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Abstract

Despite their modest modal abundances, the Fe-Ti oxide minerals are important
accessory minerals in igneous rocks. They are major carriers of rock magnetism
and petrologic indicators of temperature and redox conditions during the magmatic
stage (Buddington & Lindsley, |1964).

The titanomagnetite-ilmenitegs (Tmt-Ilmgg) thermo-oxybarometer has been
widely used to retrieve information on redox states in the Earth’s mantle, pro-
cesses in magma chambers, the crystallisation conditions of lunar or martian
basalts, redox conditions during metamorphic evolution, or fluid-rock interactions.

However, the current thermodynamic formulations of the Tmt-Ilmgs thermo-
oxybarometer (Andersen & Lindsley, |1988; (Ghiorso & Sack, 1991) fail to repro-
duce experimental results, in particular at the high temperatures that are relevant
for basaltic assemblages. This is shown in chapter [I] (section [I.3)) by applying the
formulations to experimental literature data. The shortcomings of the existing mod-
els are partly due to the limited T-fO;-range of experiments used for the original
calibrations. Further, the effect of small contents of Mg, Al, etc. typical for natural
Tmt and Ilmgs was only partly evaluated, and the non-stoichiometry of the phases
(in particular Tmt) was not considered at all.

To support a revised version of the Tmt-Ilmgs thermo-oxybarometer we have
synthesised Tmt+Ilmgg assemblages in the systems Fe-Ti-O, Fe-Ti-Mg-O, Fe-Ti-
Al-O and Fe-Ti-Mg-AI-O at 1 bar, 1000 — 1300°C and under a large range of fO,
(ANNO-5 to +5, fO, controlled by gas mixtures or solid-state buffers, see chapter
2] for experimental details). A large data set has also been provided for Ilmg co-
existing with pseudobrookitegs (Psbgs). This forms the basis for an experimental
calibration of a thermodynamic Ilmg-Psbgs (thermo-)oxybarometer model. The lat-
ter can be used to estimate oxygen fugacity in oxidised terrestrial igneous rocks,
moderately reduced assemblages in mantle xenoliths, or strongly reduced lunar as-
semblages.

The textures of the synthetic samples have been used to evaluate whether equilib-
rium could be attained or at least closely approached in the run products. Indeed, the
synthetic run products essentially consist of polycrystalline, equi-granular aggre-



gates, with idiomorphic, homogenous and evenly distributed grains (10 — 50 pm).
This suggests that the run products reflect or are close to an equilibrium state.

However, in many samples we have observed concentric variations in Ti/(Ti+Fe).
Their formation is strongly related to the starting material and is probably driven by
the redox processes that occur during the experiment (chapter [3). Synthesis prod-
ucts prepared from Fe, O3 + TiO, mixtures usually show an increase of Ti/(Ti+Fe)
towards the sample pellet surface. As a result, single-phase samples develop a con-
centric phase inhomogeneity, while binary assemblages show variations of phase
abundances, typically the formation of a Ti-rich monomineralic rim. In contrast,
synthesis products prepared from Fe® 4+ TiO, mixtures have Fe-rich rims at the sam-
ple pellet surface. Nevertheless, local equilibrium is achieved in each of the sample
regions.

At the outer max. 100 um of the sample pellets, samples that have been exposed
to oxidising conditions during the quench process display oxy-exsolution features
in the sense of Buddington & Lindsley| (1964)), which may form within <5 seconds.
Oxy-exsolution does not affect the phase compositions in the central sample region
but involves an increase of the sample bulk oxygen content.

For the re-calibration of the Fe-Ti thermo-oxybarometer, the data base on Tmt
coexisting with Ilmgs used to calibrate the models of /Andersen & Lindsley| (1988))
and Ghiorso & Sack (1991) has now been extended towards higher temperatures
(i.e. 1000 —1300°C) and to a larger range of oxygen fugacities. The compositions
of coexisting Fe-Ti oxide phases in the system Fe-Ti-O have been determined by
EMP as a function of T and fO, (chapter #).

The experimental data derived within this study has been compared to the existing
thermo-oxybarometer models by Andersen & Lindsley (1988, QUILF) and |Ghiorso
& Sack (1991). The transition within the ilmenite-hematite solid solution series
(from the long-range ordered R3 to the long-range disordered R3c structure) causes
an abrupt change of the slope of the experimentally determined isotherms, which
gets increasingly pronounced with decreasing temperature. Andersen & Lindsley
(1988)) did not account for this transition, and consequently their model isotherms
do not show the related sharp bend. |(Ghiorso & Sack (1991) in contrast did account
for the I[lm-Hem transition, however their model heavily relies on old experimental
data involving sample compositions that were not controlled by microanalytical
methods.

Synthetic Tmt compositions are generally Ti-richer than predicted from the mod-
els. At high fO,, this is probably related to errors in the standard state properties
used for the Tmt endmembers. At low fO, and high T, the strong discrepancies be-



tween synthetic Tmt data and the models are presumably due to non-stoichiometric
(i.e. cation vacant) Tmt.

Tmt non-stoichiometry has been investigated in the system Fe-Ti-O at
1100 —1300°C for Tmt in assemblages in which maximum (Tmt+Ilmgg) ver-
sus minimum (Tmt+Wus, Tmt+Fe®) vacancy concentration is expected (chapter
B).

Three methods have been used to detect and quantify the vacancy concentra-
tions: (1) Because cation deficiency involves a decrease of the Tmt cell dimensions
at constant Ti/(Ti+Fe) ratio, lattice parameters have been determined by Rietveld
analysis. (2) At constant Ti/(Ti+Fe), cation vacancies are associated with higher
Fe’" /XFe values. The latter have been determined by electron energy-loss spec-
troscopy on selected samples. (3) Annealing of a non-stoichiometric high-T Tmt
at lower temperatures (e.g. 950°C) under oxygen-conserving conditions induces
vacancy relaxation. This comes along with compositional changes in the phases,
which result in the formation of Ilmgs exsolution lamellae and rims in Tmt, i.e. an
increase in the [lmgg proportion.

The results of the three different approaches indicate that Tmt in coexistence
with Ilmgg has only low vacancy concentration or is very close to stoichiometry at
Xusp<0.7 at all investigated temperatures. At Xysp>0.7, the vacancy concentration
increases with increasing Xysp and T to about 2 cat% for 1300°C at Xysp close
to 1. At T< 1100°C, i.e. at temperatures relevant for crystallisation conditions
of basic rocks, Tmt is close to stoichiometry for all compositions. However, as
the revised version of the Tmt-Ilmg thermo-oxybarometer also will involve high-T
calibration data, it is important to account for Tmt non-stoichiometry in its solid
solution models.

To approach natural compositions, Tmt+Ilmg assemblages have also been pro-
duced in the system Fe-Ti-Mg-Al-O (chapter [6). For a comparison to the simple
system Fe-Ti-O, the Mg-Al bearing Fe-Ti oxide compositions have been projected
onto the Ilm-Hem and Mag-Usp binaries. X ysp and X'y, of Mg-Al bearing phases
are in reasonable agreement with the simple system Fe-Ti-O data. Therefore, the
experimental isotherms determined for the system Fe-Ti-O can in principle also be
applied to Mg-Al bearing samples. This provides a new, preliminary and graphical
version of the Tmt-Ilmgs thermo-oxybarometer, which has been tested on experi-
mental data by [Toplis & Carroll| (1995)). Compared to the T-fO, estimates derived
with the previous models, the new, graphical thermo-oxybarometer brings signifi-
cant improvements, especially in the temperature estimates.






Kurzfassung

Trotz ihrer geringen modalen Haufigkeiten sind die Fe-Ti-Oxid-Minerale wichtige
akzessorische Minerale in magmatischen Gesteinen: Sie sind die Haupttriager des
Gesteinsmagnetismus und petrologische Indikatoren fiir die Temperatur und die Re-
doxbedingungen wihrend der magmatischen Phase.

Das Titanomagnetit-Ilmenit (Tmt-Ilmgs) Thermo-Oxybarometer ist viel verwen-
det worden, um Informationen iiber den Redoxzustand des Erdmantels, Prozesse in
Magmenkammern, die Kristallisationsbedingungen von Basalten des Mondes und
des Mars, Redoxbedingungen wihrend der magmatischen Entwicklung, oder Fluid-
Gestein-Wechselwirkungen zu erhalten.

Insbesondere bei den hohen Temperaturen, die fiir basaltische Paragenesen rel-
evant sind, gelingt es den gegenwirtigen thermodynamischen Formulierungen der
Tmt-Ilmgs Thermo-Oxybarometer jedoch nicht, experimentelle Ergebnisse zu re-
produzieren. In Kapitel [I| (Abschnitt ist dies durch Anwendung der For-
mulierungen auf experimentelle Daten aus der Literatur gezeigt. Die Schwichen
der bestehenden Modelle beruhen zum Teil auf dem eingeschrinkten T-fO,-Bereich
der fiir die urspriinglichen Kalibrierungen verwendeten Experimente. Auferdem
wurde der Effekt von niedrigen Gehalten an Mg, Al, etc., die fiir natiirlichen Tmt
und Ilmg typisch sind, nur teilweise beriicksichtigt, und die Unstéchiometrie der
Phasen (besonders Tmt) wurde tiberhaupt nicht betrachtet.

