.000 2.000
Total Cats 2000 2000 2.000 2000 2001 2.000  2.001 2.001 2000 2000 2.000  2.000
Total Ox® 2.953 2974 2.989 3.007 3.050 2970 2977 3.065 3.036 3.003 3.025 3.036
Total Fe3+? 0.095 0052 0022 -0015 -0.09 0.060 0047 -0.128 -0.072 -0.008 -0.049 -0.073
% of end-members NiTiO; 0.150 0.000 0.000 0.050 0.150 0.000 0.200 0.100 0.050 0.200 0.100 0.000
MgTiO; 68.750 74500 71.600 72.100 68050 75150 67.500 68.100 72.100 71.150 61.500 67.250
FeTiO, 26300 22,550 27.050 28.200 36.400 21.500 29.800 38.150 31.350 28.850 40.650 36.300
MnTiO; 0.000 0.350 0.200 0.300 0.200 0.150 0.150 0.000 0.100 0.050 0.150 0.100
Sum 95200 97.400 98.850 100.650 104.800 96.800 97.650 106.350 103.600 100.250 102.400 103.650
Fe,0; 4.725 2.600 1.075 -0.725 -4.825 3.000 2.375 -6.400 -3.600 -0375 -2450 -3.675
Cr,0; 0.075 0000 0075 0050 0075 0200 0000 0075 0000 0100 0.050  0.000
Sum 4.800 2.600 1.150 -0.675 -4.750 3.200 2375 -6.325 -3.600 -0.275 -2400 -3.675
Total 100.000 100.000 100.000 99.975 100.050 100.000 100.025 100.025 100.000 99.975 100.000 99.975
Plotting 2Ti/* 0.952 0.974 0.989 1.007 1.047 0.968 0.976 1.063 1.036 1.003 1.024 1.037
Ratios Cr/* 0.001 0.000 0.001 0.001 0.001 0.002 0.000 0.001 0.000 0.001 0.001 0.000
Mg/# 0688 0745 0716 0721 0680 0752 0675 0.681 0.721 0712 0615 0673
* = 2Ti+R3* 2.000 2.000 2.000 2.000 2.001 2.000 2.001 2.001 2.000 2.000 2.000 2.000
#=R>*+(R%*/2) 1.000 1.000 1.000 1.000  1.001 1.000 1.000 1.000 1.000 1.000 1.000  1.000

2Total oxygen associated with each cation with Fe as FeO.
® 2 (3-Total Ox).

and plotted at exaggerated scale in the inset of Figure 4. This
emphasizes the remarkable purity of the vein hematite. All
analyses plot in the extreme lower corner, with a maximum
“ilmenite” component of 0.002. Because the vein contains
no Ti minerals at all, it seems likely that the vein was not
produced by interaction of fluid with the host hematite but
rather that constituents for the vein hematite and chlorite were
introduced from an external source long after the high-grade
regional metamorphism.

TEM imaging of exsolutions

To characterize the orientation relationships between exsolu-
tions and host titanohematite (see also TEM-EDX analyses),
we used the afore-mentioned CM20 TEM at the Bayerisches
Geoinstitut, University of Bayreuth. The characterization of
orientation relationships focused mainly on rutile exsolutions,
as in the reflected-light images of Figure 2, where spinel and
geikielite plates appear to be parallel to (001) of the hematite,
whereas rutile blades or rods make angles of ~60—90° to the
spinel lamellae. This epitactic relationship with titanohematite
was so far not well constrained. For this purpose we comple-
mented conventional (bright-field, BF and dark-field, DF) and
high-resolution imaging (HRTEM) techniques with selected-
area electron diffraction (SAED).

Crystallographic orientation of exsolutions in titanohematite

The intergrowth between two rutile exsolutions, a spinel
blade, and the host titanohematite is visible in Figure 6. Figures
7a and 7b show the corresponding electron diffraction patterns
in the same orientation of titanohematite and rutile. The zone
axis patterns ([211] for titanohematite and [011] for rutile) reveal
the following orientation relationship:

[Toz]hcmatitc//[01 l]ruli]c and [Tzo]hcmatilc//[ 1 00]rulilc~

These relationships are illustrated in the precisely oriented
unit-cell diagrams of Figure 8 based on the measured lattice
parameters of titanohematite, a = 5.0393 A, ¢ = 13.7687 A, and
lattice parameters estimated for ferrian rutile based on ionic
radii of the ions substituting for Ti**, a = 4.6218 A, ¢ = 2.7086
A. Calculating from hematite parameters, the (blue) plane (102)
makes an angle 57.63° with the (001) basal plane. Calculating
from rutile parameters, the (blue) plane (011) makes an angle
59.63° from the (010) bottom plane. In this relationship one a axis
(here a,) of rutile is quasi-parallel to the ¢ axis of titanohematite
and the second a axis (here a,) of rutile is parallel to one a axis
(here a,) of titanohematite. The latter can be directly seen in the
high-resolution TEM image (Fig. 9). This rational orientation
relationship means also that the hexagonal close packing (hcp)
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FIGURE 4. Analyses in the hematite-rich part of Figure 3, extending
to “ilm” 0.2 and “geikielite” 0.2 (see text for discussion). Analyses
of vein hematite of Figure 5 are plotted with exaggerated scale in the
extreme hematite-rich corner of the diagram, extending to “ilmenite”
0.01, geikielite 0.01. Maximum “ilmenite” component of any vein
hematite is 0.002.

FIGURE 5. EBS image showing a small part of a clean cross-cutting
secondary vein of Ti-free hematite about 200 um thick, lined with plates
of magnesian chlorite parallel to (001) of the host titanohematite.

of oxygen is retained between the two phases [titanohematite:
hep//(001); rutile: hep//(010)].

