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ABSTRACT
Titanomagnetite is major rockforming, spinetstructured oxide minerghat is
ubiquitous in a wide range of rock typ&espiteits typically small volumetric
abundancetjtanomagnetités the chiefcarrierof magnetic remanenée Earthd s cr u s t
Thus, it is a phase of both petrologic and rock magnetic importahethesigs a twe
part thesis otitanomagnetite. In Part I, experimentally produced titanomagnetite solid
solutionis subjected to cdditions intended to induce subsolidasolution A series of
experimentsvasperformedn an attempt to quantifghe kinetics of the process and
understanding the mechanism by which exsolution occurs. Additional experiments at
elevated temperatureereperformed to evaluate the temperature dependence of the
exsolution process. The run products @mpare with previously synthesized samples
containing exsolved F&i-Mg-Al oxides in order to constrain the conditions and
compositional controls on the exgtibn processPart Il is ananuscripthatwas
submitted to the Earth and Planetary Science Lettersiéisatibes technique by which

the Ti content of titanomagnetiteay bedetermined by Raman spectroscopy.
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1. INTRODUCTION

Titanomagnetite (RgTixOs, 0OXOL) solid solution exsolutiois a compositional
unmixing thatproducesa clothtextured intergrowth of two unmixed phases whose
compositionsare close to thegndmembersmagnetite (F€,) and uldspinel (FgTiOy)
(Figure 1.1). Titanomagnetitésving undergonthis exsolutiorhave beembserved
mainly inmassiveore deposits or basic plutonic environment (Price, 1980). However,
this type ofexsolutionis rare in the Eartis crustalbecaus@xidizing conditiors favorthe
so-calledoxy-exsolutionof titanomagnetite that produces ilmerdteé r dypdof s 6
lamellae in magnetiteHaggerty, 1991 (Figure 1.1a)lnitially homogeneous
titanomagnet# grains that have undergone exsolution are less likely to subsequently
produce exsolutiarsensu striat (the primary concern of this thesis), because the
formation of ilmenite solid solution depletes the host in Ti and reduces the
thermodynamic driwng force for additional unmixing. Thus, the process by which
initially homogeneous igneous titanomagnetite evolves into other phases depends
critically on the oxidation state of the system.

One important consequence of the exsolution processhage inthe magnetic
character of the rock that hosts titanomagnetite cry®taiscentstudy(Evans et al.,
2006)of themagnetic characteristics of naturally exsolved titanomagresitBrmeda
smaller magnetic domain sireanexsolved sample comparedaoonexsolved sample.
Magnetic domain size is important because it contributes to the strength and stability of
remanence that a rock may acquiiagke-domain (SD) or pseudsingledomain (PSD)
grainsare good magnetic remanence recordarsontrast wit large, multidomain (MD)

particles A change in domain state is intrinsic to exsolutiame imagnetite particles in
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Figure 1.1. Backscattered electron images of a natural titanomagnetite grain with
exsolution and oxyexsolution. (a): A whole titanoagnetite grain. The exsolved phases

are magnetiteylvospine| ilmenite, pleonaste, in the order of increasing darkness. In the
BSE images, elements with higher atomic number appear in lighter tone. Cloth texture of
the titanomagnetite solid solution exstibn and trellis texture of ilmenite oxgxsolution

are contrasted. (b): A higmagnification image of a region shown with white rectangle in
(a), exhibiting prisms of magnetitech endmembers inulvdspinetrich host. The sample

is cumberlandite from Ride Island, kindly provided by MJ Rutherford. The image was
obtainedusingJEOL J590Gcanning electron microscope at University of Hawadi

MUhoa. Abbreviations: mt=magnetite, uswospine) ilm=ilmenite, ple=pleonaste.



exsolved titanomagnetite are separated bymagneticulvéspinelmatrix. Evansand
Wayman 1974 proposed thathedispersed magnetifgarticles behave &D grains.
Howeve, the link between exsolution textures and magnetic characteristics is not simple.
Recent direct bservations of thenagnetic behavior acgxsolveditanomagnetite ahe
nananeter scale reveabmplex magneistatic interactions betweéine magnetite

prisms within exsolved grain@arrison et al., 2002; Feinberg et al., 2006). Such-inter
prismmagnetidnteractions couldesult in na-uniform magnetizations similar to PSD or
MD particles, andould reduce the stability and the intensity of magnetic rentanen
Thecollective behwaior of prisms also depends on tihegree of separation between the
prisms (Muxworthy et al., 2003; Esa et al., 2009). Evans et al. (200&)isit thesample
described b¥vans and Waymafi974), and conclude thatithoughindividual prisms

are SD in size, hysteresis propertédbulk samplegsreconsistentvith SD-PSDdomain
state.The explanation for this apparent discrepancy revealdudbyprder reversaturve
(FORC)analysiss thatmagnetostatic interactiomscrease the &ctive magnetic

domain size.

Intensemagnetic anomalieseredetectedn the crust of Marbdy the Global
SurveyorspacecraftMars no longer possesses a magnetic field, so the magnetization is
remarkable not only for its intensity but because it is aaremt magnetization that has
persisted for billions of yea(@\cuia et al., 1998Acuiiaet al., 1999; Connerney et al.,
1999;Purucker et al., 200@onnerney et al., 2001¢onsidering itdikely igneous origin,
the magnetic remanence in Martian crusikisly to be due to thermoremanent
magnetization (TRM). TRM is acquired by magnetic minerals cooled below their Curie

temperatures (J) in a magnetic fieldOne possible carrier of strong, stable remanent



magnetizations exsolved titanomagnetita, miner&thatis particularly relevant for the
intrusiveenvironment largraves, 2001 The presence of titanomagnetite Martian
meteorites and the moderabedation statécorresponding to the solid buffering
assemblage range between QBNbg units and QFMHerd et al., 2002; Herd et al.,
2006)of the Martian crust make titanomagnetite exsolution a plausible prdecgssd,
large (MD-size)grains oftitanomagnetiterystallize during slowcoolingof synthetic
Martianbasalt, as evidenced bycontroHatinosplere experiments performeddtartz
fayalitemagnetite (QFM) buffeconditiors (Bowles et al., 2009)f these grains
subsequently undergo exsolution (without oxidizing), there is potentiatttanment of
SD-PSDstatecapable of retaining a strong, S RM, as described above. Thus,
examination of the exsolution process in the titanomagnetite of candidate basalts is a
necessary first step in evaluating this mineral as the primary carrier of the intense
magnetization of the Mars crust.

A first-order cancern in evaluating the efficacy of exsolution for affecting the
thermal remanent magnetization (TRM) of Martian basalthetherthe consolutéi.e.,
peak solvusjemperature of impuritpearingtitanomagnetitesolvusoccurs above or
below the Curie tengrature of exsolved magnetite graiBarly experimental studies of
thetitanomagnetite solid solution seriesncludethatthis solvushas aconsolute point at
~600°C or lesswith the solvus skeweslightly toward the magnetiendmember
(Kawai, 1956 Vincent et al., 1957; Price, 1981; Lindsley, 1981) (Figure 1.2). B& T
magnetite is near 58C, theT¢ of ulvéspinelis -153°C, andthe Tc of intermediate
titanomagnetiteompositiors are linearly proportional tbe ratio of magnetiteo

ulvéspinelcomponentsNlerrill and McEIlhinny, 198; Figure 1.2). Therefore, TRM can
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Figure 1.2. A schematic diagram oépresentative solvi of titanomagnetite solid solution.
Curie temperatur€lc) is also shown in the diagrafhe solvus in dashed line is
suggested by Vincent et al. (1957) and solid line is from Price (1981). Modified from

Price (1981) Fig. 1.



be acquired by magnetite that formed due to exsolutiatiraited range of temperature
~450600°C according tahe solvus of Vincent et al. (195FHowever, titanomagnetite
in natural systeswusually contaia some impurities (Deer et al., 1962; Frost and Lindsley,
1991). The consolute temperature of titanomagnistipeesumedhigherin Al-bearing
oxides, given thate consolute temperatuoé magretite-hercynite (FeAIO,) solid
solutionis ~850°C (Turnock and Eugster, 1962}he work by Bowles and Hammer, and
new data presented here test the hypothesis that oxides forming directly from
multicomponent basaltic liquids contain sufficient Al and ottegions to drive
exsolutionat temperaturesxceeding , andtherefore promotacquisition of TRMof
the exsolved magnetidch phase

Othergoals motivatinghis study are thdetermination of the kinetics and
mechanism of titanomagnetite exsoluti&arlier worksemployechomogenization
experiments (Kawai, 1956; Vincent et al., 1957; Price, 1981; Lindsley, 198igtohe
shape and temperature range of the bititagomagnetitesolvus In this type of
experimentnaturally exsolved titanomagnetior synthetic mixtureof magnetiteand
ulvdspinelare annealed at various temperatures and durati@tssehomogenization of
the two phasesiomogenization experiments allow mapping of the binary solvus in
temperatur&eomposition spacédowever,so-cdledfi f o r vexperichéntsin which an
initially homogeneous grain is held at subsolvus temperature to drive exsaumgion
needed to address the chemical reaction pathway and rate by which exsolution occurs in
nature No such experiments have been répain the literatureThe difficulty of
experimental production of the titanomagnetite exsolutiattigouted to sluggish

reaction rateat the necessary run temperatuigarrison and Putnis, 1999).



Elucidating the mechanism by whickselutionusually requiresanalysis of
samples by'ransmission Electron MicroscopyEM) (Putnis, 1992)Two primary
mechanisms have been proposadtleation andpinodal decompositiofibbs,1961).
Nucleation may be either heterogeneous or homogeneetgspgeneous rieation
occurswhena new phasérm atdefects(i.e., sample surface and grain boundgries
while homogeneous nucleati@tcurs in uniform bulk material. Nucleatitgadsto a
texture in which th@ew phase idiscreteJocalizedin space, and chemicgluniform. In
contrastspinodal decompositioleads to droader, chemically neaniform didribution
of theexsolvedphase (Yund and McCallister, 197The wavelength ofompositional
fluctuation in spinodal decomposition is characteristically as smsatl00A (Harrison
and Putnis, 1999) (Figure 1,3yhereas thepatial scale separating nudkin the order
of 1000A. Note that thexsolutioncan be either incoherent eoherentin the later case
thelattice planes between new phaaad matrix phses remain continuougnd the
exsolution texturés in a predictablerystallographiorientation. Foinstancethe
preferred orientatiofor spinetstructured lamellae forming inspinetstructure hostis
along {100} according to the observationsaaherent spinodal decompositionnatural
and synthetisamplegHarrison and Putnis, 1999; Gelchindler et al., 2005).
Conditions for which each mechanism tagéceareshown in the temperature vs.
composition phase diagram (Figure 1 us, if themechanism and the eimember
compositions of exsolved phases are known, it allows us to map a solvus that corresponds
to a particular mechanism as in Figure 1.4 specifically for titanomagnetite solid solution.
While nucleation can occur anywhere withinie chemical solvusdurvel in Figure 1.4),

spinodal decomposition is limited the fieldwithin the chemical spinodalciirve2 in
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(a) Spinodal decomposition (b) Nucleation and growth

Figure 1.3. A schematic diagram @f development of compositional fluctuations in two
mechanisms of exsolutiohe digance axes are arbitrary: the wavelength for (a) is
shorter relative to (b). s the initial composition of the solid solution angabd G are
the equilibrium compositions of the exsolved #plwase intergrowth. Aabted from

Putnis (1992) Figure 11.38.
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Figure 1.4. A schematic diagram @f chemicalincoherentand coherent solhand
spinodas. The numbers represent: (1) the chemical solvus, (2) the chemical spinodal, (3)
the coherent solvus, and (4) the coherent spinodal. Modified from Putnig @ig§ag
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Figure 1.4). Erthermore, coherent exsolutiaconstrained at lower temperature due to
strain energy contributing to the free energy of the solid solution. The upper limit
boundaries under which coherent nucleation or spinodal decdaropasn take place are
defined aghe coherent solvus argpinodal ¢urves 3and4 in Figure 1.4).