Um zu einer revidierten Fassung des Tmt-Ilmg, Thermo-Oxybarometers beizu-
tragen haben wir Tmt+Ilmg, Proben in den Systemen Fe-Ti-O, Fe-Ti-Mg-O, Fe-Ti-
Al-O und Fe-Ti-Mg-Al-O bei 1 bar, 1000 — 1300°C und in einem groen Sauer-
stofffugazitidtsbereich synthetisiert (ANNO-5 bis +5, eingestellt mit Hilfe von Gas-
mischungen oder Festkorperpuffern, siehe Kapitel 2). Ein umfangreicher Daten-
satz wurde auch fiir Ilmg und koexistierenden Pseudobrookitss (Psbgs) erzeugt.
Dieser Datensatz bildet die Grundlage fiir eine experimentelle Kalibrierung eines
thermodynamischen Ilmgs-Psbgg (Thermo-)Oxybarometer-Modells. Letzteres kann
zur Abschitzung der Sauerstofffugazitiit in oxidierten, terrestrischen magmatis-
chen Gesteinen, mifBig reduzierten Paragenesen in Mantel-Xenolithen oder stark
reduzierten Mondparagenesen verwendet werden.

ix



Anhand der Texturen der synthetischen Proben wurde beurteilt, ob ein
Gleichgewichtszustand erreicht wurde. Tatsdchlich bestehen die Proben im
Wesentlichen aus polykristallinen, gleichkdrnigen Aggregaten mit idiomorphen,
homogenen und gleichmiBig verteilten Kornern (10 —50 um). Das legt nahe,
dass die Syntheseprodukte einen Gleichgewichtszustand widerspiegeln oder thm
zumindest nahe kommen.

In vielen Proben haben wir jedoch konzentrische Variationen des Ti/(Ti+Fe) Ver-
hiltnisses beobachtet (Kapitel [3). Thre Bildung ist abhidngig von dem verwen-
deten Ausgangsmaterial und wird wahrscheinlich durch die wihrend des Experi-
ments ablaufenden Redoxprozesse gesteuert. Syntheseprodukte aus Fe,O3+Ti0;-
Mischungen zeigen normalerweise einen Anstieg von Ti/(Ti+Fe) hin zur Oberfldche
der Probenpille. Aufgrund dessen entwickeln einphasige Proben eine konzen-
trische Phaseninhomogenitét, wihrend zweiphasige Proben Variationen der Phasen-
hiufigkeiten aufweisen, typischerweise die Bildung eines Ti-reichen monominer-
alischen Saumes. Im Gegensatz dazu zeigen Syntheseprodukte aus Fe°+TiO,-
Mischungen Fe-reiche Sdume an der Pillenoberfliche. Dennoch wurde in jedem
der Probenbereiche ein lokales Gleichgewicht erreicht.

Proben, die wihrend des Abschreckvorgangs oxidierenden Bedingungen ausge-
setzt waren, zeigen im Bereich der dufleren 100 um der Probenpille Oxidationsent-
mischungen im Sinne von Buddington & Lindsley| (1964). Diese konnen sich in-
nerhalb von weniger als 5 Sekunden bilden. Die Oxidation wirkt sich nicht auf die
Phasenzusammensetzungen in der inneren Probenregion aus, geht aber mit einer
VergroBerung des Gesamt-Sauerstoffgehaltes der Probe einher.

Fir eine Rekalibrierung des Fe-Ti-Thermo-Oxybarometers wurde der fiir
Tmt+Ilmgg bestehende Datensatz, der fiir die Kalibrierung der Modelle von Ander-
sen & Lindsley| (1988) und Ghiorso & Sack| (1991) verwendet worden war, hin zu
hoheren Temperaturen und auf einen breiteren Sauerstofffugazidtsbereich erweit-
ert. Die Zusammensetzungen der koexistierenden Fe-Ti-Oxid-Phasen im System
Fe-Ti-O wurden mit Hilfe der Elektronenstrahlmikrosonde als Funktion von T und
SO bestimmt (Kapitel [4).

Die experimentellen Daten, die im Rahmen dieser Arbeit erzeugt wurden, wurden
mit den existierenden Thermo-Oxybarometer Modellen von |Andersen & Lindsley
(1988, QUILF) und Ghiorso & Sack| (1991) verglichen. Die Phasenumwandlung
innerhalb der Ilmenit-Hematit Mischkristallreihe (von der geordneten R3 zur un-
geordneten R3c Struktur) verursacht eine abrupte Anderung in der Steigung der
experimentell bestimmten Isothermen, die mit sinkender Temperatur zunehmend
ausgepragter wird. Andersen & Lindsley| (1988)) haben dieser Umwandlung nicht



Rechnung getragen, weshalb ihre Modell-Isothermen keinen entsprechenden Knick
zeigen. |Ghiorso & Sack (1991) beriicksichtigen zwar die Umwandlung, aller-
dings beruht ihr Modell entscheidend auf dlteren experimentellen Daten, zu de-
nen Probenzusammensetzungen gehoren, die nicht mit mikroanalytischen Metho-
den gepriift wurden.

Synthetische Tmt-Zusammensetzungen sind im Allgemeinen Ti-reicher als von
den Modellen berechnet. Bei hohem fO, steht dies wahrscheinlich in Zusammen-
hang mit Fehlern in den verwendeten Werten fiir die thermodynamischen Eigen-
schaften der Tmt Endglieder. Bei niedrigem fO; und hohem T beruhen die starken
Abweichungen zwischen synthetischem Tmt und den Modellen vermutlich auf un-
stochiometrischem Tmt, also Tmt mit Kationenmangel.

Die Unstochiometrie von Tmt wurde im System Fe-Ti-O bei 1100°C bis 1300°C
untersucht. Tmt wurde in unterschiedlichen Paragenesen synthetisiert, fiir die maxi-
male (Tmt+Ilmg) bzw. minimale (Tmt+Wus, Tmt+Fe) Leerstellenkonzentration
erwartet wird (Kapitel [3)).

Um die Leerstellen nachzuweisen und zu quantifizieren wurden drei Methoden
angewendet: (1) Da der Einbau von Leerstellen bei konstantem Ti/(Ti+Fe) Ver-
hiltnis zu einer Verringerung der GroBe der Einheitszelle fiihrt, wurden die Gitter-
parameter mit Hilfe der Rietveld-Analyse bestimmt. (2) Bei konstantem Ti/(Ti+Fe)
sind Kationenleerstellen mit hoheren Fe3* /L Fe-Werten verkniipft. Letztere wurden
fiir ausgewdhlte Proben mittels Elektronen-Energieverlust-Spektroskopie bestimmt.
(3) Tempern eines unstochiometrischen Titanomagnetits bei niedrigeren Tempera-
turen (950 °C) unter Sauerstoffabschluss fiihrt zur Ausheilung der Leerstellen. Dies
geht mit Anderungen der Phasenzusammensetzungen einher, was wiederum zu Bil-
dung von Ilmg-Entmischungslamellen und -Sdumen in Tmt, also zu einer Ver-
groflerung des Ilmgg Anteils, fiihrt.

Die Ergebnisse der drei Methoden weisen darauf hin, dass mit Ilmgs koexistieren-
der Tmt fiir Xysp<0.7 bei allen untersuchten Temperaturen nur niedrige Leer-
stellenkonzentrationen hat oder nahe an der stéchiometrischen Zusammensetzung
ist. Fiir Xysp steigt die Leerstellenkonzentration mit zunehmendem Ti-Gehalt und
zunehmender Temperatur auf etwa 2 Kationenprozent fiir 1300°C und Xy, nahe
1. Fir T< 1100°C, also bei Temperaturen die fiir die Kristallisationsbedingungen
basaltischer Gesteine relevant sind, ist Tmt bei allen Zusammensetzungen nahezu
stochiometrisch. Da die revidierte Fassung des Tmt-Ilmgs Thermo-Oxybarometers
auch Hochtemperatur-Kalibrierungsdaten mit einbeziehen wird, ist es wichtig, in
den enthaltenen Mischungsmodellen der Tmt-Unstochiometrie Rechnung zu tra-
gen.



Um sich natiirlichen Zusammensetzungen anzunidhern, wurden auch im Sys-
tem Fe-Ti-Mg-Al-O Tmt-Ilmg, Proben hergestellt (Kapitel [6)). Fiir einen Vergleich
zum System Fe-Ti-O wurden die Mg-Al-haltigen Fe-Ti-Oxid-Zusammensetzungen
in die bindren Systeme Ilm-Hem und Mag-Usp projiziert. X'ysp und X’py, der
Mg-Al haltigen Phasen stimmen im Wesentlichen mit den Daten im System Fe-
Ti-O iiberein. Daher konnen die fiir das einfache System Fe-Ti-O bestimmten
Isothermen prinzipiell auch auf Mg-Al-haltige Proben angewendet werden. Dies
liefert eine neue, vorldufige und graphische Version des Thermo-Oxybarometers,
die an experimentellen Daten von [Toplis & Carroll| (1995)) getestet wurde. Ver-
glichen mit den T-fO,-Abschitzungen der vorherigen Modelle bringt das neue, gra-
phische Thermo-Oxybarometer insbesondere in den Temperaturabschitzungen eine
signifikante Verbesserung.



1 Introduction

1.1 A short presentation of Fe-Ti oxide minerals and their
significance

The iron-titanium (Fe-Ti) oxide minerals are of great significance for petrology.
Though they generally occur in accessory abundances, they are ubiquitous in both
metamorphic and igneous rocks of the Earth’s crust, in the Earth’s mantle as well
as in lunar and martian basalts and meteorites.