Spinel is commonly known to possess an orientation relation-
ship with [111] being parallel to [001] of titanohematite. In this
way, the close-packed layers of O atoms in both structures are
parallel to each other. The plane of interface between the two
phases can be determined from Figure 6 by taking the width of the
fringe pattern (about 200 nm) on the side of the spinel blade and
assuming a typical thickness of the foil of about 100 nm. Taking
these values, one can calculate that the plane of interface is about
60° inclined to the beam direction, i.e., [211] of titanohematite
(Fig. 7a). Furthermore, we see in Figure 7a that the a, axis of
titanohematite is quasi-parallel to the trace of the spinel blade,
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thus demonstrating the comprehensive relationship between the
two phases and the TEM foil shown in Figure 10. A rotation of
about 60° about a, would bring the (001) plane edge-on. Thus,
the plane of intergrowth is (001) for titanohematite and (111) for
spinel. Because geikelite possesses the same structure as titano-
hematite, the lattices of both phases are in the same orientation.

The plane of intergrowth between titanohematite and rutile
is more difficult to determine, because, first, the interface is not
exactly edge-on in the projection of the [211] zone axis (Figs. 6
and 7) and, second, the limited tilting capabilities of the TEM did
not make it possible to orient the beam along the ¢ axis of titano-
hematite (being 32° away from [211]). A recent study (Daneu et
al. 2007, their Fig. 10) provided insights into the relationships
between rutile and ilmenite when: (1) an interface between the
two phases is seen edge-on; (2) the ¢ axis of the rhombohedral
phase is along the beam; and (3) the ¢ axis of rutile is perpendicu-
lar to it, as in our sample. They identified an interface as (310)
rutile parallel to a prism plane (100) of ilmenite (thus parallel to
a,). The rutile ¢ axis was inclined to the interface by 30°, thus
making an angle of 30° with the ilmenite a, axis. By contrast, in
our sample, the rutile ¢ axis makes an angle of 90° to the a, axis
of' hematite. In Figure 9, the trace of the rutile-hematite interface
makes an angle of about 75° to the a, axis of hematite, also the
a, axis of rutile, suggesting a prism plane of intergrowth (401)
with &> 3. A similar interface between rutile and hematite can
be seen on the right hand side of Figure 6, where it is ~75° from
the trace of spinel (but not exactly to a,, see below). In Figure 9
the interface is also inclined by an uncertain amount in a direc-
tion normal to the image.

A complication in making interface angle measurements in
Figures 6 and 9 is that both images show angles in the plane of the
TEM foil, which is tilted approximately 58° from the proposed
prism planes, and the axis of tilting is not necessarily parallel
to the a, axis. Assuming 58° tilting is parallel to a,, a true prism
angle yields an apparent prism angle about 2° larger, thus for
72° true, 74° apparent; for 69° true, 71° apparent. However, in
cases where the foil is not tilted parallel to a,, but on an axis at
an angle to a,, the two apparent angles are not symmetric. For a
true angle 69° with tilting about an axis 4° from a,, the resulting
angles are ~68° and ~75°, and slight tilting in other directions
will similarly alter apparent angles. With these complications in
mind, measurements of the angle between a, in the combined
Figures 6 and 7 yielded 68° to the left and 73° to the right, and
caused us to select 69° as the best prism angle.

The information derived from Figures 6, 7, 8, and 9 can be
used to understand the orientation of the elongate rutile blades
or rods, which cannot be parallel to ¢ of rutile, which is parallel
to the hematite basal plane (Fig. 8). The study by Daneu et al.
(2007) suggested that a promising interface direction would lie in
a prism plane parallel to ¢ of the rhombohedral phase. Observa-
tion of Figure 9 indicated a probable interface orientation about
75° from a,, subject to the fact that this interface segment may not
be strictly parallel to the interface over a larger interface distance.
To simplify efforts to determine lattice best fits between the two
phases, we reduced both sets of lattice parameters to equivalent
rhombohedral cells [easy to visualize in Fig. 10 of Daneu et al.
(2007)] and also gave the cells initially a common orientation
along non-crystallographic x, y, and z axes. For titanohematite
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TABLE5. EMP analyses, structural formulae, end-members, and plotting ratios for retrograde vein hematite
Point 2 3 5 7 9 10 2
wt% oxides Sio, 0.004 0.004 0.017 0.011
TiO, 0.028 0.002 0.086 0.04
AlL,O; 0.058 0.022 0.023 0.025
Cr,0, 0.012 0.014 0.012 0.035
V,0, 0.052 0.044 0.137 0.054 0.075 0.116 0.256
Fe Tot (FeO) 90.028 90.037 90.047 89.898 90.089 89.602 89.876
MnO 0.021 0.07 0.023 0.006 0.016 0.019
MgO 0.065 0.011 0.011 0.034 0.011
Cao 0.013 0.01 0.033 0.015 0.01 0.017
Zn0 0.1
NiO 0.011 0.042 0.003 0.016 0.008
Total 90.191 90.19 90.352 90.037 90.351 89.907 90.251
Cats/2 Si 0.0000 0.0001 0.0001 0.0000 0.0000 0.0005 0.0003
Ti 0.0000 0.0000 0.0006 0.0000 0.0000 0.0017 0.0008
Al 0.0000 0.0000 0.0018 0.0007 0.0000 0.0007 0.0008
Cr 0.0003 0.0003 0.0000 0.0000 0.0003 0.0000 0.0007
Vv 0.0011 0.0009 0.0029 0.0011 0.0016 0.0025 0.0054
Fe3* 1.9986 1.9986 1.9940 1.9982 1.9981 1.9925 1.9909
Mg 0.0026 0.0004 0.0004 0.0000 0.0013 0.0004 0.0000
Zn 0.0000 0.0000 0.0000 0.0000 0.0021 0.0000 0.0000
Fe* -0.0034 -0.0022 -0.0015 -0.0015 -0.0042 0.0005 0.0009
Mn 0.0005 0.0016 0.0005 0.0001 0.0004 0.0004 0.0000
Ca 0.0004 0.0003 0.0009 0.0004 0.0003 0.0005 0.0000
Ni 0.0000 0.0000 0.0002 0.0009 0.0001 0.0003 0.0002
Sum 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
Ox/2Cats 2.0007 2.0007 2.0030 2.0009 2.0010 2.0038 2.0046
3-Ox 0.9993 0.9993 0.9970 0.9991 0.9990 0.9962 0.9954
Fe3* 1.9986 1.9986 1.9940 1.9982 1.9981 1.9925 1.9909
Fe* -0.0034 -0.0022 -0.0015 -0.0015 -0.0042 0.0005 0.0009
Fe**'Fe Tot 1.0017 1.0011 1.0007 1.0007 1.0021 0.9998 0.9995
% of end-members NiTiO; 0.0000 0.0000 0.0234 0.0897 0.0064 0.0342 0.0170
FeSiO; 0.0000 0.0106 0.0106 0.0000 0.0000 0.0452 0.0291
MgTiO; 0.2567 0.0435 0.0434 0.0000 0.1341 0.0436 0.0000
ZnTiO; 0.0000 0.0000 0.0000 0.0000 0.2150 0.0000 0.0000
FeTiO, -0.3408 -0.2291 -0.1562 -0.1459 -0.4157 0.0029 0.0627
MnTiO; 0.0471 0.1572 0.0515 0.0135 0.0359 0.0428 0.0000
CaTio, 0.0369 0.0284 0.0936 0.0427 0.0284 0.0484 0.0000
Sum 0.0000 0.0106 0.0663 0.0000 0.0040 0.2172 0.1089
Fe,0; 99.9322 99.9280 99.6980 99.9081 99.9039 99.6231 99.5435
Cr,0; 0.0126 0.0147 0.0000 0.0000 0.0126 0.0000 0.0367
V,0; 0.0552 0.0468 0.1453 0.0575 0.0796 0.1237 0.2720
Al,O, 0.0000 0.0000 0.0904 0.0344 0.0000 0.0360 0.0390
Sum 100.0000 99.9894 99.9337 100.0000 99.9960 99.7828 99.8911
Total 100.0000 100.0000 100.0000 100.0000 100.0000 100.0000 100.0000
Plotting ratios 2Ti/* 0.0000 0.0000 0.0006 0.0000 0.0000 0.0017 0.0008
Cr/* 0.0001 0.0001 0.0000 0.0000 0.0001 0.0000 0.0004
V7* 0.0011 0.0009 0.0029 0.0011 0.0016 0.0025 0.0054
Al/* 0.0000 0.0000 0.0009 0.0003 0.0000 0.0004 0.0004
Mg/# 0.0026 0.0004 0.0004 0.0000 0.0013 0.0004 0.0000
* = 2Ti+R3* 2.0000 1.9998 1.9998 2.0000 2.0064 1.9991 1.9994
#=R* (R**/2) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Note: wt% analyses in italics are below MDL (see Appendix Table 1).