To datethekinetics of spinel oxide exsolutiare unconstrained by experiment
or theory By comparisonclinopyroxene exsolutiois a well investigateénd similar
problem(Weinbruch et al., 2003However, even for clinopyroxenep consensus on
rate lawshas emergedrhe conventional determination of the kinetics of exsoluises
thewavelength of exsolution lamellameasured by TEMBecause TEManalysis is
beyond the scope of thigork, we soughtto observe development of exsolution by either
the nucleation or spinodal decomposition mechanism through evolutiba lmilk
magnetic propertiesf samples created in tirgeries experiments. We antidipd that
Tc would help identify the mechanism. Becalgecorresponds closely the
compositions of magnetic minerathanges in bull ¢ could indicate the emergence of
titanomagnetite or magnetite during the incipient stages of exsalluiti@ory predits
that if the exsolving phase evolves gradually from titanomagnetite toward magnetite with
increasing volume fraction at a given temperature, then the exsolution mechanism is
spinodal decomposition. Conversely, if the exsolving phase composition isliatehg
rich in the magnetite component and unvarying through time, then the mechanism is
more consistent with the nucleation mechanism.

JA Bowles and JE Hammer conducted exsolution experinhetest whether the
consolute temperature of nquiretitanomagnetitesolvusis indeed higher than for pure

titanomagnetiteand toevaluate thability of exsolved titanomagnetite &mquire TRM

11



Two starting naterials were utilizedbasalts synthesizdwaving the compositional
character ofa) theSNC meteoritesand (b) the Martian surface ascertained hgrinal
Emission Spectroscopy (TES) applied to Martian sursaodarly to the previous
experimental study by Bowles et €2009). Theresultsincludedobservation of
micrometerscale exsolution textuseén oxide phaseand changgin bulk magnetic
properties compared to the starting materibtgese experiments will be term&@roup

10 of which a representative pair has been selected for detailed analyses in this study:
sample MAmM-E-03 and MB2E-03. The startirg materialdor these rungre samples
MAmM-36 and MB231, respectivelyBoth the starting materials and run productsre
characterized petrologically and magnetically in this study.

New ime-series experimen(81Am/MB2 -E-091 E-13)wereconductedo infer
exsolutionmechanismmandinvestigatethe timedependent changes with a growth of the
exsolution textureas described abovie addition, two sets axperimentyMAM/MB2 -
E-147 E-15)were conductedtdifferenttemperatureas a part o& plannedseres of
experiments in whickemperaturés the primary variableThenewexsolution
experiments areonceivedsimilarly to the Group 1 experimen(sith important
differences to be described in detail in this thesisyitermed Group 2 experiments.
Group 2also employedwo bulk composition§MAmM-51 and MB248) based on the
characteristics ahe SNC meteoritesnd TES basaltswith the intention of matchinthe
starting materialsised inGroup 1

The ensuing sections of Part | of this thesis provide lddtaxperimental
methods, petrologic and magnetic analytical results, new constraints on the position of

the solvus in multicomponent Ha-Al-Mg spinetstructured oxide, and discussion of
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titanomagnetite exsolution occuring in both pilot (Group 1) andvebn (Group 2)

experiments.
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2. METHODS

2.1 Experimental M ethods

2.1.1 StartingMaterial Synthesis
Thesteps ofstarting material synthesis procedare summarized as follows,

where the product fagachstep is denoted in parentheses.
(1) Mixing of rawreagent powders (reagent mixture)
(2) Fusion of reagent mixtures to check composition (fused glass beads)
(3) Condtioning of reagenmixtures to reduce Fe and drive off @(@onditioned

reagent)
(4) Conditioning of a Pt crucible with Fe (conditioned crucible)
(5) High temperature treatment on conditioned reagents for production of starting

materials for subsolidus annealing experiments, or exsolution experiments

(crystalline starting materials)
The procedure is the same fBroups 1 and 2 experiments except where noted.
2.1.1.1 StartingMaterial CompositionSelection

The garting materials with two different bulk compositions were employed for

the Goups 2experimentsimilarlyto Groupl They ar e naypé § O0med B
typed composi tti yopre GONp e®t erormpsotsriitalon, wher e
characteristically Feich and Atpoor (atomic ratio Fe/Al = 1.5) and the latter has an
opposite nature to the former (Fe/Al = 0. e values of wt.% for all other elements
except Ca are the same for both cosifiens (Table 2.1)The purpose of having two
different bulk compositions was to cover a range of possible compositions of basaltic

crustal materialsn Mars.Although T-type composition has recently been suggested to be
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Table 2.1. Bulk compositions of starting materials and CIPW normative mineralogy

Meteorite-type Terrestrial-type
Groups 1, 2 Group 1 Group 2
A®  A*mod® MAm-34 B2® MB2-30 MB2-50
SiO; 51.40 51.16 53.64 51.20 52.31 43.08
TiO, 1.63 1.61 1.30 1.60 1.47 2.28
Al,O3 9.13 8.70 8.99 17.01 16.65 20.89
FeO(t) 18.90 18.90 17.69 8.48 8.53 8.40
MnO - 0.53 0.48 0.53 0.50 0.59
MgO 7.27 7.04 6.32 7.04 7.46 8.84
CaO 8.77 8.44 8.48 10.50 10.36 13.35
Na,O 2.13 2.28 1.88 2.28 2.00 1.56
K0 0.75 0.76 0.75 0.76 0.71 0.52
P,0s 0.49 0.50 0.50 0.50 0.47 0.52
Cr,03 - 0.10 0.04 0.10 0.04 0.03
Total 100.5 100.0 100.1 100.0 100.5 100.1
Fe/Al 1.47 1.54 1.40 0.35 0.36 0.29
Normative mineralogy®
Quartz 2.73 2.97 8.92 1.97 4.14 0.00
Total feldspar 35.29 35.02 34.06 57.66 55.12 59.64
Total feldspathoid 0.00 0.00 0.00 0.00 0.00 2.68
Total pyroxene 53.25 52.60 48.15 34.07 34.81 11.60
Olivine 0.00 0.00 0.00 0.00 0.00 18.60
Apatite 1.06 1.09 1.09 1.09 1.02 1.13
limenite 3.08 2.21 2.46 3.04 2.78 4.33
Magnetite 4.53 5.93 5.27 2.08 2.05 2.00

& SNC-like composition used in Hammer (2006) and Brachfeld and Hammer (2006).

® Desired SNC-like and Earth-like composition for this study, which was also used in
Bowles et al. (2009).

¢ FeO and Fe,O3 were computed from FeO(t) using method of Kilinc et al. (1983) and

assuming 1200 °C and fO, at QFM for the samples with superscripts a and b (Bowles

et al., 2009), and 1070 °C and QFM for the rest. The program Magma by Wholetz was
used for the CIPW norm calculation for the last group.
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unlikely composition for thenost of the Martian crugMcSweenet al., 2009)it will still
be introduced here as a part of our wditke selection of compositions, chemical
characteristicsaandCIPW normative mineralogiesf the starting materials are described
in detail in Bowles tal. (2009).
2.1.1.2 Mixingof Reagents

The starting materials were synthesized from powdered oxide, carbonate, and
phosphate reagents. First, the target oxide waldes of the starting materiahs
converedinto proportions ofwveights of the reagepbwdes and a Microsoft Excel
spreadsheet was prepared for calculation. This was used to calculate the target weights
for each reagent givendesirediotal weight of the mixturelhen,slightly excessive
amounts of the reagents were place@aors porckin crucibles with lids (~&m-tall)
individually and then held inraoven (Type F6000 Furnace, Barnstead Internatiabal)
temperatures and durations specific to reagents to eliminate ibydzat carbonation
(AppendixA). At the end othe heatingtreament the reagents were taken out from the
ovenand placed in @ortabledesiccator to transport to another oven (single wall
laboratory oven, Blue Mat ~100 °Cor a desiccator in which the reagents were .KEipe
leag hygroscopic reagents were the ffite go through this procedure, and the most
hygroscopic reagent MgO was the |d3te reagents were taken out of the oven or the
desiccator and transported to the scale for weighing using a portable desiccasam&he
scale (AG 135, Mettler Toledo) wased for all weighing procedures in this study. The
hygroscopiaeagentsvere the first to be weighed. The actual weight of MgO (the first
reagent weighed) was useddfatainthe targetweights of theest of thereagentsising

the spreadsheet. Theagers were weighedh turnand werammediatelypoured into a
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mortar halffilled with ethanol to avoid an escape of the powders. The reagents in the
mortar were gently mixed with a pestle to obtain a homogeneous mixture. The mortar
was lightly covered with aigce of paper to avoid contamination, avas placed on the

top of theoven (Blue M)at ~30 °Cfor a few hourgo hasten the ethanol evaporatfoom

the mixture, then stored in a desiccatnly reagent mixture for-type sample was

prepared for Group 8&ample. The same reagent mixture as Group 1 experiment was used
for Group 2 Mtype sample (Table 2.1).

Fused glass beads of the eashgenmixture were produced to obtain more
accurate compositiofTable 2.1) compared thé composition obtained fromveights of
thereagentgAppendix B. The fusion wagonductedat 1215°C for M-type (sample
MAmM-34) and 1280C for T-type (sample MB20) for Group1 by Bowles It was
conducted at 134%C for Group 2 Ftype material (sample MB20). They are all above
liquidus (T.) obtained using MELTS algorithm (Ghiorso and Sack, 1995). They were
conducted at quartiayalitemagnetite (QFM) buffer curve using a Deltech furnace with
flowing H,-CO, to controlfO,. The detailed settings and proceduredieltechfurnace
aredescribed in Appendices C and The sample-0.005 gwas held at the experimental
condition for 1, 1, and 2 h for each mixture, andp-quenched (Table.2). The
temperature and duration were considered to be sufficient to obtain homogeneous,
crystatfree melt and yet not enough for significant amount of Fe in the sample to migrate
toward Pt wire on which the sample was placed. This migration of Fe to Pt will be
discussed in detail in section 2.1.1.4. The temperature and duration values for the latter T
type materialwere higher than the ones used for the former because the former had not

been analyzed and suspected to be insufficiently heated to obtain a homogeneous mixture.
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For theGroup 2 T-type material, the bead did not fall into the waterrugqoench and
remained attached to the zap wire. Thus, the sample holder was pulled to near the top of
the furnace chamber to cool sufficiently fast while the gas was flowing. The retrieved
glass beads were naturally dried @gfrain mount or thin sectiowas made for the each
beadusingepoxyfor electronprobemicroanalysisSsEPMA).

2.1.1.3Conditioning of theReagentMixture

The mixtures of the reagents were conditioned at 925 °@grat QFM
controlled by flowing H-CO, for ~4 hto decarbonate reagerdgad reduce ferric/ferrous
ratio.

First, theDeltechfurnace was heated to the experimental temperature (925 °C)
and H-CO, gas was inserted to attain QFM condition measuredf@y sensor
(Appendices C and D). Approximate®ysg and 4.0 g for Mand T-typereagent
mixtures wereplaced in éboatshapedcteramic containeMWR Combustion Boat 7 mL,
VWR Internationallandwereinserteal at the centerof thealuminatube Upon
conditioning,both ends othe alumina tube @resealed with rubber plugs to whichast
cupper tubes were inserted to lead one side to tH&(4d gas input from th®eltech
furnace and another to the output bubldere Appendix D)The bubbler side of the
alumina tube was filled with Alumin&ilica Bulk Fiber (Zircar Ceramics) to delggs
escape to the output and to enhance gas mixing within theTiubgasvalve from the
Deltechfurnacewasopenedand thealuminatube waglaced in theviini-Mite Tube
Furnace I(indberg/Blue M) at 925 °Cat the center ahefurnace where the ype
thermocouple was located. This horizontal télomace was located inside a fume hood

in case of gas leakage. The furnace setting is illustratdgpendix E The temperature
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displayed by théorizontaltubefurnacewas monitored and the time at which the
temperature recovered to the target value was considered to be the starting time of the
conditioning. A subsequent overshooting of the temperature usually observed for this
type of furnaces wasegkectedfor the determination of the starting time becausa of
short duration (a few minutes) of the overshooting. The sample was held for ~4 h at this
temperature. At the end of the conditioning, the alumina tube was taken out from the
furnace while gases were flowing, and@ioled Subsequently, the gas supplgis
terminated.