Fe-Ti oxides incorporate iron as both ferrous and ferric ions, which makes them
sensible redox indicators. The distribution of Fe?T, Fe3* and Ti between coexist-
ing Fe-Ti oxides (e.g. between titanomagnetite and ilmeniteg, or ilmenitess and
pseudobrookite) is a function of temperature (T) and oxygen fugacity (fO,). Con-
sequently, coexisting Fe-Ti oxides can yield thermo-barometric information (e.g.
Buddington & Lindsley, [1964). Further, Fe-Ti oxides are the major carriers of rock
magnetism.

The Fe-Ti oxides have been studied extensively since the early 20" century under
different points of view, for example to answer crystallographic and crystal chemi-
cal, petrologic or geomagnetic questions (e.g. Verwey, |1939; |Néel, 1948}, Chevallier
et al.,|1955; Ramdohr, 1955;|Akimotol, |1962; Taylor, 1964; Buddington & Lindsley,
1964; O’Reilly, [1984; Wechsler et al., [1984; |Dunlop & Ozdemir, [1997).

Among the phases in the system Fe-Ti-O, three Fe-Ti oxide solid solution series
are of special interest for natural rocks and within this study (Fig. [I.I). These are
the cubic titanomagnetite (Tmt), the rhombohedral ilmenite-hematite (Ilmgg), and
the orthorhombic Fe, TiOs — FeTiyOs (Psbs) solid solution series (Table[I.1] for all
abbreviations also see appendix, Table [A.I).

Magnetic properties of Fe-Ti oxide phases Despite their low modal abundances,
Fe-Ti oxides (e.g. Tmt, Ilmg,, see Table [I.1)) are the major carriers of rock mag-
netism (O’Reilly, |1984; Banerjee, |1991; Dunlop & Ozdemir, |1997). The magnetic
order of these phases depends on temperature and composition.

The Curie temperature (Tc) marks the transition from a paramagnetic (at high T)
to a ferrimagnetic state. In magnetite it occurs at 575 to 585°C (Hunt et al., |1995,
and references therein). The Curie temperature of Tmt decreases with increasing
Ti-content (transition temperature of Usp: —153°C).
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Fig. 1.1 Phases occurring in the system Fe-Ti-O, schematically presented in the Fe-Ti-O triangle.
Phases occurring are metallic iron (Fe®) and titanium (Ti°), iron oxide phases (wiistite (Wus), mag-
netite, hematite), titanium oxide phases (rutile (Rt) and the Magnéli phases (Ti,O2y.1, 4 <n < 9),
anosovite (Ti3Os), and Ti»O3), and mixed iron-titanium oxide phases. The latter are Tmt, Ilmg,, and

Psbys (Table [I.1).

Table 1.1 Fe-Ti oxide solid solution series
general name abbr. solid solution endmembers formula

titanomagnetite Tmt  magnetite Fe304 - ulvospinel Fe;TiOs  (Fej«Tix)304¢
ilmeniteg Ilmg,  hematite Fe,O5 - ilmenite FeTiO3 (Fe1xTix)203¢
pseudobrookiteg, Psbgs  pseudobrookite Fe,TiOs - FeTi, Os” (FexTix)305%

a) x is Ti/(Ti+Fe) in the phase
b) "ferropseudobrookite", name discredited by IMA Commission on
New Minerals and Mineral Names (CNMMN)

The Curie temperature of titanomagnetite can be used to estimate its composition
(e.g.|Akimoto et al., 1958} |Kontny et al., 2003)). This is especially useful when Tmt
grains cannot be analysed by the electron microprobe (e.g. due to small grain size,
dendritic grains or fine intergrowths with another phase).

The permanent magnetism of minerals allows a study of the Earth’s ancient
magnetic field (i.e. palaecomagnetism). Magnetic minerals are "microscopic fos-
sile *compasses’", also providing information on plate motions (from Dunlop &

Ozdemir, [1997).

The Tmt-limgs thermo-oxybarometer The Tmt-Ilmg oxide thermo-
oxybarometer can be used to derive temperature and oxygen fugacity that prevailed
during crystallisation or re-equilibration of a Tmt-Ilmgg assemblage. It is an impor-
tant tool to retrieve information, for example on fluid movement in and redox states



1.1 A short presentation of Fe-Ti oxide minerals and their significance

of the Earth’s mantle, processes in magma chambers or crystallisation conditions
of lunar and martian basalts (e.g. Carmichael, [1967; |Frost, 1991} Frost & Lindsley,
1991} |Ghiorso & Sack, 1991 [Haggerty, 1991b; Harlov, [1992; Evans & Scaillet,
1997; Scaillet & Evans, [1999; [Herd et al.l 2001, [2002; [Xirouchakis et al., 2002
Devine et al.,[2003).

In |1964, Buddington & Lindsley|introduced the original version of the Fe-Ti ox-
ide thermo-oxybarometer and presented a graphical solution. During the following
years, a lot of further development has been carried out by several authors (e.g.
Lindsley & Podpora, 1983; Andersen & Lindsley, 1988, see section |1.3)).

At present, there are two broadly used thermodynamic formulations of the
thermo-oxybarometer: These are (I) the formulation which is incorporated in the
QUILF package (Andersen & Lindsley, 1988} [Lindsley & Frost, [1992; [Frost &
Lindsleyl 1992} |Andersen et al., [1993) and (II) the model supplied by |Ghiorso &
Sack (1991).

These formulations have yielded a wealth of reasonable thermo-barometric esti-
mates on different volcanic suites (e.g. |Ghiorso & Sack, |1991; Frost & Lindsley,
1992)). However, their application does not always give satisfactory results (both
regarding temperature and oxygen fugacity estimation), as is seen for example by
comparison to experimental data (see section[I.3)). Therefore a further development
of the Fe-Ti oxide thermo-oxybarometer model is necessary.

The shortcomings of the thermo-oxybarometer models result from combined ef-
fects of weaknesses concerning the underlying data and models (see sections [I.2]
and|[L.3|for more details). In a future version of the Tmt-Ilmgs thermo-oxybarometer,
these points will have to be accounted for. For this purpose, experimental data is
required in several respects: The existing calibration data set lacks data for temper-
atures above 1000°C, and also for oxygen fugacities significantly above or below
the FMQ (fayalite-magnetite-quartz) buffer equilibrium. Additional experimental
data at these conditions are required and are provided by the present thesis. Fur-
ther, experimental investigation of the effect of minor elements like Mg, Mn and Al
is supplied in order to contribute to an improvement of Fe-Ti oxide solid solution
models.

The limgs-Psbgs thermo-oxybarometer Not only the Tmt-Ilmg, assemblage but
also the Ilmg-Psbgs assemblage can be used to estimate temperature and especially
oxygen fugacity. The Ilmg-Psbgs (thermo-)oxybarometer can be applied for exam-
ple in oxidised terrestrial igneous rocks (Frost & Lindsley, [1991;|Haggerty, 1991a),
moderately reduced assemblages in mantle xenoliths (Haggerty, |1991b) or strongly
reduced lunar assemblages (e.g. El Goresy et al., |1974; El Goresy & Woermann,
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1977). A preliminary calibration of the [Img-Psbgs thermo-oxybarometer (based on
thermodynamic data) has been provided by |Anovitz et al.| (1985)), but the experi-
mental data needed for a more comprehensive calibration are still missing. It is one
aim of this study to close this gap and supply the required data.

This thesis provides experimental data on Fe-Ti distribution between coexisting
Fe-Ti oxides (both Tmt+Ilmgg and Ilmg+Psbgs) in the system Fe-Ti-+=Mg+Al-O at
1000°C to 1300°C and a large range of oxygen fugacities (5 magnitudes below to
5 magnitudes above the Ni-NiO buffer equilibrium).

For this purpose, synthesis and re-equilibration experiments have been carried
out at atmospheric pressure and under subsolidus conditions to produce binary Fe-
Ti oxide assemblages (Ilmg+Psbgg, Tmt+Ilmgg). X-ray diffraction analysis has been
used to characterise the synthesised phases. The samples have been investigated
with a scanning electron microscope (SEM) to examine phase distribution and tex-
tures. Phase compositions have been determined by electron microprobe (EMP)
analysis.

The results of synthesis and re-equilibration experiments during this study sug-
gest that part of the shortcomings of the thermo-oxybarometer formulations - at
low fO; and high T - are due to cation-deficient Tmt. Therefore it is desirable to
include Tmt non-stoichiometry in the Tmt-Ilmgg thermo-oxybarometer formulation.
For this purpose a data set on Tmt non-stoichiometry as a function of oxygen fugac-
ity, temperature and composition is required. Within this thesis different approaches
to quantify Tmt non-stoichiometry are used (e.g. determination of Fe** /¥ Fe by
electron energy-loss spectroscopy, lattice parameter determination).

By supplying extensive experimental data on Fe-Ti distribution between Fe-
Ti oxides and by providing data on the effect of minor elements and on non-
stoichiometry, this thesis intends to pave the way for improved versions of the Fe-
Ti oxide (thermo-)oxybarometer formulations. Regarding the Tmt-Ilmgg thermo-
oxybarometer, a further development of the thermodynamic modelling by Mark S.
Ghiorso (Seattle) under incorporation of new experimental data (this thesis, Lattard
et al.|, 2005}, Evans ef al.| in press; Harrison et al.l, 2000, and others) is in progress.
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1.2.1 A general introduction to relevant Fe-Ti oxide phases: chemistry,
structure and stability

In natural rocks, Fe-Ti oxides are generally present as accessory minerals and co-
exist with silicate phases. The Fe-Ti oxide assemblage that occurs in a rock, and
the compositions of involved oxide phases are related to temperature and oxygen
fugacity prevailing during rock formation or re-equilibration.