we used our measured lattice parameters. For rutile we corrected
the lattice parameters to account for the substitution of cations
larger than Ti*", namely Fe**, V3*, and Mg?* as reported in Table 1.

For ferrian rutile:
Along x: ¢ = 2.70862 A

Alongy:a, =4.6218 A
Along z:3 x @, = 13.86528 A

For titanohematite:
Along x: @ tan 30° = 2.09944 A

Along y: a,=5.0393 A
Along z: ¢ = 13.7687 A

Assuming a prism plane interface, one first seeks a minimum
strain plane using only the x and z values of the equivalent-cell
parameters as in Figures 11a and 11b. Here rutile is consistently
smaller than hematite, hence under tension. The lattice points
of both phases, without any rotation, lie very close to a line
passing through coordinates 0, 0 and 9, 2. This makes the angle

69 + 0.15° with the y coordinate direction (also an a direction
of both phases).

One next examines relations within the prism plane illustrated
in Figures 11c and 11d. In doing this the diagonal distance within
the x,y plane is compared against the different distances in the
z direction, where rutile is slightly larger than hematite. By
rotating the rutile lattice only 2° clockwise (Fig. 11d) or counter-
clockwise (Fig. 11c), a good lattice fit is obtained between the
two phases. At the lattice point 9, 2, 4 in 3D in (Fig. 12a), the x
and z coordinates for rutile compared to hematite (in parenthe-
ses) are 25.9703 A (26.1850) and 55.5494 A (55.0748) in good
agreement. There is no change in the y coordinate, because the
rotation is about the y axis parallel to the common a axes, not
about a line normal to the prism plane.

A more direct solution can be obtained from the TEM results
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FIGURE 6. Bright-field TEM image of a spinel blade and two rutile
blades within host titanohematite. The rutile blade or rod to the right
appears to show a typical knee of rutile. However, extended study shows
that the two orientations are rutile blades or rods lying within two lattice
planes of hematite parallel to ¢ and at angles of ~69° to a, of hematite.
The apparent angles in the foil measured against @, in Figure 7 are 68°
(to left) and 73° (to right) indicating the TEM foil is not tipped exactly
parallel to a,.

. ‘/[120]* . .
e . : 100]*
QZI 218 720 [011]* ] ./[ ]
- -
. qlikl 011
3 . 100
% LR . . .
. A 8 . 111
g - 102 w ¢ ¢
. " 17
117 . g
.
. - .

FIGURE 7. Selected-area electron diffraction patterns of titanohematite
(left) and rutile (right) are shown in an orientation such that directions
are identical. The zone axis for titanohematite is [211], the one for rutile
is [011]. The hematite a axis for measuring interface angles is [120]*.

in Figures 7 and 8, wherein the two phases share a common lattice
plane (120) for titanohematite and (011) for rutile. From the lat-
tice parameters, the titanohematite (001) basal plane lies 57.63°
from the common plane, whereas (010) of rutile lies 59.63° from
the common plane. This, in turn, means that the ¢ axis of rutile
is rotated 2° counterclockwise (see Fig. 11¢) about the common
a axes from the ¢ axis of titanohematite. This is geometrically
identical to the 2° clockwise rotation calculated from Figure
12a, through equations.