For theGroup 1 experiment conductealy Bowles, theDeltechfurnace was used
instead of thdnorizontaltubefurnace for this procedure. Alsan aluminaruciblewith a
lid was employed for the sample contairigecause the sample minstve beenmanually
inserted or withdrawn from the tag the open furnacehambeythe sample insertion
was conducted without flowing gas andraty slav rateto avoid damage on the
chamber due tathermal $ress.The aircooling of the sample was conductadkeeping
the sample near the top of the furnace at cooler temperatures while gases were being
turned on or off.
2.1.1.4 Production oCrystalline Starting Materials

A Pt crucible (~2cm+tall, bucketshaped) was selected for the sample container
for this procedure, firstly becaustt had a melting point above the maximum
experimental temperature (12%0) and reacted minimally with starting materials under
the experimental conditionSecondly, it could accommodate large amount of sa(rle
g for both conpositions)compared t@apsules made @ft tubing(O.D. = 5 mm, length =

= ~3 cm)that wasemployedby Bowles forGroup 1 which accommodated only ~0.5 g of
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sample As a matter of fact, the crucible allowed us to produce enough starting materials
for the whole series of exsolution experimenigns in total for each compositiovith

each run containing >0.1 g of starting mat@rmahileit can induce sample heterogeneity
due to large sample siggee section 3.1.1)

Although Pt has low reactivity withasples in contact, it is known that Fe in
samples tends to migrate intov#tere the amount of Fa saturation in At a function
of temperature antD, (Hammer, 200bas mentioned in the previous secticeé section
2.1.1.2). Therefore, the crucible sveonditioned by saturating Pt with Fe at experimental
condition before therystallinestarting mataal production stepwvhich will be described
here first. This procedumgasalsoconducted for Pt capsulesexperimentgor Group 1
by Bowles This proess also lowered a recyclability of their Pt capsules for experimental
runs compared to the crucible because of accumulating damages on the capsules upon
sample recovery. Sample recovery from the Pt capsules and crucible was conducted by
pressurizing theantainers over the samples inside using a pair of pliers faaibsules
and a vise for the crucible to break samples into pieces. The Pt mallegtyplasently
decreased afte@onditioning of Pt and the capsule wall sometimes tore after a few
experimerdl runs although crucible was not damaged.

Theconditioning of the Pt crucible was conducted by annealing the Pt crucible
containing a material with a similar Fe concentration and bulk composition as the starting
materials at temperature p@nd QFM for 6h in the Deltech furnace wititowing Hp-

CQO,. Only one Pt crucible was employed to synthesize bednt T-type starting
materials. Because-fiype starting material lldower Fe content, theonditioning of Pt

crucible was first conducted forfype compaition, followed by asynthesis of the -T
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type starting materiallhe crucible was then conditioned fortype composition,

followed bya production of Mtype starting materiallhe conditioning was repeated
twice for the initial oneto make certain that ¢hcrucible was saturated with Fe under the
first experimental condition. Natural basalt lava erupted and quenched at the ocean in
2008 in the Island of Hawa@i(HI), collected and provided hjE Hammer in 2008 was
used for the initial conditioning of the Brucible. The Fg€s; content of this basalt was
assumed to be 12.5 wt.%, the reported average Hawaiian basalt erupted recently (Garcia
et al., 2000)Thereforejt is not too far from the Fype starting material in both FeO(t)
concentration and bulk coragition(Table 2.1) This basaltwas powdered (<0.124 mm)
using a mortar and pestle, asgproximately 6.0 and 6.5\gereused for the Ttype
conditionngs of the Pt crucible. Theonditioning for the Miype composition was
conducted using the samewderel natural basal{~5.9 g)with additional FeO by

adding FeO, oxide powdeK~0.6 g) in ordeto replicate FeQ) content of Mtype
composition(~19 wt.%) Two holes were made on the upper facing wallithe Pt
crucibleto accommodte a handle made Bt wire. This allowed the crucible to be hung
from the sample holder by its han@fgppendices C and D). The crucibas then
deformed manually to have an ellipticgdeningat itstop in order to fit in the Deltech
furnacechambemithout a contact withrainnerchambemvall. Basaltor modified basalt
powder was manually packed into the Pt crucible that reaches ~6 mm from the top of the
crucible.A general annealing procedure usbeltechfurnace is described in

Appendices C and D. THarnacewas set taeach the target temperaturés theactual
sampla 1290°C and 122%C (furnace set point 134C and 126PC) for the Ftype (the

first two conditionings) and Mtype (the lastonditioning before the actual-dpe
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starting materialfompositions, espectiely. After duration of 6 lat the target

temperature and QFMhe sample was quenchetlile the gas was flowingrhe basalt

used for this Pt crucible conditioning procedurevretrieved from theruciblein a

manner described earlidept asideand newbasalt powder was used for each
conditioning Before the crucible was used for synthesis of the starting materials, it was
soaked in fluorobc acid (50%)for 4-5 days to remove silicate residue from the
conditioning.The crucible was rinsed with disell water in an ultrasonic bath a few
times after an exposure to the acid.

The procedure for the synthesis of G®up 2starting materia{fMAmM-51 for M-
type and MB248 for T-type)was similar tohat ofthe conditioning ofthe Pt crucible,
except forthetemperature treatment (Tabl&R.The temperature was programmed to
first reach the target value for each composition, 1290 °C-fgpd& and 1225 °C for M
type, dwell for 6 handcool to 1070 °C at the rate of 4 RC. The sample wadrop-
guenchedfter beingheld for100 h at the final temperature to attain crystalline starting
materiab that were analogous to slowly idedmaterialswith analyzable crystal size.
These were alit QFM usingflowing H,-CO,. The sample recovery and cleaning of the
Pt qucible are also as described above.

The crystalline material synthesreethodusedby Bowlesfor Groupl (MAmM-36
for M-type and MB231 for T-type) isas appears iBowles et al. (2008)The
temperature and duration settings were the same as Group dff€hences fronGroup
2 is that it was conducted using Deltech furnace as well, but the evacuated silica capsule

with solid state buffer was used to maintéia at QFM instead of flowing HCO..
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2.1.2 Exsolution Experiments
2.1.2.1 Sample Preparation

The splitof the starting materiabas sealed in an Ag capsule along vetsolid
stateQFM buffer placed in a Pt capsule to monit®g (Figure 2.1) The Ag capsule was
sealed in an evacuated silica capsule along witheggenpowder placed imnAg
capslle as an oxygen getter to avoid departure from QFM toward Hi@her

More than ~0.1 g (>B pieces) of splits of the starting material was selected and
placed in an Ag capsule (O.D. =5 mm) whose bottom had been wahtrketi Welding
of Ag capsule as ell as any welding involved in the course of procedure in this study
was conducted using an eagetylene torch (Smith Equipment) where the both gases
were 5 psi. The selection of the splits from the starting materials was made so that there
were enough mabers of splits for the exsolution runs for a thin section and magnetic
analyses, and ideally some lefterasa backup. Also, the grains that seemed to have
been in contact with the Pt crucible upon production of the starting material and the other
partwere included in each exsolution run to avoid a possible bias of the starting material
selection. The two types of grains were distinguished by an obvious smooth surface of
the former type. A solid state QFM buffer was prepared to be sealed in the Atecaps
along with the sample. The buffer consisted of fayalitggk#) (~0.089), silica (SiQ)
(~0.008g), and magnetite (5©,) (~0.008g) reagents. Fayalite was natural mineral and
coarsegraired (0.060.19 in, Alfa Aesar) unlike other reagent powddnsyeéfore, they
were powdered in a similar way as natural basalt (see section 2.1.1.4) in order to

maximize its surface area and an efficiency of the buffer assemblage. The buffer works
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Pt Ag Silica spacer Ag SiO:z glass

& — >§< \ D

Sample QFM buffer Fe® powder
~1cm

Figure 2.1.A schematic diagram dhe exsolution experiment sarngpassemblage. The
sample is sealed @mnAg capsule along with QFM buffer aPt capsule. This capsule is
enclosed iranevacuated silica capsule together with iron powdardnmpedAg
capsulghatworks as an extra oxygen gettear precise size dhe parts, see section

2.1.2.1.
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by the following chemical reaction:

3FeSiO,+ 0, =3SIg, + 2Fe0,  Eq. 2.1)
As oxidation takes place, the reaction proceeds forward, and the compounds on the right
hand side of the equation start to dominate in the baffeemblage. The weight
proportion of fayalite was madm order of magnitud@rger compared to the other
compounds to avoid oxidation the systentbased on the susceptibility of lcwalgiration
experimentgo oxidation reported from the previous experntse Weighed buffer
constituents were combineadit was placed in a Pt capsule (O.D. = 4 mm) whose
bottom was closed by welding. The capsule was tapped to compact the buffer, and the top
was loosky crimped The Ptcapsule were recycled for the followgnexperimental runs
after removal of the buffers from the previous runs. The removed buffers were kept aside
to make a grain mount to be observed under transmitted light photomicroscope. A
departure from QFM buffer curve could be recognized by disappeasamimminance of
buffer constituent(s) of only one side of ER.1. The Pt buffer capsule was placed in the
Ag capsule on the top of the starting material, and the top of Ag capsule was welded to
shut. Upon welding to seal the Agpsule ~2/3 of the cpsule from its bottom was
wrapped with a wet paper towel to avoid alteration of the sample and the buffer due to
heating. In addition to QFM solid state buffer’ Feagent powder (-5g) was employed
as an oxygen getter to magertainto avoid oxidatiorof the sample. The Bpowder
was placed in an Ag capsule (O.D. =5 mm) whose bottom was wellosetl. It was
tappedio compact the powder atite top of the capsule was crimped to close. Unlike the
Ptcapsuls used for a QFM buffer, the Ag capsule fef Was not recycled mainly due to

its low cost. The sealed Ag capsule containing the starting material and bufigentiys
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slid into a silica tube ({I.D., O.D.} = {7 mm, 9 mm} or {I.D., O.D.} = {6 mm, 11 mm})
whose bottonend had been weldeshut. Then,afew pieces of broken silica tube were
inserted as a spacer between the sample Ag capsule and the Ag capsule confaining Fe
that was inserted nexthe part of the silica tube where the sample anaxlyggengetter

were located was wrapped with a wet papevel upon welding of the silica tube to

narrow the channel of the tube that would becam&herend of the silica capsulé.

part of the silica tubelcm in lengthwas heated by a torch flame by moving and rotating
the silica tube over the torch fix@u position with a holder. A care was taken try not to

tilt the tube too much and spilE’ powder Once the silica tube started tiog in orange,

it was gently stretchedhile still being heated and rotaterimake a narrow chann@2-