While natural systems are complex (involving a number of minor elements like
Mg, Al, Mn, Cr, Nb etc.), the simple system Fe-Ti-O offers a valid simplification for
phase relations and compositions of Fe-Ti oxide phases in natural rocks. Therefore,
the experimental investigations within the present thesis will focus on the simple
system Fe-Ti-O and also consider the systems Fe-Ti-Mg-O, Fe-Ti-Al-O, and Fe-Ti-
Mg-Al-O.

In nature, titanomagnetite and ilmenitegs are the most common Fe-Ti oxides. De-
pendent on temperature, oxygen fugacity and bulk chemistry, they may coexist with
each other or with Psbg, rutile, wiistite, or metallic iron in binary and ternary as-
semblages (cf. Fig.[I.2a). The system Fe-Ti-O further includes anosovite (TizOs),
Ti, O3, the Magnéli phases (Ti,Osp.1, 4 < n < 9), and metallic titanium (see section
Fig. [I.1)). At temperatures < 300°C titanomaghemite (Tmh, a cation-deficient
spinel phase) forms as a low-temperature oxidation product of titanomagnetite.

Exchange reactions along Fe-Ti oxide solid solution series All three Fe-Ti
oxide solid solution series - titanomagnetite, ilmenitegs and pseudobrookitegs - are
governed by the "ilmenite substitution" 2Fe3" « Fe?t + Ti**. Additionally, in the
orthorhombic Psbg series the exchange reaction 2T’ « Fe?t + Ti*t occurs at
high T and low fO; towards the Ti endmember TizOs. Both exchange reactions in-
fluence the cationic ratio Ti/(Ti+Fe) in the concerning minerals, whereas the oxygen
content (i.e. cation/oxygen ratio) remains constant.

Non-stoichiometry in Fe-Ti oxide phases A variation in the cation/oxygen ratio
(i.e. non-stoichiometry) of a phase (e.g. Tmt) produces a broadening of the single-
phase field towards the oxygen apex (cation deficiency) or the Fe-Ti base of the
triangle (cation excess), as is schematised in Fig. [I.2b. This results in a definite but
limited phase width at any given cationic ratio.

A cation-deficient Fe-Ti oxide phase has a higher oxygen content compared to
its stoichiometric analogue. At given cationic ratio Ti/(Ti+Fe) the cation-deficient
phase occurs at higher oxygen fugacity than a stoichiometric or cation excess phase.
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Fig. 1.2 a) Schematic phase relations in the Fe-Ti-O system at 1200°C and 1 bar illustrated in the
Fe-Ti-O triangle (modified after|Grey ef al.l|1974;|Grey & Merritt, [1981). Phase relations at very low
fO7 have been omitted (cf.|Grey & Merritt, [1981])). b) Schematic illustration of non-stoichiometry in
Tmt in the system Fe-Ti-O, enlargement near Tmt single-phase field. Height of the Tmt phase field
is exaggerated and is assumed to be constant over the Tmt solid solution series.

From a crystallographic point of view, a variation in oxygen content of a phase
at given cationic ratio (Ti/(Ti+Fe)) can be achieved by cation or anion interstitials,
or cation or anion vacancies. However, anion defects (i.e. oxygen defects) are not
relevant to Fe-Ti oxides (for Tmt: |Dieckmann, [1982; Aragon & McCallister, |1982).

For the formation of cation vacancies and cation interstitials, several exchange
reactions are conceivable (equations [I.1] [T.2] [I.3] [[.4, M denotes a cation on a
regularly occupied site, I denotes an interstitial ion, [] represents a cation vacancy).
Tmt non-stoichiometry will be treated in more detail in section [I.2.3] pages [I3] et

Sqq.

2Fe’t o Ti*T + 0 (1.1)
3Fe’t — 2Fe’T + [0 (1.2)
Tiy, «» Fel/ +Fel™ (1.3)

2Fed « 2Fed +Fer ™ (1.4)
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Phase relations in dependence of temperature and oxygen fugacity Phase
relations and compositions in the system Fe-Ti-O are a function of temperature
(T), oxygen fugacity (fO;), pressure (P) and bulk composition (X). This study is
restricted to atmospheric pressure. Triangular plots generally refer to one fixed
temperature.

According to the Gibbs phase rule, in a ternary system such as the system Fe-Ti-
O, three phases of fixed composition coexist in a divariant equilibrium (variables: P,
T). At given temperature and pressure, the oxygen fugacity of a ternary assemblage
is fixed. In binary parageneses (e.g. Tmt-Ilmg and Ilmgs-Psbgs) the number of
components is reduced. Binary assemblages are stable over a wide range of fO,-P-
X conditions (Fig.[I.2p).

At a given pressure, temperature and oxygen fugacity (i.e. along one oxygen iso-
bar, Fig. [I.3)), the phase assemblage is determined by the cationic ratio Ti/(Ti+Fe).
With increasing Ti/(Ti+Fe), increasingly oxygen rich assemblages occur under
identical T-fO, conditions.

bulk
a) . b) Ti/(Ti+Fe) ﬂatio
Fe Ti Q@ | PSbss

I

Psbss+Rt

I

lImss+Psbss . .
increasing

Ti/(Ti+Fe) >

Tmt+llmss P=1 bar limgg =

T=const.

limgg

X
Tmt !

Tmt+Wus

increasing )
Ti/(Ti+Fe)

Tmt ¢
Til(Ti+Fe) Ti/(Ti+Fe)
(1 )

Fig. 1.3 a) Exemplary plot of an oxygen isobar within the triangle Fe-Ti-O crossing several dif-
ferent phase fields. b) Compositions of coexisting Fe-Ti oxides (circles) connected by two oxy-
isobars (grey diagonal lines, fO(1)<f0»(2)), schematically illustrated in the triangle Fe-Ti-O. At
given cationic ratio (dashed lines) an oxidation results in a shift of sample bulk (squares) towards the
oxygen apex (arrows). Horizontal lines represent the Fe-Ti oxide solid solution series (Tmt, Ilmgg,

Psby).

At a given cationic ratio Ti/(Ti+Fe) the oxygen content of the sample bulk in-
creases with increasing oxygen fugacity. Within one two-phase field, this is accom-
plished by a shift of phase proportions and a shift of phase compositions towards
higher Fe-contents (Fig. [I.3p). Larger changes in oxygen fugacities result in in-
creasingly oxygen-rich assemblages with increasing fO, (Fig.[I.3b).
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Within a two-phase field, the compositions of both participating phases (Fe-Ti
oxide solid solutions) shift towards the Fe-rich endmembers with increasing oxygen
fugacity (Fig. Fig. ). This comes along with an oxidation of Fe?* to Fe3 "
and (for a given cationic ratio Ti/(Ti+Fe)) involves an increase of the proportion of
the more oxidised phase (e.g. [lmg in a Tmt+Ilmgs sample).

The distribution of Fe and Ti between coexisting Fe-Ti oxides gets more random
with increasing temperature. Therefore, the conodes between coexisting Fe-Ti ox-
ides in the Fe-Ti-O triangle become steeper with increasing temperature (Fig.[T.4b).

(0]
a) b)
bulk bulk
Fe Ti Ti/(Ti+Fe) ratio Ti/(Ti+Fe) ratio

I > /02 (1) I T
lImss

lImgs r

Mrimt (1) Tmt+lmss
,’ fO2 (1)
|

= T

Tmt

Tmt+||m33

>
102 increasing Ti/(Ti+Fe)

Fig. 1.4 Effect of a) oxidation and b) temperature change on binary Fe-Ti oxide assemblage of fixed
bulk cationic ratio Ti/(Ti+Fe), schematised in the Fe-Ti-O triangle. a) Shown are two exemplary
conodes for two different oxygen fugacities (fO,(2) (grey conode) > fO,(1) (black conode)). M (e.g.
M7 (2), M7, (1)) is the modal proportion of the phase within the assemblage. (b): Bulk Ti/(Ti+Fe)
and oxygen content are constant. Shown are conodes for two different temperatures. Note that
sample bulk is constant, not oxygen fugacity.

To understand the behaviour and properties of Fe-Ti oxide phases, knowledge of
their crystal structure and stability is required. In this chapter, a short description
of the phases relevant for this study will be provided. The phases will be treated in
order of increasing oxygen content.
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1.2.2 Wiistite

Wiistite (Wus, Fej_,_»,Ti;O) has the NaCl structure. Ideally, if the composition
was stoichiometric (Fe;O;), Fe>* ions would occupy all of the octahedral sites
within a cubic close packed arrangement of oxygens, leaving the tetrahedral sites
unoccupied. However, wiistite is apparently always non-stoichiometric (Lindsley),
1991) with Fe** substituting for part of the Fe>* on octahedral sites (reaction
or filling ideally unoccupied tetrahedral sites (reaction [[.6)). For charge balancing
reasons, this involves the formation of cation vacant octahedral sites.