The sense of the above results is shown in Figure 12b, based
on the 9 x 2 x 4 cell model. Within the geometrically equivalent
titanohematite block, there are two best-fit prism planes (red and
purple) both at 69° to the common a axes, and each containing
two diagonal best-fit lines. The best-fit lines to the right involve
clockwise rotation of rutile ¢ axes about the common a axes to
achieve best fit (the red one modeled in Fig. 12a). The diagonal
best-fit lines to the left involve counterclockwise rotation of rutile
¢ axes about the common a axes. Counterclockwise rotation is
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FIGURE 8. Lattice orientations of rutile and titanohematite as
determined from the selected-area diffraction patterns in Figures 6 and 7.
(Color online.)

the one actually observed in the right area of the TEM image
of Figure 6, involving the rutile blade in the diffraction image
of Figure 7b (left red blade in Fig. 12b). The same rotation can
involve also the rutile blade in the left area of Figure 6 (left blue
blade in Fig. 11b), although that is not yet proved by selected-area
diffraction. If true, then both blades in Figure 6 would have long
axes that “plunge” to the right with respect to the foil surface.
There is another aspect of the high-resolution image in Figure
9 not yet explained. Although the lattice planes normal to the
mutual hematite @, and rutile @, axes are perfectly parallel, the
lattice planes in rutile that should be parallel to a, are in fact
misoriented counterclockwise by about 2°, so that crystallo-
graphic a and ¢ axes are not at 90°, but at ~92°. This discrepancy
cannot be related to the lattice rotations describe above because
the interface is at a high angle (estimated 84°) to the foil so that
such rotations could not be observed. The true explanation for
this seems to be in the strong lattice strain parallel to the rutile
blade axes. This is obvious in Figures 11c and 11d, where the
amount of interface stretch of rutile increases dramatically along
the blade axis with increasing distance from the anchoring points



ROBINSON ET AL.: FERROAN GEIKIELITE AND SPINEL-RUTILE EXSOLUTION IN Ti-HEM

FIGURE 9. High-resolution TEM image of the interface between
titanohematite and rutile. The image is taken in the orientation as
shown in Figures 6 and 7. The trace of the rutile-hematite interface in
this view lies at 75° to a, of hematite (see text discussion), also rutile
interface to the right in Figure 6, and is also inclined at a high angle to
the image plane. The lattice planes in rutile are not at 90° to each other,
as required by tetragonal symmetry, but at 92°, resulting from sinistral
shear (in this view) caused by stretching of rutile along its interface with
hematite (see text).

Zone axis
[211]

(-120)

(-102)

FIGURE 10. The orientation of a spinel lamella (green) parallel to
titanohematite (001) in relation to the approximate plane of the TEM
foil (magenta) of Figure 6. Here, the foil is positioned about 32° (rotated
approximately about a, of hematite) and shows the trace of the spinel
lamella (shaded green) in the plane of the foil. The foil is in good position
to look along the zones axes in Figure 7. The foil could not be rotated
enough to bring the hematite c-axis parallel to the beam. (Color online.)

in these lattice views. For Figure 9, then, one can conclude that
the anchoring point for this particular rutile blade, likely a loca-
tion where exsolution was initiated, lies to the right, so that the
hematite host is causing a sinistral shear (in this view) in the
adjacent rutile.

The overall result of these considerations is that the rutile
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appears to have grown in blades or rods within prism planes
parallel to ¢ and at 69° to the a, axis of hematite, and elongated
along best-fit lines that lie at 63° to the hematite (001) basal plane.
Furthermore, all the different rutile orientations with different
lattice and interface orientations with respect to hematite can be
accommodated within the confines of a single titanohematite
single crystal. The different rutile lattice and interface orienta-
tions would then have been initiated locally at the beginning of
coupled exsolution. These conclusions are illustrated for a more
extensive array of planes and lines in Figure 13. Figure 13a shows
positions of prism best-fit planes for rutile in hematite oriented at
angles of 69° to each of the @ axes. Figure 13b shows positions of
three rutile blades oriented along one best-fit line in each of three
planes in a. Based on the synthetic lattices, there might be two
such lines in each prism plane, thus giving 12 possible orienta-
tions. That number could be reduced based on interface details
not explored in the simplified model. Also the number of blades
visible near given surfaces may be greatly reduced compared to
the total number present. Note that the back two prism planes
in Figure 13c lie at 138° from each other. In Figure 6, the two
rutile blades are separated by 141°, the difference being due to
different viewing angles. All these results are entirely consistent
with observations in reflected-light and in EBS images. Local
deviations in observed angles will depend on the exact angle of
the surfaces on which measurements are made.

Chemography for the nature and sequence of exsolution

Figure 14a illustrates the nature of a low-7 reaction in the
system FeO-Fe,0;-TiO, (Lindsley 1991) as expressed by the
cation proportions of Fe*, Fe**, and Ti*'. At low T, below ~400
°C, coexisting ilmenite + titanohematite react to produce the
assemblage magnetite + rutile. Two previous three-phase equi-
librium triangles ilmenite-hematite-rutile and ilmenite-hematite-
magnetite are then replaced by two new three-phase equilibrium
triangles ilmenite-rutile-magnetite and hematite-rutile-magnetite.
In the new ilmenite assemblage, with further cooling, the ilmen-
ite would lose hematite component, producing more rutile and
magnetite. In the new hematite assemblage, with further cooling,
the hematite would lose ilmenite component, also producing
more rutile and magnetite. These reactions provide inspiration
for explaining the Mod-24 sample, because they show how
rhombohedral oxides can break down to an equivalent amount
of a spinel mineral and rutile.

To follow this reaction more closely, consider breakdown of
the rhombohedral oxide exactly intermediate between ilmenite
and hematite to yield magnetite + rutile, according to the reaction
1.0 Ilmenites,Hematites, = 0.50 Magnetite + 0.50 Rutile. The
stoichiometric reaction is 1 (Fe3}TiosFei"O;) = 0.50 (Fe*'Fe3*0,)
+0.50 TiO, or in cation terms Feg3Ti,sFei" = FediFei™ + Tiys.
The relative volumes of the product magnetite and rutile can be
estimated from the proportions of oxygen of these two phases,
which is 4/2, or double the volume of magnetite compared to
rutile. The intermediate rhombohedral oxide reactant may be
thought of as the “extracted component” from rhombohedral
oxide used to produce magnetite and rutile.