3 mm) and removedrom the flame before the channel clos&dsilica tubing with a

thicker wall was employed for the longest duration run for a further protection form
anticipated oxidation by an invasion of oxygen into theaitiapsule from the
surroundingHowever, itwas not efficient in welding probably because the torch was not
powerful enough to keep the entire circumference of the kangierdiametertubing to

be hot enough. Also, the welded ends could have been as thin as those of the tubing with
a thinner walbecause welding of the thickesalled tubing was forced by axtreme
stretching of the tub&.herefore, the effect of this alternative wascertain Whenthe
temperature of the welded part was cooled enough to be handled safely, the open end of
the silia tube was connected to an evacuator (model 5SKC36LN26J, GE Motors and
Industrial Systems). Between the evacuatorthedgilica tube, a glassware that worked

as a vapor getter was placed in the line. The glassware was placed in a container ~1/3

filled with liquid N,. A manometer (model TCG531, Duniway Stockroom) was coupled
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with the evacuator for pressure readings. Complete sealing of the connections by rubber
hoses was ensured usigigase. The evacuation of the silica tube was conducted for >20
min to acleve pressure lower than 30 mtorr. Once the target pressure was reached, the
narrowed portion of the silica tube was welded to close with the torch fixed in position
while it is still under evacuation. The silicapsulevas rested to cool down in a beaker
to keep its vertical position. The evacuator was turned off and the other part of the silica
tube remained attached to the evacuating system was removed after it cooled enough and
the pressure recovered near 1 atm. This silica tube was used for anstheti@x run.
Absence of holes at the welded tip of the silica capsule was usually confirmed visually. If
incomplee sealing was still suspected, the capsule sudsnergednto water for a further
confirmation.
2.1.2.2 Experimental Setting and Procedure

The Goup lrepresentativevas run at 710C for 54 days (samples MAM/MB2
E-03) (Table2.2 and Figure2.2). The Group 2 experiments consist of tirseries
(samples MAM/MB2E-0971 E-13) and highhiemperature series (samples MAmM/ME
147 E-15) (Table2.2 and Figure2.2). The temperature for the tirseries, 650C, was
selectedso that it wasigh enough for the kinetics agdtlow enough to be subsolvus
for nonpure titanomagnetite system based onGhaup 1 experiment that yielded
optically observableexsolution. The durations for the tirseries runs were 21, 32, 48,
111, and 158lays The duration in order of days was selected assuming the kinetics to be
relatively slow. The time intervals between the runs were made so that they are natural
log-linear, assuming that the reaction rate generally slows down with prolonged duration

passing a reaction peak. The higimperature experiments run at 750 and“C@fbr 88
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Figure 2.2. A temperature vs. time plot of the expeemtal conditios. All experiments

are at quartfayaliteemagnetite (QFM) buffer curve using each of two different bulk
compositionsM- and Ttypes.
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days were originallyntendedo be part of plannetemperatureseriesexperimentsn
relation toGroup 1.Thus, the temperature and duration of the fteghperature series
seems to be gonsistent withlthe timeseries ofGroup 2 It is introduced in this thesis
because of their common starting mateauadl an attainment of titanomagnetite in one of
the sampls.

The isothermal annealing experiments were conducted benmpntaltube
furnace (Figure 2.3)The samples for each composition were paired and placed in an
alumina tube, where the samples were located ~1 cm inward from the edge of the tube.
The tube ontaining the samples wataced near the center in a tube furntea had
beenheated beforehand to the target temperature. Five of the horizontal furnaces were
used in the seried experiments. For each furnace, a furnace temperature set point that
comrespondgo the target sample temperatatethesample position (center of the furnace,
or hot spot) wasetermined. It was conducted biatrand erroradjusting thdurnace
temperature set point to obtain the right temperatatrise sample positioneasured by
an external Ktype thermocoupleAn alumina tube with a pair of dummy silica capsules
wereplaced at thesample positiomnd the Ktype thermocouple was inserted to read the
temperature at the center of the furnace.

The alumina tube containirggmples was taken out of the face and aicooled
The silica capsules were taken out of the alumina tube immediately after to hasten the air
cooling. Once the capsules were cool enough, they were broken to retrieve the samples.
All materials in tte silica capsule were kepthe QFM buffer was examined for sample
oxidation status as described in section 2.1.2.1. Thpdveder was also checked if there

is no significant difference before and after annealing. Usually a few pieces of the sample
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K-type
thermocouple Sample
Heating coil
S\

Figure 2.3. A schematic diagim of the exsolution experimefithe diagram is showing a
top view of the tube furnace when the lid is opergaimples for the same anneal
duration from M and T-type compositions were paired and placed in the centaeof
furnace iside an alumina tube (cut away view here), at the furnace hot spot.
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wereselectedor compositional analyses, and thin section was made.

2.2 Analytical Methods

The analytical techniques introduced here are standard meth@defdrk, the
descriptionsare brief In addition to the following techniques, Raman spectroscopy was
employed to infer structure of the oxide phases. The method is identical to that in Part |
Additional techniques employed whose data were determined not to be essential are listed
in Appendix F.

2.2.1 Electron Probe Microanalysis

The electron probe microanalysis (EPM#&as performed on thin section or grain
mount of fused glass beads of reagent mixture&foups 1 and 2, and thin sections of
the crystalline starting material sphas ofGroups 1 and 2 using JEOL JX2500F Field
Emission Hyperprobe at the Universityld&waid at MUhoa For the crystalline starting
materials and the annealed samples, only oxide crystals were the target of the spot
analysis. An accelerating voltagas15keV for all the samples. Electrdseam current
and diameter werg0nA and 10um respectively for the glass analyses, af#b$A and
near zerel um for the oxide crystald he lowervalues for the beam current and
diameter were used for small grsior finely exsolved phase attempting to minimize data
contaminatiorfrom the surroundings. Other detailed measurement information is listed in
Appendix G. Na was measured firstmhiinimize itsloss before measureme#t possible
lossof Na and K was corpted by timedependanintensity corrections incorporated in
ProbeForWindows software (Donovan, et al., 2007). Compositions were obtained from

raw counts using a ZAF intensity correction.
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The glass bead for ti@&roup 1 Mtype composition waundto contin FeTi
oxide crystals that were decided tortsgligiblesince they were0.6% of the whole
area of the sample in BSE imag@e determined using software Imagede bead for the
Group 2T-type composition did not fall into the water upon quench adiorexd above
(see section 2.1.1.2).ddever, its compositionddomogeneityand absence of crystals
were confirmed by EPMA. For fused beads, 10 measurements were obtained for each
sample. Similarlypbtainment of (1at least 10 spot analyses on differeraiigs and?2)
possibly multiple analyses within grains were attemgtadoxide phases. For some
samples, thattempt (1was not achieved due to a scarcity of the measureable grains
(e.g.,Group 2 TFtype hightemperature run at 79C (MB2-E-14)). Attempt (2) was
achievel for exsolved oxide phases. It was also achieved for some samfiesipf2
time-series runs with shorter duration. However, it was not carried out for the longer
duration runs since no intgrain compositionaheterogeneityvas observe for the
shorterdurationsamples. Si@content was measured for the oxide grains to evaluate the
quality of the spot analyses. The data with S+®.5 wt.% were considered to be
contaminated by the surrounding silicates or glass and they were noethétudiata

interpretations.

2.2.2 Bulk Magnetic Measurements

The data for th&roup 1 samples were collected by JA Bowles andGhaup 2
high-temperature samples were collected by LT Petrochilos at the Institute for Rock
Magnetism, University of Minrsota. TheGroup 2 starting materials and the tirseries

samples were collected by DM Cuomo at the Montclair State University.
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A split or multiple splits of >20 mg (a few pieces) of the sample were allocated
for the bulk magnetic measurements. The measenés by Bowles or Petrochilos were
conducted on the whole spilt. Those by Cuomo were performed on individual chips to
obtain the average.

Magnetic hysteresis curves, coercivity of remanengg édd saturation
magnetization (N versus temperature curv@ds-T) were measured on a Princeton
Measurement Corporation Vibrating Sample Magnetometer (VSM) for all samples. The
hysteresis curves were measured at room temperature with a peak field of 1 T and
increment of 2 mTor theGroup1 andGroup?2 hightempeature samples, and 5 mT for
the Group 2 timeseries sample§ he hysteresis parameterss(/gaturation remanent
magnetization (M), coercivity (H)) were obtained usinglamearparamagnetic
correction derived from the high field slope. Thg Was measwd by demagnetizing the
imparted 1T isothermal remanence with a back field until the remanence vanishes. The
increment of the back field was 0.5 mT {&roup 1 starting materials, 1 mT f@roupl
annealed runs, 10 mT for tiBoup?2 staring materials ath the timeseries samples, and
2 mT for theGroup2 hightemperature runs.ne Ms-T curves were measuréwm 30-
600°C at 1 T forGroup 1, 363:700°C at 50 mT forGroup2 staring materials and the
time-series samples, and 3000°C at 1 T for theGroup 2 high-temperature runs. Curie
temperatureslIic) for Group 1 and Group 2 higlemperature runeere determined by

theintersectingtwo-tangents method (Groméet al., 1969).
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3. RESULTS

The key aspects of the results can be classified into 2 categotipstaén to:
(1) the experimental variables (bulk compositiontffe vs. Ftype), annealing time,
and annealing temperature) a(lrifonpuretitanomagnetitexsolution, respectively.
For the first category, the different modal abundance of mineratgstatline starting
materials corresponding to a difference in bulk compositions was confirmed in both
Groups 1 and 2. It was as expected from the prewtudesHammer, 2006; Brachfeld
and Hammer, 2006; Bowles et al., 2009). In addition, differenogide phase
assemblages between Groups 1 and 2 crystalline starting materials were observed. None
of the experimental variables listed above seem to be responsible for this. The reasons are
examined in Discussion section (see section 4.1). A progressoe axmposition
change with time and temperature was prese@iroup 2 samples$:or the second
category, nofpure titanomagnetite exsolution was present in Grouptygd annealed
sample and Group 2 #pe hightemperature run at 79C. The detailed expenental

results are described in the sections below.

3.1 Petrologic Characterization

3.1.1 Starting Material Bulk Compositions

The bulk compositions of Mype starting material for Groups 1 and 2 (MA34),
and Group 1 ftype material (MB230) were nedy the same as their target compositions
(Table 2.1). That for Group 2-fype material was distinétom the target value or Group
1 sample. For the-Type startingnaterias, Group2 has lower Si@(-9.23 wt.%) and

higher ALO; (+4.24 wt.%) and CaO (+3.04t.%), with respect tG&roup1. It has olivine
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and feldspathoid asormative minera (18.6and 2.68n:t.%, respectively), but lacking
quartz, whereghe opposite is true faroup 1.

Therest of petrologi@escriptionsn this sectiorare focused on oxideklentities
of the oxide phases were determined based on their compositions from EPMA
(Appendices HJ) as well as structure inferred from Raman spectra (Appéf). From
EPMA data, Fe (atoms per unit formula) was calculated intodrel F&" with 3 and4
oxygen bases (3=rhombohedral, 4=spinel) using a method of Droop (1987), and corrected
oxide totals were obtained. The oxygen basis that yielded a more reasonable corrected
oxide total (usually closer to 100 wt.%) was decided to be the right one. Raetéasp
have distinct peaks dependant on structure of the materials. Spinel oxide is known to
have 5 distinct peaks at maximum depending on its composition, where the major peak is
at ~670 crit (see Rrt Il of this thesis). Hematite has-97major peaks, whe the
prominent peaks are at ~230, 300 and 1300 (e Faria et al., 1997; Wang et al., 2004).
llmenite has 4 distinct peaks where the prominent ones are at ~230 arm 600ang
et al., 2004). The approximate spectral peaks were compared to knainalgpeaks of
the magnetite (titanomagnetite) and hematite to determine the structures of measured
oxide grains. Determination of oxide phase structure form EPMA and Raman agreed well.
The validityof the compositional data with relatively la@rrectedotalsis suppored by
the fact that the standard magnetite used for EPMA calibradagrietite, Minas Gerais,
USNM 114887 has alow correctedbxide total(98.1 wt.% as a published vallgut
EPMA data on the same standard as a bench standard were ladicay98 wt.%)
Systematically higltorrected totals (u ~103 wt.%) obtained from thexsolvedoxide

phases might be due to stoichiometry close to ideal (i.e., no vacancy or excess oxygen in
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the structure) because of cation ordering undertémperatue annealing and/or

secondary fluorescence of cations from surroundifigs.labeled numbers for some data
points in these diagrams correspond to those in the BSE images introduced in textural
descriptionsMagnetite (Mt; FgO,), ulvéspinel(Usp; FeTiO4), magnesioferrite (Mgf;
MgFeOy), hercynite (Hc; FeAD,), and chromite (Chr; Fegd,) were selected as end
member minerals of spinstructured oxide phases for all the experiments. They were the
most appropriatendmembes based on the abundance and paning of elements in

the exsolved oxide crystals in all the experiments. For the rhombohedral oxide phases,
hematite (Hem; F£s), ilmenite (Ilm; FeTiQ), and Geikielite (Gk; MgTi@) were

chosen based on elemental abundance in those phases. The cstacacikres of oxide
composiions in terms of thesendmembes reported in the text below are median values
for each sample rather than the average. The median was chosen bettzseseived
textural anccompositional heterogeneity in tirseries saiples attributedo the starting
material(Appendix L). The maximum differences in major oxides concentrations among
rock chips in the case in Appendix L are 8.66 wt.% and 6.16 wt.% foran® FeO(t),
respectivelylf any of theendmembes are minor (<5% they are combined to be

denoted as componefio similarly to the notations appear in Bowles et al. (2009). The
compositions of the twendmembes in the exsolved samples &ag&en to be thosthe

furthest aparasobtained by EPMA.