3Fe2! « 2Fe3t + 0,0 (1.5)
3Fe2 4+ 200 < 2Fe)t 4 30,0 (1.6)

oct

Although wiistite is generally considered to be a Fe oxide rather than a Fe-Ti oxide,
limited amounts of Ti (about 8.5mol% TiO, at 1300°C, [Simons & Woermann,
1978) can be incorporated into the wiistite structure at high temperatures, according
to reaction However, Ti-"rich" wiistite cannot be quenched to room temperature
(Simons & Woermann, |1978; Senderov et al.,|1993; Sauerzapft et al.l 2005)).

2Fe?t « Titt + [ (1.7)

1.2.3 Titanomagnetite

The term titanomagnetite (general formula (Fe; 4Tix)304 for stoichiometric Tmt)
refers to the cubic spinel solid solution series between magnetite (Fe304, Mag) and
ulvospinel (Fe;TiOg4, Usp). Both endmembers and all intermediate compositions
are inverse spinels (Waychunas, |1991).

Spinel has the general formula AB,O4. The spinel structure is based on a cubic
close packing of oxygens with A and B cations of different valence state occupying
one eighth of the tetrahedral sites and half of the octahedral sites (e.g. |[Lindsley,
1976; Fleet, |1981,1982; |0’ Neill & Navrotsky, 1983} 1984, see Fig.. In normal
spinels, B cations occupy octahedral sites and A cations the tetrahedral sites, i.e.
the formula can be written as (A)[B],04 ((): tetrahedral sites, []: octahedral sites).
In inverse spinels, half of the B cations occupy tetrahedral sites. The A ions as
well as the other half of the B ions are distributed randomly on the octahedral sites:
(B)IAB]O4.

Consequently, in the inverse spinel mineral magnetite (Fe>*)[Fe>* Fe3*]0,, Fe3t+
occupies the tetrahedral sites, and Fe?>* and Fe3* are situated on the edge-sharing
octahedral sites. Electron hopping between Fe>™ and Fe** on octahedral sites re-
sults in the high electrical conductivity of magnetite at T> 120K. At T< 120K
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Fig. 1.5 Schematic illustration of the spinel structure projected onto the (111) plane after Klein &
Hurlbut| (1993). The circles represent octahedral, tetrahedral and oxygen ions. Shown is one cubic
close packed oxygen layer and the cation layers on either side of it.

(Verwey temperature of magnetite) electron hopping is inhibited and Fe?>* and Fe3+
are ordered within the octahedral sites resulting in a decrease in symmetry (from cu-
bic to monoclinic) and electrical conductivity (e.g.|Verwey, [1939; Zuo et al.,[1990).

Ulvospinel (Fe?™)[Fe?*Ti**]0y is also an inverse spinel. Fe>™ occupies the
tetrahedral sites and Fe?t and Ti** are randomly distributed over octahedral sites.
Only few studies have reported significant amounts of Ti** on tetrahedral sites (e.g.
Forster & Hall, |1965; |Gorter, |1957), while other author did not find any evidence
for tetrahedral Ti*" (Stephenson, [1969; O’Reilly & Banerjeel [1965; Ishikawa et al.,
1964, reported by Bleil, [1976). It is now general consensus that Ti*" is restricted to
octahedral sites (e.g. [Trestman-Matts et al., 1983).

Titanomagnetite miscibility gap At temperatures >800°C (i.e. temperatures rel-
evant for experiments reported in the following chapters) the titanomagnetite solid
solution is continuous between magnetite and ulvospinel. At T below about 600°C
to 800°C however, there is a miscibility gap (e.g. Vincent et al., [1957; |Lindsley,
1981} |Price, |1981), Fig. @]) The solvus has been examined experimentally by [Vin-
cent et al. (1957); Lindsley (1981); Price|(1981) and calculated by [Trestman-Matts
et al.|(1983) and O’Neill & Navrotsky|(1984)). |Vincent et al. (1957) reported an as-
symmetric solvus. The results of Lindsley| (1981]) are in general agreement with the
previous work by [Vincent et al.|(1957)). The low consolute temperature reported by
Price (1981) is most probably due to small amounts of Mg in the natural samples he
used (see|Lindsley, |1981). Except for O’Neill & Navrotsky| (1984), all authors sug-
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gest a consolute temperature of <600°C. (O’Neill & Navrotsky| (1984) in contrast
have calculated solvi that reach up to about 760 °C.

While [Trestman-Matts et al.| (1983) obtain a solvus that shifts towards Fe,TiOy4
with decreasing temperature, the solvus after O’ Neill & Navrotsky| (1984) shifts to-
wards Fe3Oy4. [Trestman-Matts ez al.|(1983)) state that "at the present time the precise
shape of the solvus has not been established" (also referring to the then unpublished
but prepared paper by (O’ Neill & Navrotsky|(1984))). Quenching from temperatures
above the consolute temperature is rapid enough to conserve a homogeneous titano-
magnetite (Lindsley, 1981)).

700 A N84b - N84a experimental
"""" V57 Vincent et al. 1957
600 s P81 Price 1981

NS
¢ . s, 'S8t

v 500 : = = =+ L81 Lindsley 1981
ot 1 )
] 7 calculated
= 4003 ;| Pef T83 Trestman-Matts et al. 1983
1 7 :
300 1 H N84a O'Neill & Navrotksy 1984 W=9.2 kJ/mol
1 83 N84b O'Neill & Navrotksy 1984 W=0 kJ/mol
200 1 /* 3
[ ivs7 %
100 e T T T T T T A
00 02 04 06 08 1.0
Mag Xusp Usp

Fig. 1.6 Solvus within the titanomagnetite solid solution series according to [Lindsley| (1981), |Price
(1981) and |Vincent et al.[(1957) (black lines, experimental data), and [Trestman-Matts et al.| (1983)
and|O’Neill & Navrotsky|(1984) (grey lines, calculated).

Titanomagnetite cation distribution models If it is assumed that Ti is fixed to
the octahedral sites of the spinel structure along the Tmt solid solution series, a
change in Tmt cation distribution involves only an electron transfer between the
tetrahedral and octahedral sites. While the equilibrium cation distribution is tem-
perature dependent (in-situ measurements by [Trestman-Matts et al., [1983)), it can-
not be quenched to room temperature (O’ Neill & Navrotsky, 1984;|Jensen & Shive,,
1973)).

This is in agreement with X-ray and neutron diffraction, as well as magnetic
measurements on qguenched Tmt annealed at different temperatures, which detected
no difference in cation distribution for different synthesis or annealing tempera-
tures (e.g. (O’Donovan & O’Reilly, [1980; Wechsler et al., (1981, [1984). However,
earlier work on the basis of saturation magnetization measurements (Stephenson,

11
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1969; Bleil, 1971} 1976)) suggested that the cation distribution depended on synthe-
sis temperature and that it is preserved during quenching. These studies may have
been complicated by imperfect control of Tmt stoichiometry (O’Neill & Navrotsky,
1984).

Trestman-Matts et al.| (1983) suggest that - though "true high temperature dis-
tributions are most likely not quenchable" - "the rate of cooling through the range
300°C to room temperature ... could play a significant role in what distribution is
retained". The results of Stephenson| (1969), Bleil (1971) and Bleil (1976)) may thus
also be explained by different quench rates.

For the cation distribution between octahedral and tetrahedral sites along the
stoichiometric titanomagnetite solid solution join ((Fe;4Tix)304, x=Ti/(Ti+Fe))
several models have been proposed (e.g. Akimoto, [1954; [Néel, [1955; (Chevallier
et all [1955; O’Reilly & Banerjee, |1965; [Trestman-Matts et al., [1983; O’ Neill &
Navrotsky, |1984). The older models by Akimoto (1954); Néel| (1955); |Chevallier
et al|(1955) and |O’Reilly & Banerjee| (1965) did not account for a temperature-
dependence of the cation distribution.

1) The Akimoto (1954) model (Fig.[1.7p) results from application of the substi-
tution reaction Fefj{FegZ; - Fe,zef Tiﬁ;;. Both octahedral and tetrahedral sites
are involved in this exchange over the complete compositional (i.e. Xuysp)

range.

2) The Néel (1955) - |Chevallier et al. (1955) model (Fig. ) accounts for the
tetrahedral site preference of Fe3* and octahedral site preference of Fe?*. At
Xysp<0.5 Fe?™ substitutes for octahedral Fe>* until the latter is used up (at
Xusp=0.5). This means that at Xysp < 0.5 the tetrahedral sites are not involved
in the exchange reaction, which can be described as 2Fe; «— Fe2 Titt . At
Xusp> 0.5 however, simultaneous exchange of Fe2t vs. Fe3t on tetrahedral

sites and Ti*T vs. Fe?" on octahedral sites results in an overall exchange

reaction 2Fe) FeZ! < 2FeZ Ti*!, i.e. a global 2Fe’" « Fe?TTi*".

3) The|O’Reilly & Banerjee| (1965) model (Fig. [I.7c) is a combination of the
former models, being identical to the [Néel (1955)) - |Chevallier et al.| (1955)
model at Xygp< 0.2 and Xysp> 0.8, and following the Akimoto|(1954) model
for intermediate compositions. According to this model, the cation distribu-
tion along Tmt deviates from linear behaviour at Xysp,= 0.2 and Xysp= 0.8.
Such deviations have also been observed in investigations of lattice param-
eter and saturation moment as a function of Xys, (cf. Lindsley, |1976, and
references therein).