The relationships in Figure 14a are used in Figure 14b to
consider reactions in a wider chemical system, with Mg, Zn,
and Ni added to the Fe*" apex, and Al, V**, and Cr added to the
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FIGURE 11. (a) View of titanohematite (black) and rutile (red) dimensional cells looking down ¢ of titanohematite. This shows the common
titanohematite-rutile dimensional best-fit prism plane (purple) at 69° to a, (x). Note that a minimum strain position requires no rotation about c.
A 2° rotation of rutile about a; (as in ¢ and d) is not sufficient to cause significant change of rutile dimensions in this view. (b) Similar relations
in a prism plane (red) 69° from hematite a, (x) in the opposite direction, used in the cell model of Figure 12a. (¢) View of titanohematite (black)
and rutile (red) cells within the prism plane in a. The horizontal cell dimensions (x") are increased in this view compared to the “true” dimensions,
but the vertical dimensions are not. A best-fit line (purple) is achieved in this plane by counterclockwise rotation of the rutile cell by 2° about the
common a,-a, (y) axis. Also shows the orientation of the common lattice plane (blue) changed from 57.63° to 58.9° by the angle of the prism plane.
(d) Similar view within the prism plane in b with clockwise rotation of the rutile cell. These are the relations shown in Figure 12a. (Color online.)

Fe’* apex. Here, we place Mg-spinel in the previous position of
magnetite, and show rutile with its ferrian component. One can
then examine a reaction where an aluminous magnesian compo-
nent is extracted from high-7"aluminous magnesian hematite to
produce a new titanohematite closer to end-member composi-
tion, plus magnesian spinel and ferrian rutile. The composition
of the extracted component necessarily lies on the spinel-rutile
tie line in Figure 14b. Its composition is estimated by the reac-
tion 0.9685 aluminous magnesian titanohematite component =
0.4685 magnesian spinel + 0.5315 ferroan rutile (see Appendix),
based on the analyses of the spinel formulated to 3.000 cations
and rutile formulated 0.999 cations. The aluminous magnesian
titanohematite is a fictive extract component, but, in the Ap-
pendix, is normalized to a standard two-cation rhombohedral
oxide formula. Relative volumes of product spinel and rutile
are estimated from relative proportions of oxygen of these two

phases, which is 3.75/2.13, or 1.76 times the volume of spinel
compared to rutile. The lower proportion of spinel compared
to magnetite (compare Figs. 13a and 13b), is easily understood
using the lever rule.

The simplified compositions (omitting V,0;) are used in the
tetrahedron in Figure 15 to show the entire exsolution sequence
during cooling from peak amphibolite-facies conditions. An
original high-7 aluminous magnesian titanohematite yielded
an extracted component near the Fe**-free plane, which formed
spinel + rutile. The extraction drove the residual titanohematite
composition to the Al-free plane, which has the same topology
and orientation as Figure 3. Further cooling widened the miscibil-
ity gap between titanohematite and the ilmenite-geikielite series.
Fine lamellae of ferroan geikielite of compositon “geikielite”
0.70 separated, driving the hematite to its final composition
Fe,050.92, FeTiO; 0.06, MgTiO; 0.02. The final analyses show
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FIGURE 12. (a) Three-dimensional array of synthetic rhombohedral cells of titanohematite used to locate a best dimensional fit orientation
of elongate rutile blades. Positions of rutile lattice points were tracked numerically. With respect to titanohematite, the dimensional best-fit plane
(medium red lines) is parallel to ¢ (a prism plane) and at an angle of 69° to a,, and the blade long axis (thick red line) is on a best-fit line at an angle
0f 63° to the titanohematite (001) basal plane. The rutile lattice (not shown here) is rotated 2° clockwise in the best-fit plane to reach the best-fit line.
Blue lines show the orientation of the common lattice plane, in this case hematite (102) (see Fig. 8). (b) Outline of the same three-dimensional array
of titanohematite as in a illustrating two possible best-fit planes within the array and two possible best-fit lines in each plane. Arrows indicate the
clockwise or counterclockwise directions by which rutile lattices are rotated about the common a axes (y) to accommodate best-fit. To right (red) is
the blade axis modeled in a. To left is the actual blade axis (also red) observed in TEM in Figures 6, 7, and 8, with corresponding counterclockwise
rotation. In both a and b anchor points, where titanohematite and rutile lattice points correspond exactly, are at the bottom of the model. (Color online.)

a significant fractionation of Mg under these conditions between
geikielite with Mg/(Mg+Fe?") = 0.70 and titanohematite with
Mg/(Mg+Fe*") = 0.25. The shape shown for the miscibility gap
between titanohematite and ilmenite-geikielite is speculative.
An exhaustively calculated view of this is provided by Ghiorso
(1990), including evidence for an incipient ilmenite-geikielite
miscibility gap at low 7.

Magnetic properties

The magnetic properties of this sample are dominated by the
titanohematite host. Minor substitutions of FeTiO; and MgTiOs
are sufficient to suppress a Morin transition. It is challenging to
determine whether any of the magnetic properties measured can be
assigned to the ferroan geikielite exsolution lamellae. Mg?* is not
a paramagnetic ion, i.e., it contains no unpaired d-orbital electron
spins and creates no exchange coupling. In ferroan geikielite it
essentially dilutes the network of magnetic exchange interactions
between the Fe?* ions. We assumed the spinel and ferrian rutile are
not significantly magnetic. Rutile blades passing through antifer-
romagnetically coupled layers parallel to (001) in the host, at best,
could create a type of magnetic interface moment.

In the case of magnetic interactions in the ilmenite structure at

57 K and below (Burton et al. 2008; Robinson et al. 2010), there
are relatively weak double-layer antiferromagnetic interactions
that cause the magnetic moments to be opposite along c¢ in alter-
nating Fe?* layers. In addition, strong ferromagnetic interactions
within each Fe?' layer cause all the moments to be oriented in
the same direction within the layer. Mathematical analysis (Ziff
and Gu 2009) of a hexagonal network of points, such as that of
Fe** ions in the (001) plane of ilmenite, indicates a site percola-
tion threshold of 0.6970 for this strong interaction, meaning that
nearest-neighbor magnetic exchange coupling would require that
atleast 69.7% of sites to be occupied by Fe*' to generate an infinite
percolating cluster within this plane, hence not more than 30.3%
Mg replacement of Fe?'. This suggests that the ferroan geikielite
lamellae discussed here, with ~70% Mg replacement, should not
show global antiferromagnetic ordering at any 7. However, low-
T magnetic experiments described below show that the geikielite
lamellae have a significant magnetic expression below 40 K, and
strongly affect the bulk magnetic properties at 7" below 25 K.