3.1.2 ExperimentalGroup 1: Pilot Experiments
3.1.2.1 MeteoriteType

The phase assemblagetle starting material of éhcrystalline starting material
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(MAmM-36) is clinopyroxene, glastiematite Heng/llmsGk,g), FeMg-Al spinel oxide
(Mt1eMgfsgHC10Z6), and plagioclasenithe approximate order of decreasing volumetric
abundance (Tabl2.2). Clinopyroxene crystals in this sample are euhedral feathery
dendrites witha slight but complex zoning. Plagioclase is a trace phase in this sample,
which occurs as euhedral and equéine decorative crystals on clinopyroxene (Figures
3.1a and b). Thédematitegrains are either equant or hop@erdeuhedralvith ~1-30e m

in diameter The hopper grainsommonlyhave melt inclusions. They appeatiack
scattered electrofBSE)imagesas lightertoned opaque phagEigures 3.1a- c). The Fe
Mg-Al spinel oxide grains are commonly equanihedrgland~1-30€ min diametey

but some grains have a hopper texture with little melt inclusions. In contreshttite
grains, theyaredarkertoned in BSE images, reflecting their compositional difference
(Figures 3.1a- c¢). In BSE images, element with higher atomic number appear with a
lighter tone. Some oxide grains have both phases within the grains with a sharp phase
boundary based on thisrie difference. In such grains, the tone contrasiveen the two
phases isiccentuated (Figuré&slaandc).

The annealed run from this starting material (M#£&A93) has the same phase
assemblage as its starting material (MA86), except for the onset dfd exsolution in
oxide phases ardkvitrification (Table 2.2 The textural changes are also associated with
these new phases. THevitrified parts of glass appear the BSE image as clusters of
possibly equant very fingrained(submicron crystals (Figires 3.2aand ¢. Its identity is
uncertainsince the crystals were too small todamntitatively analyzedlhe exsolution
of the oxide phases recognized visuallyheBSE images took place for many grains but

not all. There are two texturally distinesolved oxide phases in the sample. One has
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Figure 3.1. Backscattered electron images of theo@ 1 starting materialtMAmM-36,
MB2-31). (a-c): M-type (MAM-36). (df): T-type (MB231). The images in (d) and (e)

were obtained by JA Bowles at Unigéy of Hawad at MLhoa, using JEOL J5900
scanning electron microscope. The rest is from electron microprobe (see section 2.2.1).
See text for detailed textural descriptions. Abbreviations: cpx=clinopyroxene,
pl=plagioclase, gl=glass, hem=hematite (lighter tone), femgalg&l spinel oxide

(darker tone).
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Figure 3.2. Backscattered electron images of th@ 1 M-type annealed sample at
710°C for 54 days (MArE-03). (a-b): Type (1) exsolution, magnetite (lighitAl-

bearing titanomagnetite (dark). Some grains are higbtous and some have olivine (?)
reaction rim. (ed): Type (2) exsolution, F®g spinel oxide (light) Fe-Mg-Al spinel

oxide (dark). (e): Norexsolved oxide phases. See text for detailed textural descriptions.
Abbreviations: cpx=clinopyroxene, gl=glag$:=deuvitrified glass, timt=titanomagnetite,
ol=olivine, mt=magnetite, femgal=Rdg-Al spinel oxide, femg=F&g spinel oxide.
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magnetite MtooMgf;Z3) and Atbearingtitanomagnetit€MtgoUspoHCsZ5) asend

membes (Figures 3.2a and b). Another is exsdl¥#Mg-Al spinel oxide (Figures 3.2c

and d). The intergrowth of lamellae for this type of exsolution was too fine in this sample,
therefore, only mixed microprobe analysis was possible. The obtzon@gositions
Mts;UspMgfsoHe ,Chrr. The norexsolved gains are Fg-Al spinel oxide
(MtsaMgfseHC13Z,) (Figure 3.2e). Let us céalhe two distinct exsolutionBypes (1) and

(2), respectivelyThe oxide crystals underwent Type (1) exsolutonsst of darktoned
lamellae of Atbearingtitanomagnetitand licht-toned magnetite host in BSE images
(Figures3.2a and p The thickness oAl-bearing titanomagnetlea me | | ae i s ~0.
and that of magnetite host is usually ~0.2 ¢ m intradyraindistribution of the

lamellae and host is nearly homogenedimvever, there are occasionally large blobs
(~5 em diameter) of magnetidnsusimlyhdve porest hi n
along the exsolution texture. In addition, some grains have reaction rim in contact with
glass.Although tis rim is too thin to be analyzed vitasassumed to be fayalitic olivine

that also occurs ihigh temperature Mype run aZ790°C in Group 2 MAm-E-14) as a
reaction rim on titanomagnetite (see sectidn332.1).For Type (2) exsolution, the

exsolved grains consist of ligkdned, threaddy lamellae of g spinel oxide and dark
toned FeMg-Al spinel oxide hosfFigures 3.2@and d) The identities of the exsolved

phases for this type were gded from texturally and compositionally similar exsolved
oxidephase in the Type sample in th&roup 1 experiment assuming they are an

identical solid solution exsolution (see sectioh.3.2). It was because the Type (2)
exsolution in this sample was too fitextured tgperform quantitative analyses each

exsolutionendmember Unlike Type (1), lighttoned lamellae is typically thin (<02 m
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thick) although it can densely populate within a grain as in Figu2e Also, regardless
of an apparent preferred rigahglemutuatintergrowth of the lamella, their orientation
can vary within a grain in a curvy maer. An intragraindistribution of the lamellae and
host is heterogeneaumlikein Type (1).

The compositional characteristics of thrdde phasesuggest that hematite in
starting material is parental to Type (1) exsolution in the annealed run p(baioes
3.3 and 3.4ac). Similarly, FeMg-Al spinel oxide in starting material is most likely
parental to Type (2) exsolutiom Type (1) exsolution, Ti and Adartition into
titanomagnetite phase wherdaspartitions into magnetite phagéigures 3a- b and
3.5).There seems to be a slighteariation of Fe and Mg although Mg is a trace element
in this systemKigure3.5). For Type (2) exsolution, see section 3.1.2.2 in which
compositional data are availablenfinor number of oxide grairne annaled run
productthat do notexturallyexhibit exsolutiorare compositionally similar to tHes

Mg-Al spineloxide phase fronts starting materiglFigures3.3and3.4a- c).

3.1.2.2 TerrestriadType

The phase assemblagetie starting material of thisample (MB231)is
plagioclase, clinopyroxene, glass;Mg-Al spinel oxide(Mt1gMgfs;HCsZg), and
hematite(HemgslimsGk;o) in the approximate order of decreasutjumetricabundance
(Table2.2). In contrast tadhe M-type starting material (MARB6), plagoclase is the most
abundant phase in this sample. Both plagioclase and clinopyroxene occur as feathery
dendrites with a slight but complex zoning (FiguBekd- f). Unlike in the Mtype

starting materialpoth oxide phases are subhedtahdrites in thisample Althoughthe
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FezTiO4 Mg,Al,Cr spinel end-members

FeAIZO 4

(He)
MgFe,0, Fe,O, Fe,TiO,
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¢ SM spinel (Fe-Mg-Al spinel)
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Figure 3.3. Quaternary and ternary diagrams displaying compositions of the oxide grains
obtained by electron microprobe spot analyses on thepg@ M-type starting material
(MAm-36) and annealed sample (MAB03). Note that theshow abundance of some
components relative to the others within the selected components, and not the absolute
abundance(ac) are for spinel oxides. They show compositionally distinct two groups of
oxides.(c) is a base ternary system in (a), or pragecthrough ulvéspinel in (ajd)

shows rhombohedral phase as well, which implies rhombohedral phase in the starting
material is parental to Type (1) exsolution and-Mgrich ferrite in the starting material

is parental to Type (2) exsolution. (Type (tagnetite (light)y Al-bearing

titanomagnetite (dark), Type (2): g spinel oxide (light) Fe-Mg-Al spinel oxide

(dark))
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Figure 3.4. Variation plots ofselectedxides against Tigjwt.%] for the Goupl M-

and Ttype starting materials and annebkamples (MAr86, MB2-31, MAM/MB2 -E-
03). (ac): M-type. (df): T-type.Co-variation pattern is clearer in these binary systems.
See text for detailed descriptions. (Type (1): magnetite (light}bearing
titanomagnetite (dark), Type (2): g spinel xide (light)T Fe-Mg-Al spinel oxide
(dark), Type (3): FeMg-Al spinel oxide (light)i Al-bearing magnesioferrite (dark))
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Figure 3.5. An element line scan of Type (1) exsolution (magnétikg-bearing
titanomagnetite) in the Bup 1l M-type annealedasnple (MAME-03). The line scan was
taken at the horizontal line shown in the bachttered electron image with 5 pixels x
200 steps. The ewariations of elements adearin this datum. See text for detailed
descriptions. Abbreviations: mt=magnetiieytt= titanomagnetite.
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small size (<55 ¢ m) | s(Fighe8ild andhd), there are sorie/0-¢ m
diametemgrains(Figure3.1f). Somesmall (Figure3.1d)andlarge grains (Figure 3.18re
faceted Similarly tothe M-type starting materiathe two oxide phases have distinct
tones relative to each other in BSE images reflecting their compositional difference;
hematite is lightetoned and F&1g-Al spinel oxide is darker. Some oxide grains have
both phases within the grains with a sharp phase boundary based on this tosecdiffer
which was also the case for thetiype sampléFigure3.1f).