12
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Akimoto Néel (1955) & O’Reilly & Banerjee
3 (1954) Chevallier et al. (1955) (1965)
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Fig. 1.7 Distribution of Ti*t (black), Fe** (white) and Fe3+ (grey) (as cations pfu) on octahedral
(O) and tetrahedral (T) sites of spinel along the titanomagnetite solid solution join according to
the models by a) |Akimoto| (1954)), b) INéell (1955) and (Chevallier ef al| (1955) and c) |O’Reilly &
Banerjee| (1965). The horizontal line at 1 cation pfu separates octahedral from tetrahedral sites. The
dashed grey lines in (¢) mark Xygp=0.2 and Xygp=0.8.

4) Based on thermoelectric coefficient measurements Trestman-Matts et al.
(1983) and Wu & Mason| (1981, for Mag) derived a cation distribution of Tmt,
which is dependent on synthesis temperature (Fig. [[.8)). According to this ap-
proach, the cation distribution basically matches the Néel (1955) - |Chevallier
et al.|(1955)) model at T=0K, the O’Reilly & Banerjee (1965) model at room
temperature, and the Akimoto| (1954) model at about 300°C. In contrast to
the three previous models, the Trestman-Matts et al.|(1983) model assumes
some ferrous iron on tetrahedral sites also for the magnetite endmember. The
amount of tetrahedral Fe>" increases with increasing temperature. The tem-
perature dependence of the amount of tetrahedral Fe3* decreases with in-
creasing temperature and ulvospinel content (Fig. [I.9).

High-temperature titanomagnetite non-stoichiometry As described on page 3]
the composition of Tmt can deviate from stoichiometric oxygen/cation ratio (i.e.
from 4/3). Previous studies (Dieckmann, 1982} Aragon & McCallister, [1982) sug-
gest that in non-stoichiometric Tmt the oxygen lattice remains intact, and that cation
vacancies or interstitials are responsible for a decreased or increased cation/oxygen
ratio, respectively. Cation vacancies are presumed on octahedral sites of the Tmt
structure (Wechsler ez al., [1984). The highest cat/O ratio of Tmt is expected for
Tmt coexisting with a Ti-O-poorer phase, thus with Wus or metallic Fe®. The low-
est cat/O ratio is expected for Tmt in coexistence with a Ti-/O-richer phase, i.e.
Tmt+IImg, (cf. Fig.[I.2b). Stoichiometric Tmt is expected within the Tmt single-
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Trestman-Matts et al. (1983)

Fig. 1.8 Distribution of Ti** (black), Fe?* (white) and Fe3* (grey) (as cations pfu) on octahedral
(O) and tetrahedral (T) sites of spinel along the titanomagnetite solid solution join according to the
model by Trestman-Matts et al.|(1983)) at 20°C, 300°C, and 1300 °C. The horizontal line at 1 cation

pfu separates octahedral from tetrahedral sites.

(Fe3+)IV

T(°C)

Fig. 1.9 The temperature dependence of Fe*T in tetrahedral sites for different Xy, after Trestman-
Matts et al.| (1983). (Fe3*)!V is equal to ordering parameter b according to Trestman-Matts et al.

(1983), equation [T.10}
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1.2 State of the art: crystalline phases in the system Fe-Ti-O

Aggarwal & Dieckmann (2002)

Tmt+lIimss @ upper boundary of Tmt single phase field
A lower boundary of Tmt single phase field
* single phase Tmt

H stoichiometric Tmt composition

0 10 20 30
Til(Ti+Fe) [at%]

Fig. 1.10 Single-phase field of Tmt (white), and Tmt+Ilmgs and Tmt+Wus two-phase fields (grey),
in a plot of oxygen fugacity (expressed as ANNO) versus composition (cationic ratio Ti/(Ti+Fe)).
Solid lines are boundaries of the Tmt field after | Aragon & McCallister| (1982)), dashed line marks
the composition of stoichiometric Tmt after Aragon & McCallister| (1982)). Symbols correspond to
data after |Aggarwal & Dieckmann| (2002) for single-phase Tmt (small circles), stoichiometric Tmt
compositions (squares), the upper fO, boundary of Tmt (thombs), and the lower fO, boundary of
Tmt (triangles).

phase field (Fig.[I.10). High-T non-stoichiometry of titanomagnetite is expected to
be limited to few cat% (Dieckmann, |1982;|Senderov et al.l {1993 [Lattard, 1995)).

The formula of non-stoichiometric Tmt can be given as (Fel_xTix)(3_ 5)04
(x=Ti/(Ti+Fe)). The parameter 0 is used to quantify Tmt non-stoichiometry. J is
the number of cation vacancies (6 > 0: (Fel,xTix)B, 5)0s04) or cation interstitials
(6 < 0) per formula unit.

To generate Tmt non-stoichiometry (a deviation from stoichiometric cat/O-ratio),
basically the following two exchange reactions are conceivable:

3Fe?t < 2Fe3t 40 (1.8)

2Fe?t s Titt + [ (1.9)

More exchange reactions can be put up, but are mathematically linear combina-
tions of reactions [1.8] and [1.91

In literature, each of the exchange reactions has been held to be exclusively
responsible for vacancy formation (reaction [I.8} [Aggarwal & Dieckmann, 2002;
Aragon & McCallister, [1982; reaction @ Senderov et al., 1993}, [Lattard, |1995)).
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It is conceivable that reaction [1.8| could be prevailing at magnetite-rich (i.e. Fe*-
rich) compositions, while reaction [I.9] could preponderate at high Xy, (i.e. high
Ti-contents).

Accounting for composition along the solid solution join, cation distribution and
non-stoichiometry, Tmt formula can be given as

(Fe; tFe™ ) )[Fel”

2 4 _
(2—2x)+2v(3+x)—bFe " Ti +_V)D3V]O4 (1.10)

(b+x)—v(9+x) ~ x(1

where () and [] denote tetrahedral and octahedral sites respectively, b is the number
of Fe3* ions on tetrahedral sites, here x is Xusp, V 1s the vacancy concentration
(3v=9) and [ represents a cation vacancy (Wanamaker & Moskowitz, 1994).

Literature on titanomagnetite non-stoichiometry Several previous papers have
investigated Tmt non-stoichiometry theoretically (Aragon & McCallister, 1982) and
also experimentally (Dieckmann, 1982; Aggarwal & Dieckmann, 2002; Senderov
et al.| [1993} [Lattard, [1995) (Fig. [I.11)). However, at T< 1300°C and intermediate
Tmt composition, data is only provided by the study of Aggarwal & Dieckmann
(2002).

For pure magnetite, according to Dieckmann| (1982) &,,,x decreases with de-
creasing temperature (8, is the maximum value of & possible for Tmt with
given Ti/(Ti+Fe) at given T and P; 0, corresponds to Tmt in coexistence with
ilmenitegs). This was confirmed for titanomagnetite solid solution by |/Aggarwal
& Dieckmann| (2002)), who additionally described a trend of decreasing &,,,, With
increasing Xysp. In contrast, Senderov ef al.| (1993)) report only low vacancy con-
centrations at low Xysp, but higher & at high Xysp.

Aggarwal & Dieckmann| (2002) have investigated Tmt non-stoichiometry by in-
situ thermo-gravimetry (at selected T and fO;). They did not provide details on
the equilibration times required and did not examine the samples after the thermo-
gravimetric measurements. The phase boundary of single-phase titanomagnetite
towards high fO, (boundary between single-phase Tmt and two-phase Tmt+Ilmgg
field) reported by Aggarwal & Dieckmann| (2002) is in contrast to that arising from
the experiments presented in the following chapters and reported in [Lattard et al.
(2005). As |Aggarwal & Dieckmann (2002) did not check for phase purity, it is
conceivable that at high fO, their alleged single-phase Tmt sample contains small
amounts of ilmenitegs.

In contrast, Senderov et al. (1993) worked on quenched samples. There are in-
consistencies between single-phase Tmt and Tmt(+IImg) data regarding the cation
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Fig. 1.11 6 versus Tmt composition (Xusp) for a) 1275 — 1300°C, b) 1200°C, ¢) 1100 —1130°C,
and d) 1000°C. Different symbols represent different authors. Black filled symbols and crosses
indicate Tmt with maximum vacancy concentration (Opmax). Grey symbols represent Tmt with min-
imum §. Single-phase Tmt by [Senderov et al.| (1993) is represented by small open symbols. The
grey horizontal lines in each diagram mark stoichiometric Tmt composition (8=0).
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vacancy concentration. They used relative electron microprobe oxygen analyses,
which according to |Aggarwal & Dieckmann| (2002) might not be a good tool to
quantitatively estimate the amount of non-stoichiometry. Nevertheless, EMP oxy-
gen analyses from|Senderov et al.|(1993)) are in general agreement with observations
from lattice parameter determination. Further, the results by Hauptman, (1974),
which were obtained by thermo-gravimetric investigations on quenched samples,
basically support the values for § obtained by |Senderov er al| (1993) (Fig. [1.11).
However, at intermediate compositions, only few data points (single-phase Tmt)
are available. These suggest increasing non-stoichiometry with increasing Xy,
though the exact shape of this trend can hardly be derived.

A possible explanation for the inconsistencies between in-situ studies (Aggarwal
& Dieckmann, 2002; Dieckmann, |1982) and investigations on quenched samples
(Senderov et al., 1993} Hauptman, 1974) may be that point defects at iron-rich
compositions - formed by exchange reaction 3Fe** « 2Fe3* 4 [J - might not be
quenchable, whereas those due to exchange reaction 2Fe?" « Ti** 4+ [ might be.
However, this would make us expect higher vacancy concentrations according to
Aggarwal & Dieckmann|(2002) compared to [Senderov et al. (1993) and Hauptman
(1974), which is not the case. This contradiction is not fully understood and cannot
be resolved without further experimental work.