In the case of FeTi-ordered hematite-ilmenite solid solutions,
the situation is different, because Fe*" ions are equally distributed
between adjacent cation layers even where Fe** and Ti*" are not,
and also Fe*" interactions between adjacent layers are very much



1708

="/

[Tt

/

.
/10

-\

N
N
a, 7
V
a3

FIGURE 13. (a) Positions of six prism best-fit planes for rutile in
hematite. Each is oriented at an angle of 69° to one of the a axes. (b)
Positions of three rutile blades oriented along one best-fit line in each
of the three planes in a. Based on the synthetic lattices (Fig. 12b), there
might be two such lines in each prism plane, thus giving 12 possible
orientations. That number could be reduced based on interface details
not explored in the simplified model. Also the number of blades visible
near given surfaces may be greatly reduced compared to the total number
present. (Color online.)

stronger than the double-layer interactions in the ilmenite structure
(Robinson et al. 2010). This means that adjacent-layer interactions
can percolate in the end-member system until ~X Ilm = 0.87 (Bur-
ton et al. 2008). Mg substitution in the ilmenite component lowers
the percolation threshold somewhat, but far less significantly
than in the ilmenite-geikielite series. In addition, at very Ti-rich
compositions, we know that a small amount of hematite substitu-
tion lowers the Néel T of antiferromagnetic ilmenite (McEnroe
et al. 2007b; Burton et al. 2008), but have been less sure if Mg
substitution has a greater or lesser effect. Magnetic measurements
of Mg-substituted and hematite-substituted ilmenite-rich composi-
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FIGURE 14. (a) Chemography of the retrograde metamorphic reaction
ferri-ilmenite + titanomagnetite = magnetite + rutile as expressed by
cation proportions of Fe*’, Fe**, and Ti*". (b) Chemography similar to
a in a wider chemical system, with Mg, Zn, and Ni added to the Fe**
apex, and Al, V**, and Cr added to the Fe* apex, allowing consideration
of the reaction aluminous magnesian titanohematite = magnesian spinel
+ ferrian rutile + Al-poor magnesian titanohematite. (Color online.)

tions (Table 6) show a decrease in Néel 7, but the details of Mg
effects are a subject for future work.

The Néel temperature (7y) of the titanohematite was deter-
mined by measuring saturation magnetization (M) and rema-
nence saturation (M,,) with temperature from 25-700 °C after
the method of Fabian et al. (2013), which yields a much more
precise result than earlier methods for determining 7 or Curie
T. At each temperature the upper branch of the hysteresis loop
up to 1.5 T is measured. From this M; is estimated by extrapolat-
ing the linear high-field part to H = 0. M, is determined from a
measurement in zero field. The resulting M, and M,.-T curves are
shown in Figure 16. From the measured hysteresis branches, it
can be inferred that the apparent drop in M(7) below 200 °C is
an artifact due to insufficient saturation of the sample within the
maximum measurement field of 1.5 T. Both curves give a 7y of
600 °C (873 K), clearly below the value of 680 °C (953 K) for
pure Fe,0s. Our corrected polynomial fit of composition vs. Ty
for the entire hematite-ilmenite system indicates a composition X
Ilm=0.12 for 7\, (873 K), compared to chemical results X FeTiO,
= 0.06, XMgTiO; = 0.02. However, this part of the polynomial
curve appears unreliable in that the pure Fe,O; end is anchored
ata T'above 953 K, suggesting a better estimate at X [lm = 0.10.

The visibly insufficient saturation complicates the estima-
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FIGURE 15. Derived compositions (omitting V,05) in a rhombohedral
oxide tetrahedron providing insights into the exsolution sequence during
cooling of original aluminous magnesian titanohematite from peak
amphibolite-facies conditions to the final intergrowth of magnesian spinel,
ferrian rutile, and ferroan geikielite in a magnesian titanohematite host.
(Color online.)

tion of My(30 °C). Therefore, we first determined M, (220 °C) =
2332 A/m based on a density of 5219 kg/m?®. Because [Im20, the
hematite-ilmenite solid solution for which we have a measured
M; (7) curve with a Ty closest to Mod-24, shows a 12% drop in
M; between 30 and 220 °C we used this value to estimate M (30
°C) = M,(220 °C)/0.88 = 2650 A/m. The literature value for the
spin-canted magnetization of pure hematite according to Morrish
(1994) is M(30 °C) =2100 A/m. In our case this should be reduced
by 5-8% to allow for 6% FeTiO; and 2%MgTiO; substitution in
agreement with the lower 7. Thus the expected My(30 °C) for
a diluted hematite would be 1995 to 1932 A/m. On this basis,
75-73% of the magnetization could be explained by the hematite,
indicating the presence of 25-27% of an additional component.

In previous measurements on exsolved samples, where we
knew that a fraction of the hematite magnetism was due to lamellar
magnetism, and we had direct composition estimates of hematite
composition (McEnroe et al. 2001b, 2002, 2007; McEnroe and
Brown 2000), 7y was consistently above the corrected curve.
Here there is the question of whether there is, or is not lamellar
magnetism at room 7 in this sample. This depends on whether
the contact layer compositions, brought about to improve charge
imbalance, contain enough Fe to couple magnetically to their ad-
jacent hematite layers. A contact layer composition is determined
by averaging the compositions of a disordered hematite layer and
an ilmenite Fe-layer (Robinson et al. 2002, 2004), as indicated
for Mod-24 below.