The annealed run from this starting material (MBB3) has the same phase
assemblage as its starting material (MB9, except only for the onset of the exgmn
in oxide phases (TabR2). The textural changes are also associated with these new
phasesThe exsolution of the oxide phases recognized visuatlygBSE images took
place for many grains but not allhere are three texturally distinct exsolved oxide
phases in the sarng One isType (2) exsolution with thendmembes FeMg spinel
oxide MtssMgfs7Zg) and FeMg-Al spinel oxide Mt44MgfssHci13Z0) (Figure 3.6).
Anotherexsolution Type (3) has Abearing magnesioferrité/igfssHcsZ10) and FeMg-
Al spinel oxide Mt3sMgfs;UspHC10Chr) asendmembes (Figure 3.7a and b). The
remainder texturally resembles Type (1) titanomagnetite exsolution identified in-the M
type annealed run product (Figure 3.6a). However, there is no quantitative compositional
data with SiQ < 0.5 wt.% for thee grains due to their high porosity. One type ofnon
exsolved phase texturally and compositionally confirmed wagldg-Al spinel oxide
(Mt MgfseHCsZo) that has similar pore texture as Type (3) exsolution, which is described
below (Figure 3.7d). For thextural description of Type (2) exsolution, see section

3.1.2.1. A difference of texture compared to the one in thg@dd sample is thahe
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Figure 3.6. Backscattered electron images of theo@ 1 T-type annealed sample at
710°C for 54 days (MBZE-03). (a-d): Type (2) exsolution, FB&Ig spinel oxide (light)
Fe-Mg-Al spinel oxide (dark). (a) also shows relatively rare highly porous and
compositionally heterogeneous oxide phase, whose texture resembles that of exsolved
titanomagnetite in Mype annaled sample (MARE-03) in Figure 3.2a. See text for
detailed textural descriptions. Abbreviations: timt=titanomagnetite, femga¥ief-al

spinel oxide, femg=F&1g spinel oxide.
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Figure 3.7. Backscattered electron images of th@ 1 T-type annealedasnple at

710°C for 54 days (MBZE-03) (Continued)(a-b): Type (3) exsolution, F®g-Al spinel
oxide (light)i Al-bearing magnesioferrite (dark). (c) Porous grains that resembles
titanomagnetite exsolution in #ype sample (MAFE-03) in Figure 3.2a. (d) dh+

exsolved oxide grains with pores texturally similar to that of grains with Type (3)
exsolution.The inset in (d) is a magnified region in (d) to show pore morphology of these
grains.See text for detailed textural descriptions. Abbreviations: femgaiAdral

spinel oxide, mgf=magnesioferritént=titanomagnetite, gl=glass, pl=plagioclase,
cpx=clinopyroxene.
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grains withType (9 exsolution in this sanig exhibit coarser exsolution texture (Figure
3.6). The grains with the exsolutidrype (3) consist dight-toned, blobby lamellae of
Fe-Mg-Al spinel oxide and darkonedAl-bearingmagnesioferrite host (Figus&.7a and
b). The tone contrast between lamellae and INABBSE imagess lower thanTypes (1)
and (2), obscuring the boundaries between lamaligehost. The thickness of-fg-Al
oxide lamellae is0.21 ¢ m a n Al-baaingrtagnesioferrite hostis ~6@. 5 € m.
The distribution of the lamellae and host is heterogeneous. This type of exsolution also
accompanies pore formation along exsolution texture similaffype (1). Also, it
shows a stefike or cubicstructure of the pore3he oxide crystals that seem to have
undergone Type (1) exsoluti@onsist of darkoned(submicron) and lightoned oxide
phases (submicre2e mwith undefined shapes inBSE imageand are highly porous
(Figure3.69. There are some grains that do not seem to have exsatuxtidnit pores
with cubic shapes aligning in the same orientatrdmch resembles pores in Type (3)
grains as mentioned above (Figure 3.Ad)othergroup of oxide grainghat do nohave
exsoluton texture in BSE images highly porous with a preferred orientation of pores
with a possible reaction rim (Figure 3.7c¢), which resembles texture for some of Type (1)
grains in Mtype sample. Quantitative compositional analysis ongitmsp was not
possible due to high porosity.

The compositional characteristics of the oxide phases seen in those plots suggest
that FeMg-Al spinel oxide in starting material is parental to both Type (2) and (3)
exsolution(Figures 3.4d f and 3.§. Forthe starting mateal, volumetrically subordinate
large grains were analyzed by EPMA because satisfactory resulis{8i®wt.%) was

not likely to be obtained for small grairi®egarding theation partitioning pattern
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FezTiO4 Mg,Al,Cr spinel end-members

FeAIZO
(He)
MgFe,O, Fe,O, Fe,TiO,
(Mgf) (Mt) (Usp)
¢ SM spinel (Fe-Mg-Al spinel)
(Hc) ¢ SM rhombohedral (hematite)
FeAl O v Type(2) Al

2 4 o Type(3)
esme Non-exsolved

(d)
(C) emm Darker-toned exsolution end-member
R R Lighter-toned exsolution end-member D R

=== Mixed analysis of exsolution

Fe,0, MgFe,O, Ti Mg
(Mt) (Mgf)

Figure 3.8. Quaternary and ternary diagramspdaying compositions of the oxide grains
obtained by electron microprobe spot analyses on thegd T-type starting material
(MB2-31) and annealed sample (MHE203). Note that they show abundance of some
components relative to the others within thesid components, and not the absolute
abundanceThe type anéndmembes of the quaternary/ternary system are identical to
those for Mtype samples in Figure 3.3-¢xare for spinel oxidegc) is a base ternary
system in (a), or projection through @bpinel in (a)Although all the oxides are located
in the similar positions, two types of exsolution, Types (2) and (3), are distinct. See text
for detailed descriptions. (d) shows rhombohedral phase as well. (Type-(4Yy S@inel
oxide (light)i FeMg-Al spinel oxide (dark), Type (3): Felg-Al spinel oxide (light)i
Al-bearing magnesioferrite (dark))
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between exsolved phasesliype (2) exsolutionthere is anegative correlation between

Mg and Al (Figures 3.4d and f, 3.8d, and 3.9). There arepaistive correlations

between Mg and Fg-igures 3.4@and §) and between Al and Ti (Figures 3.4d and 3.9),
where Ti is a minor element in this system. For Type (3) exsolution, the correlations are
the same as in Type (&igure 3.10) except for Mg and Fe by negatively correlated
(Figures 3.4e and f). Alsdlg partitioning betweeexsolved phasas amplified at the
expense of Atompared to ¥pe (2)(Figures3.4d and f, 3.8a and c, and 3).IDheoxide
grainsin annealed run produtttat do notexturallyexhibit exsolutiorare

compositionally similar to thEe-Mg-Al spineloxide phase fronts starting material

(Figures3.4d- f and 3.8.

3.1.3 ExperimentalGroup 2
3.1.3.1 TimeSeries Experiments
3.1.3.1.1 Meteoritd ype

The phase assemblagetie staring material of this sample (MAf81)is
clinopyroxene, glasqlagioclaseandtitanomagnetiteNit,4,UspsMgfi1HCy), in the
approximate order of decreasing volumetric abundance (RabsndFigure3.11a).
Clinopyroxene crystals in this sample atghedrd, elongated, and blockyith aslight
but complex zoning. Plagioclase occurs as euhéabalarcrystals Titanomagnetite
crystab are euhedraéquantand~30-80¢ min diameterThere is a subordinate
population ofrounded and equanb-15-¢ mdiametergrainsthatoccur as clusterll of
these phases tend to have melt inclusions, except the second type of titanomagnetite

crystals. Thus, the phase assemblage as well as texture is distinGrfom1 Mtype
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Figure 3.9. An element line scan of Ty(2) exsolution (F&g spinel oxidé Fe-Mg-Al
spinel oxide) in the &upl1 T-type annealed sample (MB203). The line scan was
taken at the horizontal line shown in the bachttered electron image with 5 pixels x
200 steps. The ewariations of elemds areclearin this datum. See text for detailed
descriptions. Abbreviations: femd=e-Mg spinel oxide (light), femgal=FMg-Al spinel
oxide (dark).
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Figure 3.10. An element line scan of Type (3) exsolution-{#g-Al spinel oxidei Al-
bearing magnesferrite) in the Goup 1l T-type annealed sample (MB203). The line
scan was taken with 5 pixels x 200 steps at the center of the field of view.-The co
variations of elements apbearin this data. See text for detailed descriptions.
Abbreviations: femda Fe-Mg-Al spinel oxide (light), mgf=magnesioferrite (dark).
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Annealing time [day]

Figure 3.11. Back-scattered electron images of theo@ 2 M-type starting material
(MAm-51) and some of the tirrseries annealed samples at 660MAmM-E-09 and E

10). The tone of the odes may appear to be different in the images due to different
brightness/contrast settings. As inq}) some samples have texturally distinct group of
oxides. Recrystallization of glass is visually recognizable after annealing. Abbreviations:
cpx=clinopyoxene, pl=plagioclase, timt=titanomagnetite, gl=glass, dg¥4trified glass.
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starting material although the same reagent mixture was employed for the starting
material syntheses.

The timeseries annealed runs from this starting material (M&001 E-13)
have the same phase assemblage as its starting material, exceptiémittifecation
(Table 2.2 Figures 3.11b d and 3.12). Thedevitrified parts of glass appearthe BSE
image as colloform aggregates of fibrous crystals, and the amount esreists time. Its
identity is uncertairsinceno quantitative data was obtainélhere is no other noteworthy
textural change with time or visually recognizable exsolution in titanomagnetite grains.
The median compositions of titanomagnetite in the ts@ees samples are
MtoUspssMgfgHC;, MtsgUspssMgfsHc;, MtsiUspsaMgfsHc,, MtsgUspsMgfsHce,, and
MtssUspsoMgfsHc,, in the order of increasing annealing time.

There is no compositional change with time in titanomagnetite except for MgO
and TiQ contents (Figues 3.13a3.143 and 3.1% The concentrations &figO and TiQ
decrease with time, making the compositiotitehomagnetit@approach thendmember
magnetitgFigures 3.13a, 3.14a, and 3.15d8)ement maps obtained for starting material
and some of the aealed runs show enrichment of Mg in glaggcento
titanomagnetite grains compared to groundmass glass (Appendix M).
3.1.3.1.2 Terrestrialype

The phase assemblagetie starting material of this sample (M#8)is
plagioclaseclinopyroxene, glasslivine, titanomagnetiteMt; Usp,/Mgf.7Hc,Chr,), and
ilmenite Hemslimg4Gko;) in the approximate order of decreasing volumetric abundance
(Table2.2andFigure3.169. As for olivine, it is based on a similar but still distinct tone

from pyroxene in BSkmages and the fact that the CIPW norm for this starting material
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Annealing time [day]

100pm

Figure 3.12. Back-scattered electron images of theo@ 2 time-series Mtype annealed
samples at 650C (MAmM-E-1171 E-13). The tone of the oxides may appear to be
different in the inages due to different brightness/contrast settings. Asaj &nd (de),
some samples have texturally distinct group of oxides. A progression of the glass re
crystallization is significant. Abbreviations: cpx=clinopyroxene, pl=plagioclase,
timt=titanomagetite, gl=glass, gl*devitrified glass.
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Figure 3.15. Variation plots of some oxides ¢ MAmM-51(SM)
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Annealing time [day]

Figure 3.16. Back-scattered electron images of theo@ 2 T-type starting material
(MB2-48) and the timeseries annealed samples at 66QMB2-E-091 E-13). The tone

of the oxides may appear to b&felient in the images due to different brightness/contrast
settings. Relative tone difference of titanomagnetiteilamehite still holds within each
image (titanomagnetite is lighter with respect to ilmenite). (d) shawprasentative
chromite grain seaein the sample in inset. There was no change in petrography with
annealing time for this set of sampl8gale bars are 100 um for (a) and (e). Those for
(b)-(d) (including inset in (d)) and (f) are 10 puAbbreviations: cpx=clinopyroxene,
pl=plagioclasefimt=titanomagnetite, iim=ilmenite, gl=glass, ol=olivine, chr=chromite.
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has some olivine. Compositional confirmation would eventually be ideal although it was
not the essence of this studilagioclase occurs &aceted highly elongated hopper
crystals Clinopyroxene crystals in this sample awdedral feathery dendrites wigh
slight but complex zonindgdlivine crystals are anhedrdlitanomagnetiterystak are
euhedralequant and~5-10-¢ mn diameterlimenitecrystak are euhedrand elongated
~ 5 x 3 dn length There seems to be a preferred orientation in ilmenite grains although
di stance between grains in thin sections
ilmenite appears tbe slightly darketoned compared to titanomagneti&milarly to the
M-type sample, the starting materialGnoup 2 is distinct from the one @Group 1. In
this case, it is not surprising considering difference in the reagent mixtures used to
synthesizehe T-type starting materials (see section 3.1.1).