Lattice parameters of titanomagnetite Lattice parameters of titanomagnetites
(and their low-T oxidation products titanomaghemites, see below) have been exam-
ined by several authors (e.g.|Akimoto et al.l |[1958; |Banerjee et al.l |1967; Nishitani
& Kono, 1983} [Wechsler et al., |1984; Readman & O’Reilly, [1972; [Senderov ef al.,
1993)). Within the stoichiometric titanomagnetite solid solution FesO4 — Fe,TiO4 a
non-linear trend of increasing ag with increasing Xysp 1s observed (Wechsler ez al.,
1984; [Senderov et al,[1993) (Fig. [I.12).

For titanomagnetite at 1300°C, Senderov ef al.| (1993) report a range of cell di-
mensions at constant Ti/(Ti+Fe) for Tmt equilibrated at different oxygen fugaci-
ties. They attribute these variations in lattice parameter to different stages of non-
stoichiometry (i.e. cation vacancies or interstitials, Fig. [I.12)). The (possible) in-
fluence of cation distribution and the distribution of lattice defects (vacancies or
interstitials) on the cell dimensions also has to be considered.

1.2.4 Titanomaghemite

At low temperatures (T< 300°C) oxidation of titanomagnetite produces ti-
tanomaghemite (Tmh), which is a strongly cation-deficient spinel (e.g. Read-
man & O’Reilly, [1970; O’Donovan & O’Reilly, 1978). Above ~ 300 —350°C
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Fig. 1.12 Tmit lattice parameter ag versus Xysp. a) Filled symbols represent studies on Tmt, empty
symbols represent non-oxidized or precursor Tmt from studies on Tmt oxidation. Note the range of
ap at given Xysp. b) Data by |Senderov et al.|(1993) and derived ap-Xysp trend for Tmt in coexistence
with IImgg (dashed line) and Tmt coexisting with Wus (solid line).

titanomaghemite becomes unstable in favour of a stoichiometric Fe-richer Tmt
coexisting with Ilmg (e.g|Ozima & Larson, |1970). Tmh is not stable at the temper-
atures relevant for the present study (i.e. 950 - 1300°C), but it is an important Fe-Ti
oxide phase in natural rocks, which has been extensively described in literature
and examined especially regarding its magnetic moment and lattice parameter (e.g.
O’Reilly & Banerjee, 1967; Sanver & O’Reilly, |1970; Readman & O’Reillyl 1971,
1972; Rahman & Parry, [1978)). For this thesis the extensively studied Tmh can
serve as an example for a cation-deficient cubic Fe-Ti oxide phase and be compared
to high-T non-stoichiometric Tmt.

(Titano-)maghemitisation can be continuous towards Fe,Oz (Maghemite: y —
Fe,O3, spinel type structure) and cover all compositions within the quadrilateral
Fe3O4 — FezTiO4 — FezTiO5 — F6203 (Readman & O’Reilly, 1971, Fig. @D
Consequently, titanomaghemites can be isochemical to members of the hematite-
ilmenite solid solution series (e.g. Fe,O3) or to pseudobrookite (Psb, Fe,TiOs),
but they display a spinel structure (Lindsley, 1976) and incorporate high concen-
trations of cation vacancies (theoretically up to 11 cat% (6 * 10% = 33) for Fe,03:
Feg 30J; /304, and 20 cat% (8 + 10> = 60) for Fe;TiOy: FegsTiy /503 /504). Cation
vacancies are essentially situated on the octahedral sites of the spinel lattice (Way-
chunas), (1991, and references therein). Nevertheless low concentrations of tetrahe-
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dral vacancies have also been reported (Schmidbauer, 1987; Collyer et al., 1988;
Allan et al., 1989, cited in |[Harrison & Putnis||1996).

(6] / FegTi05 Psbss
"~ -SS|
Fe,O3 limgg .
FeTiO3
Fe304 ]
Fe Ti /- Tmt FegTIO4

Fig. 1.13 Possible compositional range for titanomaghemite (Tmh, light grey) according to |Read-
man & O’Reilly| (1971)), and for high-T titanomagnetite (Tmt, dark grey) roughly following both
Senderov et al.|(1993) and |Aggarwal & Dieckmann| (2002), illustrated in the Fe-Ti-O triangle. Thin
horizontal lines represent Tmt, Ilmgg and Psbg solid solution series, squares mark endmember com-
positions.

1.2.5 limenitegg

The solid solution between the rhombohedral oxides hematite (Fe,O3, Hem) and il-
menite (FeTiOs, [Im) is here referred to as ilmeniteg (Ilmgs). Hematite has a trigonal
(rhombohedral) structure analogous to the corundum structure: Based on hexagonal
closed packing of oxygens, trivalent cations (i.e. Fe’* in Hem) occupy 2/3 of the
octahedral sites, forming layers perpendicular to the c-axis in which coordination
octahedra form connected six-fold rings. In ilmenite, layers filled with Fe?* and
Ti**, respectively, alternate along the c-axis.

The solid solution along the Ilmgg join is driven by the exchange reaction
2Fe’t — Fe?tTi**. At Fe3*-rich compositions, Ilmg has the hematite structure
and the substituted amounts of Fe>* and Ti** are distributed randomly over the
cation layers. At high Ti contents, Fe>* and Ti** are ordered on alternating layers
in accordance with the ilmenite structure (Fig. [[.14p). At intermediate composi-
tions, there is a second order transition between the long-range disordered hematite
(R3c) and the ordered ilmenite (R3) structure (Fig. ). The composition at
which this transition occurs (after [Harrison et al. |2000) is shifted towards increas-
ing Ti-content with increasing temperature.

At T<800°C there is a solvus between ilmenite and hematite (Fig. [I.14p). Pre-
vious experimental studies (e.g. |[Lattard, 1995; Senderov et al., 1993, and many
others) do not report exsolution during quenching as a result of this miscibility gap.
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modified after Harrison & Redfern 2001 after Harrison et al. 2000

Fig. 1.14 a) Schematic illustration of the ilmenite structure: TiO6 (light grey) and FeO6 (dark grey)
octahedra are arranged in alternating layers perpendicular to the c-axis (modified after

& Redfern| 2001). b) Calculated phase diagram for the system Fe,O3; — FeTiOs, after [Harrison|
(2000). Note that the composition of the phase transition between the long-range ordered

R3 structure and the disordered R3c structure shifts towards increasingly Ti-rich compositions with
increasing T. At T<800°C there is a miscibility gap within the solid solution series.

1.2.6 Pseudobrookitegg

The orthorhombic series (pseudobrookitess, Psbgs) covers solid solution between
the ferric endmember Fe%+Ti4+05 (pseudobrookite, Psb), the ferrous endmem-
ber Fe2+Ti‘2‘+O5 (former name ferropseudobrookite) and also the Ti endmember
Ti3 " Ti**Os (anosovite) (at T>1300°C |Grey & Ward, |1973; Ender et al., |1980;
Grey & Merritt, [1981). Between the ferrous and the ferric endmember the solid
solution is governed by the ilmenite exchange reaction (see page [3)), between the
ferric endmember and anosovite by the substitution Fe2tTi** « 2Ti+.

Between Fe,;TiOs (Psb) and FeTip,Os the solid solution is continuous at
T>1140°C (see Fig. [[.I5). At 1140+ 10°C FeTi,Os decomposes to ilmenite
+ rutile (Haggerty & Lindsley, [1969). At temperatures between 1140°C and
1066°C, Psby displays two miscibility gaps (Grey & Merritt, [1981], see Fig. [I.15),
one between Fe3*-rich Psbgs and Fe2 Ti,Os, and a second one between Fe?* Ti,Os
and TizOs. The intermediate composition is slightly richer in Ti compared to
FeTiyOs and disappears at 1066 °C. This leaves one single gap between TizOs and
about Fe(Z)EFegZTi‘I‘EOy
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Fig. 1.15 Solvi within the orthorhombic pseudobrookitegs solid solution series (modified after Grey,
& Merritt, [1981). The shaded area represents the miscibility gap.

With decreasing temperature this single gap broadens towards the Fe-richer com-
position, and the Fe;TiOs endmember finally breaks down to hematite + rutile at
585£10°C (e.g. Haggerty & Lindsley, 1969; Grey et al., |1974; Merritt & Turn-
bull, 1974; Simons & Woermann, 1978 |Grey & Merritt, 1981).
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1.3 Thermo-oxybarometry

The petrologic significance of Fe-Ti oxides was established by Buddington & Lind-
sley|in their classical study in|1964. These authors first showed that the composition
of coexisting Tmt and Ilmgg can potentially be used to estimate temperature and oxy-
gen fugacity (fO,) during formation or subsequent re-equilibration of a Fe-Ti oxide
paragenesis.