Disordered Hematite Layer 0.01 Mg 0.03Fe** 0.04Ti 0.92Fe**
Ferroan Geikielite “Fe” Layer 0.70Mg  0.30 Fe**

Totals 071 Mg 0.33Fe** 0.04Ti 0.92Fe*
Contact Layer Composition ~ 0.355Mg 0.165Fe?*  0.02Ti  0.46 Fe**

The calculated total Fe fraction of a contact layer is 0.625, within
the percolation threshold for adjacent-layer magnetization. One
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TABLE 6. Lattice parameters and measured Néel temperatures of

compositions close to X FeTiO; = 0.84 and above

a(A) c(A) V(A3 Ty

Synthetic end-member
(Wechsler and Prewitt 1984) 5.0884  14.0855 315.84 57K
X1lm =1.00 X Hem =0
Burton et al. 2008
Synthetic 5.0869 14.0667 315.23 43K
X1lm =0.974, X Hem = 0.026
Burton et al. 2008
Synthetic 5.0843 14.0342 314.18 40K
X 1lm =0.915, X Hem 0.085
McEnroe et al. 2007b
Allard Lake Quebec, AL36b 5.0828 14.0498 314.34 43K
X llm = 0.84, X Hem = 0.02,
X Geik =0.14
Robinson et al. 2006
Pramsknuten, Egersund, Norway ~40 K
X llm = 0.743 (incl. 0.005 MnTiO;) 413K

X Hem = 0.045 (incl. 0.0015 Cr,0;, 0.0020 V,05)
X Geik =0.212

2 Brok et al. (2014) by single-crystal neutron diffraction.

1 1 1 1 1 1 1]
100 200 300 400 500 600 700

T(°Q)

FIGURE 16. M(7) and M(7) from a MOD-24 sample providing
evidence for the Néel temperature of the titanohematite host. There is
a clear magnetic phase transition at 600 °C (873 K) coincident with the
onset of acquisition of remanent magnetization.

can speculate as to whether a contact layer composition, with
such a reduced Fe content, would influence the temperature of
acquisition of the lamellar magnetism, nominally controlled by
the hematite host. One may also speculate if such a composition
at phase contacts could have some influence on low-7"magnetic
exchange bias.

Because of the substantial calculated Mg content of a contact
layer against geikielite, the theoretical net magnetic moment
at 0 K is much lower than when a contact layer is against end-
member ilmenite.

Magnetic Moment of Hematite Layer

0.03x4=0.12puB 0.92x5=4.6uB Total 4.72 uB
Magnetic Moment of Contact Layer
0.33 x4=0.66 uB 0.46 x 5=2.3uB Total 2.96 uB

Magnetic Moment of One Lamella

2x2.96=592 uB 592B-472uB=1.2pB
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The resulting formal lamellar moment is only 1.2 uB compared to
4 uB for the example of pure FeTiO; exsolved from Fe,Os. This
may be sufficient to explain the additional component detected
in the Ms measurement.

After applying a field of 1.5 T, then cooling in zero field, 25
hysteresis loops were measured on warming between 10 K and
room-7. Shown in Figure 17 are two hysteresis loops measured
at 300 K (a) and at 10 K (b). The room-T7 loop shows a typical
rhombohedral oxide shape with an M,/M; ratio of 0.70, which is
significantly higher than the maximum of M,/M; = 0.50 expected
in a random uniaxial single-domain magnetite ensemble. The
bulk coercivity of Hc = 43 mT is larger than that of a typical
multi-domain hematite, which has Hc <10 mT, and results from
the abundant fine exsolution lamellae. At low-T, the 10 K loop
is remarkable in that it shows a negative exchange bias with a
shift of <40 mT. From 10 to 25 K, the loops remain shifted with
decreasing amounts. At 7 above 25 K no shift is evident and the
loops are symmetrical about the origin. Such shifts have now
been well documented in hematite-ilmenite intergrowths (McEn-
roe et al. 2007) and understood on a theoretical basis (Harrison
et al. 2007, 2010; Fabian et al. 2008) in hematite containing
fine-scale exsolution lamellae of ilmenite, in which a significant
magnetic moment only occurs in lamellae with an odd number of
Fe layers. These shifts occur in cases when there is strong mag-
netic coupling across phase interfaces between a magnetically
hard phase (ilmenite) and a magnetically soft phase (hematite),
in which the contact layers of lamellar magnetism play a cru-
cial role. The necessity of having two stable magnetic phases
interacting across an interface to produce the shifted hysteresis
loop, leads to the tentative conclusion that the geikielite lamellae,
despite their non-percolating nearest-neighbor exchange interac-
tions, are carrying a significant magnetic moment at very low 7.

Figure 18 shows the results of a warming experiment mea-
sured in zero-field after first applying a magnetic field of 1.5 T
at 8 K. A steep decrease in magnetization between 8 and 25 K
corresponds to the interval in which there is the loss of the nega-
tive exchange bias of Figure 17b, here tentatively attributed to
ferroan geikielite-hematite interfaces. The plateau edge at ~40
K corresponds in other samples to the conditions where ilmenite
magnetization begins to decline, and presumably here could cor-
respond to a 7'where geikielite transforms from a nominally AF
phase to a paramagnetic phase and thus loses its magnetization.

What, then, can we understand about the magnetization of
geikielite in a situation where nearest-neighbor magnetic percola-
tion is not possible? One possibility is that, even without com-
plete percolation through the major magnetic interactions, there
are sufficiently large Fe-rich Mg-depleted clusters to allow very
local double-layer magnetizations to occur. This may create a
significant hard magnetic moment in geikielite which is coupled,
through the more Fe-rich contact layers, to the titanohematite.
Another possibility is that at low-7, non-nearest neighbor inter-
actions become important. These could either allow a different
path of percolation in geikielite, not predicted on a theoretical
basis from the nearest-neighbor interactions, or provide a random
exchange coupling network with spin-glass properties. A third
possibility is that at very low-T the contact layers themselves,
with their higher Fe content than the geikielite, interact indepen-
dently with the adjacent hematite. A fourth possibility is that, ata
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FIGURE 17. Magnetic hysteresis measurements used to identify
material behavior. No paramagnetic correction was made. (a) Hysteresis
loop measured at 300 K (room 7). The loop is symmetric and indicates
a single ferromagnetic material with relatively weak coercivity. (b)
Hysteresis loop measured on the same sample at 10 K. There is a
significant negative hysteresis shift of <40 mT which is similar in
character to negative shifts observed at very low 7'in other samples where
there is magnetic interaction across interfaces between titanohematite
and ilmenite lamellae. The bulk coercivity (290 mT) is large, and the
loop remains open to nearly 1.1 T. Shaded profiles show hysteresis
differences. Both measurements were made in a maximum field of 1.5 T.

finer scale not yet resolved in TEM, there are ilmenite lamellae
more Fe-rich than those measured by the TEM-EDX analyses.
Based on our composition estimates for the titanohematite host,
there is not a chemical possibility to produce such lamellae in
abundance, even in the unlikely case that it could be predicted
from the chemical phase relations (Fig. 15).