In general, the timseries annealed runs from this starting material (MEE®D
E-13) have the identical phase assemblage as its starting material, and there is no textural
difference from its stéing material (Table 2.2nd Figures 3.16bf). The run annaled
for 48 days (MB2E-11) hassome grains that have -@ch core surrounded by
titanomagnetite rim (Figure 3.16d) as well asriCh grains without zoning. Considering
a possibléneterogeneityn the starting material mentioned earlier, it is most likely a
heritage from the starting material, and not something developed during annealing.
Because such a species occurs only in this sample in thedimas runs and the five
endmembercalculationfor compositional characterization of titanomagnetitesiot
apply to it(adeficiencyof Fe occurs using the seleceadtmembes), it is not included
in the compositional descriptions or plots except-noned Cyrich grains in variation

plot (Figure 3.1Y. Their compositions are listed in Appendix Fhe median
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Figure 3.17. Variation plots of selected oxides against 7j®t.%] for the Goup2 T-

type starting material (MB28) and annealed samples (MB2091 E-15). A clear
decrease in MgO after agaling is visible in this set of samples. Some&i€h grains

were present in thiset of sample, anthey are obscuring the trend with time due to their
depletion in FeO(t) and enrichment in,@k.
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compositions of titanomagnetite in the thseries saples aréMtUsp;MgfasHcsChrg,
Mtz UspsMgf2oHC,Chr,, MtisUspsoMgfzHe,Chis, MtziUspuMgfa1HesChrs, and
MtieUspsoMgf2oHC,Chrs, and those of ilmenite atgemy JlimgsGkap, Hem sllmgsGkio,
Hemslim74Gkys, HemisllmggGkig, and HergllmgiGki 7, in the order of ineasing
annealing time.

A difference in titanomagnetite composition compared to thHgpéd samples is
that the Ftype samples contain some chromite compo(fagure 3.1¢). This feature is
distinct fromGroup 1 sampleas well.Similarly to Group 2 Mtypesamlple, he
compositiors of titanomagnetitand ilmenite becomeepleted in MgO with timend
approaches to eatember magnetite compositioRigures 3.13b ¢, 3.14b- ¢, and
3.170d. The titanomagnetite composition approach toward magnelgss obwus
compared to Mype samples due to a presence cfi€ln grains that are depleted in

FeO(t).

3.1.3.2 HighTemperature Experiments

The starting materials for the higemperature runs are the same as fortime
series runs in the previous section (ssatien 3.1.3.1).
3.1.3.2.1 Meteoritd ype

The anneadrun at 750C (MAm-E-15) hathe same phase assemblage as its
starting material, except for thievitrificationand an extensive pore and olivine reaction
rim formation in titanomagnetite grain8l{zopUsp,oMgfsHc;) (Table 2.2andFigure3.18).
The annealed run at 79C (MAm-E-14) showed exsolution texture in some

titanomagnetite crystals in addition to thevitrificationand pore and olivine reaction
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Figure 3.18. Back-scattered electron imagektbe Goup2 M-type hightemperature
annealed sample at 78C (MAm-E-15). The tone of the oxides may appear to be
different in the images due to different brightness/contrast settings. As it was described
for the timeseries samples in Figure 3.11 antiZ3.it is shown in (db) that there are two
texturally distinct groups of titanomagnetites. However, they both show an extensive
development of pores in oxide grains. Glass is nearystallized completely. In (b),

some grains possess reaction rim, migsty olivine (see text). Abbreviations:
cpx=clinopyroxenggl*=devitrified glass pl=plagioclase, tht=titanamagnetite.

65



rim formation in the oxides similarly to the run at 7&D(Figure3.19). The
devitrificationfor both runsshowsa similartextureasthose observed in the tinseries
runs, colloform aggregates of fibrous crystals. In both samples, all the glass including
melt inclusions in the oxidegevitrified, making the whole rock hollocrystallin&nother
textural characteristic common in thes@truns, an extensive development of pores and
reaction rim in titanomagnetite grains, was also observed in the gratnsmderwent
nonpure titanomagnetite exsolution in tGeoup 1 Mtype annealed run (see section
3.1.2.1).

The exsolved titanomagntgigrains in the run at 79C underwent magnetite
(MtggUspZs) i Al-bearingtitanomagnetitéMt;sUspsoHC12Z4) e€xsolution Thereforewe
classify this exsolution intdype (1) The exsolved grainsonsist of darkoned host of
Al-bearingtitanomagnetitand light-toned, nearly equant, blobby lamellae of magnetite
in BSE images (Figues3.19a - €). The sze of magnetite lamellae is submicron to
sl i ght | y inaibnoeterA ditribation of the lamellae is heterogeneous for a
whole grain whereas it is homogeneous in a local s€aky seem to align in the same
crystallographic orientation as the titamagnetite host titanomagnetite: wd#fined
edges of some magnetite grains are approximptaigllelto the edges of the host
titanomagnetit¢Figures 3.8b and c).The exsolved grains usually have pores that tend
to have cubic structure aligned with theme orientation as magnetite phase (Figures
3.19a7 d). It seems they tend not to occur near the surface of the host grain, which is in
contact with the olivine reaction rim. To note, among the three rock chips in the thin
section for 790C run, only oe had titanomagnetite oxide grains, &wlt of~15

titanomagnetite grain@ncluding those appeared as fragments indivoension)showed
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Figure 3.19. Back-scattered electron images of #esolved titanomagnetién the

Group2 M-type hightemperéure annealed sample at 730D (MAm-E-14). The tone of

the oxides may appear to be different in the images due to different brightness/contrast
settings. (ee): Type (1) exsolution, magnetite (lightAl-bearing titanomagnetite (dark).
(b-c) are regionsni (a). An alignment of pores and exsolved magnetite phase is more
obvious in the highmagnification images as in (b) and (c). All of the exsolved grains
possess pores and olivine reaction rim. Abbreviations: cpx=clinopyrpalemadivine,
gl*=devitrified glass, mt=magnetite, timt=titanomagnetite.
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optically observable exsolution texture by electron microprobe. Thexsvived (at
least in BSE image$igure3.20) titanomagnetiteNlts;UspsMgfsHcg) was also
accompanied by the olivine reaction rim.

Similary to thetime-series runs, there is depletion in ®gnd TiG for both
high-temperature runs, aride compositionapproach towaréndmember magnetite
(Figures 3.13a, 3.14a, and 3.15Mhe partitioning of elements between two exsolved
oxide phasem Type (1) exsolution in the 79 samples the same as déhof the Group
1 M-typeannealedun: there isa clear positive correlation between Ti and Al that is
negatively correlated with Heetweerthe exsolved phases (see sec8dn2.1 Figures
3.15a anat, and 31). From the line scan, there seems to be a slightagation of Fe
and Mg although Mg is a trace element in this system (Figad@. Ihequantitative
composition data of olivine rim in this sample was obtained by EPMAough the
calibraton for oxides(as opposed to olivineyas used. However, it provisas with the
approximate compositioasfayalite-rich olivine (Appendix J).
3.1.3.2.2 Terrestrialype

Except for submicron equantlevitrified parts of glasgshe anneadruns at 750
and 790°C (MB2-E-15andE-14) have the same phase assemblage as its starting
material, similarly to the caserfthe Mtype samples (Table 2dhd Figure 3.2).
Anothertextural characteristic common in these two runs is a development of pores and
reactionrim in some titanomagnetitnd ilmenitegrains, which are alssimilar tothe M-
type experimerst(see section 3.32.1).

The median compositions of titanomagnetiteMtgUsp,;MgfisHc,Chrs for

750°C and MgUspsMgf20HCsChr, for 790°C run and thosef ilmenite are
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Figure 3.20. Back-scattered electron images of thanexsolved titanomagnetien the
Group2 M-type hightemperature annealed sample at 7OqMAmM-E-14). The tone of
the oxides may appear to be different in the images due toedfifferightness/contrast
settings.Thegrains possess olivine reaction riRare formation in oxide grains is more
visible in the exsolved grains as in Figure 3.19. Abbreviatigitsdevitrified glass,

timt=titanomagnetitecpx=clinopyroxene.
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Figure 3.21. An element line scan of Type (1) exsolution (magnétité-bearing
titanomagnetite) in the Bup2 M-type hightemperature annealed sample at 700
(MAm-E-14). The line scan was taken at the horizontal line shown in the d=atkered
electron imge with 5 pixels x 200 steps. The-eariations of elements aobearin this
datum. See text for detailed descriptions. Abbreviations: mt=magnetite,
timt=titanomagnetite, ol=olivine.
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Figure 3.22. Back-scattered electron images of theo@ 2 T-type high-temperature

annealed samples at 750 and 78@QMB2-E-15 and E14). The tone of the oxides may
appear to be different in the images due to different brightness/contrast settings. Relative
tone difference of titanomagnetite aifrdenite still holds within each image

(titanomagnetite is lighter with respect to ilmenifE)e changes for both samples are

pore formation in both oxide phases andmgstallization of glass. (b) is a region in (a)
shown in a white baxn (c), pore formation in plagioclasevisible. In (d), reaction rim

on some oxide grains are visible. They are most likely olivine rim. Abbreviations:
cpx=clinopyroxene, pl=plagioclase, timt=titanomagnetite, iim=ilmenite, dgXstrified

glass, ol=olivine.
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HemylimggGks and HenglimgsGko, repectively These values are possibly biased
because themere fewanalyzable grains in the samples®ost likely due to extensév
pore formation in the oxideSimilarly to the M-type high temperature runs, there is
depletion in Mg and approach towaddmember magnetitand ilmenitethat was also

presenin time-series runsKigure 3.13b ¢, 3.14b- ¢, and 3.17¢

3.2 Magnetic Properties

Themagnetic propertiesf the Group2 starting materials and thiene-series
samples were obtained by DMuomoandSA Brachfeld (see section 2.2.2), which will
be the focus of discussion in Cuomo et al. (in prédthough some of their data will be
mentionechere theGroup 1l andGroup2 hightemperature samples wilelithe focus of
discussion irthis thesis.
3.2.1Curie Temperatures

TheTc valuesobtained from M-T curves (Table 3.1, Figure 3.23, Appendix N)
were compared with thecvalues estimated for the oxides based on composition
obtained by EPMA (Appendix O). The masaisonable and comparablegs were
matdied to decide corresponding magnetic phase todéeobtained from MT.
Differencesbetweenl G from magnetic measurements and those calculated from
compositions are relatively large in general. This is presumably because of uncertainties
involved in oth determinationg-or theGroup 1 M-type starting material, Jof ~545
and 420°C were detected and the corresponding minerals were interpreted as hematite
and FeMg-Al spinel oxide, respectively. The-Values for the annealed sample were

~210, 470, an&80°C, which were interpreted &8-bearingtitanomagnetitend
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Table 3.1. Sample bulk magnetic properties

Duration Mg? Ms” . d .
Sample T:[°C] Mis/Ms  B¢” [MT] Bgr [MT] BB Tc™ [°C]
[day]  [Am%kg] [AmZ/kg]
Group 1
MAmM-36 1065 n.a. 1.70E+00 1.00E-01 0.06 2.90 22.44 7.74 420, 545
MAmM-E-03 710 54 2.98E+00 6.64E-01 0.07 21.01 52.44 2.50 210, 470, 580
MB2-31 1070 n.a. 6.33E-01 4.72E-02 0.07 2.95 12.80 4.34 400
MB2-E-03 710 54 9.03E-01 2.92E-01 0.32 21.87 46.01 2.10 210, 400
Group 2