IMPLICATIONS

The results of this study demonstrate the value gained from
examination of areas of remanent magnetic anomalies over igne-
ous and metamorphic rocks in the search for magnetic oxides
with unusual compositions and exsolution intergrowths, where
the magnetic interactions on phase interfaces create special prop-
erties. Exsolution of high-temperature mineral solid solutions to
two phases of different composition, but identical structure, is
the simplest phenomenon that can occur during slow cooling.
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FIGURE 18. Results of a warming experiment measured in zero field
after cooling in a field of 1.5 T to 8 K. With warming from 8 K, the curve
shows an initial steep drop in magnetization up to 20-25 K. Above 25
K the negative exchange bias shown in Figure 17b is no longer evident.
The plateau edge at ~40 K corresponds in other samples to the conditions
where ilmenite magnetization starts to decline during warming.

However, more complex phenomena are widespread and may
include exsolution of two phases with closely related but different
structures, for example hematite and ilmenite, or of phases with
entirely different structure, such as pyroxene and ilmenite, etc.
Exsolution may occur within a material of constant composi-
tion, or may occur because of a change of composition driven
by an external chemical input. The classic example of the latter
is the so-called “oxy-exsoluton” of titanomagnetite to produce
lamellae of ilmenite.

In the example described here, an initial high-7" aluminous
magnesian titanohematite, which might have exsolved isostruc-
tural corundum, did not do so, but instead produced a coupled
epitaxial intergrowth of magnesian spinel and ferroan rutile,
effectively extracting all Al and considerable Mg and Ti from
the host. After this, there was a second more simple phase separa-
tion of structurally related ferroan geikielite (X MgTiO; =0.70),
further reducing Ti and Mg in the host to its final composition
X Fe,0;=0.92, X FeTiO; = 0.06, X MgTiO; = 0.02. These co-
existing oxides provide new insights into the stability of oxide
phase assemblages and element fractionation between phases.

Orientations of phase interfaces produced during exsolution
are of considerable interest, particularly when the interfaces are
not along simple or rational directions, requiring close study.
Here we found that spinel (111) and geikielite (001) make
simple interfaces with titanohematite (001). By contrast, using
combined techniques, it was found that rutile forms blades within
the titanohematite host that are not oriented in a simple rational
direction of either, but do lie within prism planes of minimal
tensional strain and, particularly, are elongated along lines of
least strain at about 63° to the titanohematite (001) plane. These
directions are achieved by the rotation of rutile lattice directions
by 2°, as directly determined in selected-area electron diffraction
images, documenting an example where a misorientation of two
lattices by this small amount, accommodates growth of interfaces
in apparently irrational directions. This approach may apply to
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the many other examples of rutile hosted in rhombohedral oxide.

The special exsolution intergrowth of ferroan geikielite
with titanohematite provides a surprising new insight into the
theory of “lamellar magnetism.” This would normally involve
ilmenite (FeTiO5) and hematite (Fe,O;), but here 70% of the Fe?*
of the ilmenite is replaced by Mg. Formal percolation theory
suggests that nearest neighbor exchange interaction in this fer-
roan geikielite could not lead to an antiferromagnetic transition.
Here we observed lamellar magnetism below 600 °C, and, at
10 K, a significant negative magnetic exchange bias of 40 mT
is shown in hysteresis measurements, demonstrating magnetic
coupling via the “contact layers” of lamellar magnetism across
phase interfaces between titanohematite and ferroan geikielite.
This work indicates the possible presence of complex chemical
clusters, non-nearest neighbor exchange coupling, spin-glass
behavior, or low-T behavior of contact layers. It points the way
toward more magnetic study of synthetic samples in the systems
FeTiO;-MgTiO; and Fe,05;-MgTiO;.
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APPENDIX — DETERMINATION OF EXTRACTED
COMPONENT

Spinel: Al 1.925, Mg 0.986, Fe** 0.016, Fe*" 0.067, Cr
0.002, Ti0.003, Zn 0.001, Ni0.001 with simplified composition
R**AL0O, (aluminous spinel) 96.2%, R*'Fe3 0, (ferrite) 3.3%,
R**Cr,0, (chromite) 0.1%, R3*TiO, (ulvospinel) 0.3%.

Rutile: Ti 0.886, Fe** 0.087, V3" 0.021, Mg 0.005.

“Extracted” rhombohedral oxide component: This sums to
1.93695 cations from the balanced reaction, but is normalized
to 2 cations for a standard rhombohedral oxide formulation,
thus, 0.931 Al, 0.488 Ti, 0.480 Mg, 0.080 Fe**, 0.012 V**, 0.001
Cr, 0.008 Fe** with simplified composition Al,O; (corundum)
46.6%, Fe,0; (hematite) 4.0%, V,0; (karelianite) 0.6%, MgTiO,
(geikielite) 48.0%, FeTiO; (ilmenite) 0.8%.

Note added in proof: We have reconsidered our previous argument that the magnetic percolation threshold for ferroan geikielite
is defined by the site threshold for the hexagonal network of the (001) plane, leading to the value of 30.3% MgTiO;. We now suggest
that the 7 relatively weak double-layer antiferromagnetic interactions between atoms in every other (001) layer may substantially
increase the percolation threshold. These 7 are those that cause ilmenite to be antiferromagnetic below 7y. Thus, the percolation
threshold in the ilmenite-geikielite series may be substantially above 30.3% MgTiO;, if these negative interactions cooperate to
form an antiferromagnetic system, explaining some of the properties found here.