MAm-51 1070 n.a. 4.30E+00 1.91E-01 0.04 2.57 9.35 3.63 n.d.
MAmM-E-09 650 21 2.91E-01 1.27E-02 0.04 2.48 12.27 4.94 n.d.
MAmM-E-10 650 32 2.66E+00 1.02E-01 0.04 2.09 9.40 4.50 n.d.
MAm-E-11 650 48 1.86E+00 8.80E-02 0.05 2.44 9.18 3.77 n.d.
MAmM-E-12 650 111 5.00E+00 2.80E-01 0.06 3.06 9.53 3.11 n.d.
MAmM-E-13 650 158 9.24E-01  4.00E-02 0.04 2.13 9.16 4.31 n.d.
MAmM-E-14 790 88 5.33E-01  4.60E-02 0.09 3.85 9.94 2.58 314.3
MAm-E-15 750 88 7.76E-02  7.29E-03 0.09 3.83 12.00 3.13 297.1
MB2-48 1070 n.a. 9.52E-02  8.71E-03 0.09 2.56 8.77 3.42 n.d.
MB2-E-09 650 21 1.26E-01  1.35E-02 0.11 3.30 10.36 3.14 n.d.
MB2-E-10 650 32 3.64E-02  4.27E-03 0.12 3.86 12.11 3.14 n.d.
MB2-E-11 650 48 1.01E-01 7.37E-03 0.07 1.90 7.92 4.18 n.d.
MB2-E-12 650 111 1.80E-01 1.76E-02 0.10 3.04 8.50 2.80 n.d.
MB2-E-13 650 158 9.13E-02  8.23E-03 0.09 2.64 8.56 3.25 n.d.
MB2-E-14 790 88 2.05E-02  3.95E-03 0.19 5.26 14.96 2.84 none
MB2-E-15 750 88 3.47E-02  6.09E-03 0.18 5.75 13.81 2.40 none

2 Saturation magnetization
b Saturation remanent magnetization

¢ Coercivity

4 Coercivity of remanence

€ Curie temperature
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Figure 3.23. A plot of Curie temperature ¢J vs. annealing time for therGup1 samples
(MAm-36, MB2-31, and MAM/MB2-E-03) and Goup2 hightemperature Mype
samplefMAmM-E-14 andE-15). The annealingemperatureare labeled for the Bup2
samplesTheT-type equivalents for f@up2 did not exhibit clear d, andthereforeare
not plotted here. See text for explanatidPisase abbreviations: hem=hematite,
femgal=FeMg-Al spinel oxde, mt=magnetite, femg=FRdg spinel oxide,
mgf=magnesioferrite, timt=titanomagneti(@ype (1): magnetité Al-bearing
titanomagnetiteType (2): FeMg spinel oxidé Fe-Mg-Al spinel oxide, Type (3): Fe
Mg-Al spinel oxidei Al-bearing magnesioferrite)
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membeilin Type (1) exsolution, exsolved and rexsolved FeMg-Al spinel oxide, and
magnetite in Type (1) exsolution, respectivépte that t at 210°C is much lower than
expected value for Type (1) titanomagnetite (3TH(Appendix O).As for the Ftype
samples, starting material had ¢ of ~400°C which corresponds to Rdg-Al spinel
oxide. The annealed sample showedT~210 and 400C. The lower T could
correspond to exsolved or nemsolved~e-Mg-Al spinel oxidewhose expectedclis the
lowestamong the petrologically characterized oxides in this sample (Appendix O).
Although it is much lower than its expected (P370°C), if it is true, the samecl
detected for Mype sample was also contributed fr&®mMg-Al spinel oxide
considering the absee of titanomagnetite in-lype sample. Anotherclfor T-type
anneal sample at 40C was intepreted agitherFe-Mg spinel oxide in Type (2r Al -
bearing magnesioferrite in Type (3) exsolutionsome combination of the twiéor the
Group2 high tempeature runsonly M-type samples had detectable The run
annealed at 758C showed E at ~300°C and the run annealed at 78 showed ¢ at
~315C, where both correspond to titanomagnetiete that the ¢G are higher than the
expected for both sangs (236240°C) (Appendix O).Although it is petrologically
confirmedthat the latter sample has titanomagnetite exsolution, that is, nearly pure
magnetite phase, its correspondingwias not detected.
3.22 Magnetic Domain State

The Day plot (Day et 8l1977) was obtained usiimysteresis parameters (Table
3.1) in order to infer a magnetic domain state of magnetic phases in the samples (Figure
3.24). A datum of a naturally exsolved titanomagnetite and thabofogenizedample

from Evans et al. (2006Yere plotted in the same graph as a comparison. FG@rthe 1
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Figure 3.24. Day plots of the ®up1 samples (MAr86, MB2-31, and MAM/MB2-E-

03) and @oup?2 samplesNIAm-51, MB248, MAM/MB2-E-097 E-15). (a): All the

samples are shown. The naturahgée with exsolved titanomagnetite and homogenized
sample from Evans et al. (2006) are also shown for comparison. (b):rébpZzime

series samples are shown with their anneal times labeled. Note that the starting material
data points for the Group 2dii-temperature are the same as Group 2-g8erees. The

Groupl samples and @Gup2 hightemperature samples show a domain behavior shift
toward singledomain field after annealing. See text for detailed descriptions.
Abbreviations: Ms=saturation remaneaanagnetization, Msaturation magnetization,
Hc=coercivity of remanence,Hcoercivity, SD=singlalomain, PSD=pseud8D,
MD=multidomain.



samples, both Mand Ttypes showed aapproactioward the SD field similar to that of
natural example. As for thBroup2 high temperature samples, they also showed a
similar behavior but to a less degree. Again, thegype sample annealed at 790 did

not show a significant difference in behavior here compared to th&C76h regardless
of apresenc®f petrologicély confirmed titanomagnetite exsolutiofihe timeseries
data did not exhibit any systematicange in domain stavath respect to time, and all
are furtherawayfrom the SD field compared to the higgmperature annealed samples

for each composition.
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4. DISCUSSION

The discussion consists of three sections. In the first section, unintended
experimental parameters are discussed. They are responsible for the observed difference
in the modahbundancef minerals and oxide phase assemblages in the ltirysta
starting materials between Groups 1 and 2. In the second sdetemfopics of nopure
titanomagnetite exsolution are interpreted. The topics are 1) exsolution process, 2) cation
partitioning pattern between the exsolution-emeinbers, and 3) tirenagnetic
properties. Théhird section describes the effect of isothermal annealing on oxide

compositions seeking for a geological relevance.

4.1 Implication of the Distinct Run Productsfrom the Two Experimental Groups

The experimental variablepressure, temperature treatment, 8dg were aimed
to be the same for synthesis@foups 1 and &tarting materials, intending to reproduce
the identical starting materials @soup 1 forGroup 2 Distinct crystallinestarting
materiak obtained for Ttype sample is attributed to different reagent mixture
compositios (Table2.1). Howeve, there was also a petrologiidference in Mtype
starting materials although the same reagent mixture was employed. Among the
experimentalariables listed above@ressue and temperatuteeatmenivere almost
identical for bothgroups (Table 2.2 Thus,distinctfO, in the twogroups was suspected
to be a causef different outcomeand investigatedAs a matter facthe methodof
controllingand monitoing fO, was different for the twaroups: QFM bufferwas used
for Group1 whereasaflowing gas and a sensaere used foGsroup 2 (see section

2.1.14 and Table 2)2 Considering a presence of hematit&noup 1 starting materials
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and a consistent starting material @egtion method within eadoup, it is most likely
that ocidationtook placein Group 1which is related to th#, control method
Maghenitization of titanomagnetite waalso reported in the experiments by Brachfeld
and Hammer (2006pr the long duratio QFM runsusing a similar experimental settings
To test this possibility, QUILF calculation (Anderson et al., 1993) using software quilf95
was performed for Mand Ttypesampledor Group 1 and Ftype sample foGroup2,in
which there are spinel andatmbohedral oxide compositiatataavailable for the
calculations (Table 4.1). The input parameters used for the quilf9prassure,
temperaturespinel oxide composition in terms of Ti, Mg, and Mrthe number of
atoms per unit formula, and rhombohddrade composition in terms of molar fractions
of hematite and geikielitavhere the outpytarameters fO,. For the oxide compositions,
median values rather than average values in each sample were employed due to
heterogeneitpbserved irGroup 2 samplésee section 3.1.1). The obtairféy values

for Group 1 M and TFtypes are QFM + 7.284:(0.805) and QFM + 6.38%(1.204) in

log unit, respectively. That @roup 2 Ftype is QFM + 0.26340.333). These results
clearly show an oxidized state to neamlagite magnetite (HM) buffecurveof the

Group 1 starting materials as oppose&toup 2 Ftype that is nearly at the aimé&d,.
AlthoughGroup 1 Mtype starting materidO, was not examined due to a lack of
rhombohedral oxide or any other mineral cosipons that can be used for QUILF
calculation, it is likely to be equilibrated near QFM as well considering the idet@ical
treatments to the-Type material for the sanggoup. Therefore, it is mos$ikely that the
distinct oxide phase assemblageshia starting materials were derived from differidy

in the final step of preparing crystalline starting mate@ainsidering a confirmed
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Table 4.1. QUILF calculations for the starting materials

fO, . .1 a b
FM Spinel Oxide Rhombohedral Oxide

sample  T[*C] Plbal | (O Uncertainty o) i
log unit) = o uniy -2 NTi  NMg NMn Xl XHem XGk
MAm-36 1065 1  -2.740  0.805 7.284  0.04 0.69 0.07 003 088 0.09
MB231 1070 1  -3568  1.204 6387 0.09 057 0.06 005 084 0.11
MB2-48 1070 1 9691 _ 0.333 0263 0.46 026 004 064 015 0.21

Inputs are in regular font and outputs are in bold italic font.
# In terms of number of cations

® In terms of mol fraction of the endmember
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presence of all three phases in QFM buffer in the starting maggntdesisun, it raises
guestion to the tmbility of fO, control method. These contrasting result&ajup 1 and

2 indicate that it ipreferredto use gas mixture fdO, control if possible.

4.2 Non-Pure Titanomagnetite Exsolution

Three types of spinel oxide exsolution wetserved in thea@urse ofexperimensg
(Figure 4.1).

Type (1),magnetited Al-bearingtitanomagnetite exsolution was present o
1 M-typesample annealed at 71C for 54 daysandGroup 2 high temperature {pe
sample annealed at 79Q for 88 days (see sectioBsl2.1and 3.1.3.1.1). These samples
have a common reagent mixture, but different crystalline starting material production
procedures; Group 1 at ~HM and Group 2 at QFM. The precursor oxides were also
different: hematite for Group 1 and titanomagnetite fayupr2. The catiopartitioning
pattern is MgFe and THAl positive correlations and a negative correlation between these
pairs, where the Fe and Ti present major partitioning. The exsolved grains in the Group 1
sample are characterized by lower Ti/Fe ah@ératios and higher Mg/Fe ratio relative
to the Group 2 sample.

Type (2),Fe-Mg spinel oxidé Fe-Mg-Al spinel oxideexsolution was present in
Group 1M- and Ttype samples annealed at 7IDfor 54 days (see sections 3.1.2.1 and
3.1.2.9. The crystalhe starting materials for these samples were prepared at ~HM. The
precursor oxide phase is-Mg-Al spiel oxide. The partitioning pattern is-’g and At
Ti positive correlations and a negative correlation between these pairs, where Mg and Al

present majopartitioning
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Figure 4.1. A quaternary diagram summarizing the exsolution types obtained in the
Group 1 annealed samples (MAM/MBE-03) and Goup2 M-type hightemperature
sample annealed at 790 (MAm-E-14). The furthest compositions obtained taken as
endmembercompositions in this diagrarithe back plane (MUsp-Hc ternary system)
is base of prism of Figure 4.@ype (1): magnetite (light) Al-bearing titanomagnetite
(dark), Type (2): FeMg spinel oxide (lighty Fe-Mg-Al spinel oxide (d&), Type (3):
Fe-Mg-Al spinel oxide (light)i Al-bearing magnesioferrite (dark))
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