Principles of Fe-Ti oxide thermo-oxybarometry The equilibrium between Tmt
and coexisting Ilmg can be described by equations|[I.1T|and [I.12]

FeTiO3(Ilm) 4+ Fe304(Mag) — Fe,O3(Hem) + Fe, TiO4(Usp) (1.11)
4Fe3 " Fe? T 04(Mag) + Oy — 6Fe3 T03(Hem) (1.12)

The exchange reaction 2Fe’* « Fe?™Ti*t that governs the exchange along
the Fe-Ti oxide solid solution entails that with increasing Ti-Fe>* content the
Fe3*/XFe value in both Fe-Ti oxides decreases. Ilmeniteg is oxygen-richer (oxy-
gen/cation=3/2=1.5) compared to titanomagnetite (oxygen/cation=4/3~ 1.3). For
Ilmgg and Tmt of the same cationic ratio, ilmenitegs has a higher Fe3* /XFe. Further,
the distribution of Fe and Ti between coexisting Fe-Ti oxides depends on temper-
ature. Towards higher temperature, the distribution gets more and more random
between the phases. In the triangle Fe-Ti-O this is expressed by increasingly steep-
ened Fe-Ti oxide conodes with increasing temperature. This can be described by

equation[I.T1]

The Tmt-limgg thermo-oxybarometer: previous versions The Buddington &
Lindsley| (1964) (Fig. thermo-oxybarometer was one of the first thermo-
oxybarometers established in geo-sciences and also became one of the most com-
monly used. The publication of Buddington & Lindsley (1964) provides an em-
pirical calibration based on experimental Fe-Ti-O data by |Lindsley (1962, |1963,
hydrothermal buffer technique, experiments at ~500 to 1000°C). Since this cali-
bration data set was restricted to a relatively narrow range of oxygen fugacities (cor-
responding to NNO, FMQ, WM, and MnO-Mn30Qy4, for abbreviations see appendix
[A.T)), temperatures below 1000°C, and the pure system Fe-Ti-O, further calibration
data has been collected during the following years:

* The fO,-T range of the experimental database in the system Fe-Ti-O has been
enlarged, e.g. towards high temperatures and low oxygen fugacities (e.g.
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Fig. 1.16 Graphical version of the Fe-Ti oxide thermo-oxybarometer after [Lindsley| (1963)); [Bud-|
[dington & Lindsley| (1964)), presented in a diagram of oxygen fugacity (as logfO,) vs. temperature.
Pink lines are titanomagnetite isopleths, the labels denote the ulvospinel content (e.g. U-10: 10%
Usp component in titanomagnetite). Green lines indicate ilmenitegs isopleths (e.g. 1-97: 97% Ilm
component). T and fO, of coexisting Tmt and Ilmg are defined by the intersecting point of the
corresponding isopleths. Also shown is the curve for the magnetite-hematite (MH) solid-state buffer
equilibrium. Black dashed line marks the structural transition within the ilmenite-hematite solid
solution.

Hammond et al, [1982; [Simons & Woermann), (1978, 1000 — 1300°C, IQF:
iron-quartz-fayalite solid-state buffer equilibrium).

* The experimental data was extended to Mn- or Mg-bearing compositions (e.g.
Pickney & Lindsleyl, (1976} [Andersen ef al.,[1991).

In order to bring up thermodynamically based formulations of the thermo-
oxybarometer, solid solution models for the cubic and rhombohedral series have
been developed (Rumble, [1970; Powell & Powell, [1977; [Andersen & Lindsley,
[1988}; [Andersen ef al., [1991}; |Ghiorso & Sackl, (1991} [Andersen et al., [1993). Cur-
rently, two thermodynamic formulations of the Tmt-Ilmgs thermo-oxybarometer are
in use and have been broadly applied during the last years:

(I) the model incorporated in the QUILF software package (QUILF-model)
dersen & Lindsley, [1988} /Andersen et al.,[1993)
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(IT) the Ghiorso & Sack! (1991)) formulation.

The QUILF model |Andersen er al.| (1993) have presented a computer program
called QUILF and state that "program QUILF assesses equilibria among Ti-
magnetite, ilmenite, augite, pigeonite, orthopyroxene, olivine, and quartz (or sub-
assemblages thereof). Oxide and silicate equilibria are related through the QUIIF
equilibrium” (equations|[I.13] [[.14} QUIIF reaction).

S10; + 2Fe; TiO4 = 2FeTiO3 + FepSi0y4 (1.13)

quartz + ulvospinel < ilmenite + fayalite (1.14)

They continue that "depending on the assemblage, QUILF can provide informa-
tion on temperature, pressure, oxygen fugacity and the activities of SiO;, TiO;,
and Fe°". The QUIIF reaction involves only the Tmt and IImg; endmembers Ilm
and Usp, respectively. The addition of Fe304 and Fe;O3 components allows the
estimation of temperature and oxygen fugacity based on oxide phase relations.

The QUILF model (Fig. is based on the solid solution models by |Andersen
& Lindsley (1988)) for Fe-Ti oxides (titanomagnetite and ilmenitegs) and Andersen
et al. (1991) for Fe-Mg-Ti oxides and olivine, as well as on a solid solution model
for coexisting pyroxenes and olivines plus quartz (Davidson & Lindsleyl, [1989).

The solid solution models by Andersen & Lindsley (1988) and |Andersen et al.
(1991) consider only Ilmg with high Xy, which are expected to crystallise in the
R3 space group. The authors do not account for the structural transition within the
ilmenite-hematite solid solution series. Ilmg is treated as an asymmetric Margules
solution.

For the spinels, two solid solution models based on different cation distribution
have been derived. One is based on the cation distribution by |Akimoto| (1954).
Further, a "site mixing model" has been put up based on the cation distribution
given in the papers by Wu & Mason|(1981) and Trestman-Matts et al.| (1983)). Wu &
Mason! (1981) and [Trestman-Matts et al. (1983) have proposed cation distributions,
which are significantly different from the Akimoto (1954) model at temperatures
relevant for the Fe-Ti oxide thermo-oxybarometer (i.e. > 300°C).

Both models work equally well to explain the macroscopic properties of Tmt in
equilibrium with Ilmgg, so the simpler |Akimoto| (1954) based model was incorpo-
rated in the QUILF model. /Andersen & Lindsley| (1988)) and Andersen et al. (1991)
also consider the effect of Mg and Mn on Fe-Ti oxides.

The Ghiorso & Sack| (1991) model |Ghiorso & Sack! (1991)) provided a thermo-
oxybarometric formulation of the equilibrium between coexisting Tmt and Ilmg,
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Fig. 1.17 Graphical illustration of the thermodynamic Fe-Ti oxide thermo-oxybarometer formula-
tion based on[Andersen & Lindsley| (1988)), presented in a diagram of oxygen fugacity (as logfO,)
vs. temperature. Pink lines are titanomagnetite isopleths, with labels denoting the ulvospinel con-
tents (e.g. U-10: 10% Usp component in titanomagnetite). Green lines indicate ilmenitegs isopleths
(e.g. I-98: 98% Ilm component). Dashed black lines mark the QUIIF (quartz-ulvospinel-ilmenite-
fayalite) equilibrium, and the reaction Usp«—Ilm+Fe°. The solid black line on the upper right of the
diagram marks the structural transition within the ilmenite-hematite solid solution.

which is internally consistent with thermodynamic models for olivine and py-
roxene solid solutions (Sack & Ghiorsol [1989) and the end-member thermody-
namic data base by [Berman| (1988)) and Berman & Brown| (1985)). The model by
\Ghiorso & Sack! (1991], Fig. [T.18)) incorporates the solid solution models by
& Ghiorso| (1991alb) (Fe-Mg-titanomagnetite-aluminate spinels, chromian spinels)
and |Ghiorso| (1990) (thombohedral oxides: hematite-ilmenite-geikielite solid solu-
tion) and is also available as software version.

Comparison of the QUILF and [Ghiorso & Sack (1991) models A comparative
illustration of both the QUILF model (Andersen & Lindsley, [1988}; /Andersen ez al.l
and the model after (Ghiorso & Sack| (1991)) (grey lines) in a Roozeboom
diagram (Fig. [I.19) reveals the significant differences between the models. The
\Ghiorso & Sackl (1991)) model clearly shows a sharp bend in each of the isotherms,
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Fig. 1.18 Graphical illustration of the thermodynamic Fe-Ti oxide thermo-oxybarometer formula-
tion by [Ghiorso & Sackl (1991)), presented in a diagram of oxygen fugacity (as logfO,) vs. tempera-
ture. Pink lines are titanomagnetite isopleths, labels denote the ulvospinel contents (e.g. U-10: 10%
Usp component in titanomagnetite). Green lines indicate ilmenitegs isopleths (e.g. 1-98: 98% Ilm
component). Dashed back line marks the QUIIF equilibrium. Solid black line indicates the transition
between the R3 and R3c structures in Ilmg.

which is related to the structural transition within the ilmenite-hematite solid solu-
tion series. The isotherms after the QUILF model however, do not show such kink.
Especially at Xj,<0.6 the QUILF isotherms are significantly wider spaced and are
shifted towards higher Xusp compared to the Ghiorso & Sack! (1991) isotherms.

Application of the thermo-oxybarometer formulations Both formulations are
the product of sophisticated thermodynamic treatments, based on sound experimen-
tal data and crystal chemical considerations. Their application has yielded a wealth
of reasonable thermo-barometric estimates.

Numerous publications have used the T-fO, estimates derived from application
of the above formulations to gain information on oxidation states in the Earth man-
tle and crust (focussing for example on generation of basic magmas, processes in
magma chambers, fractionation paths or fluid movements in the mantle, oxidation
states of and processes in igneous or metamorphic rocks), and on martian and lunar
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Fig. 1.19 Comparison of the QUILF model (dashed lines, [Andersen & Lindsley, [1988; Andersen
et al.,|1993)) and the model after (Ghiorso & Sack| (1991)) (grey lines) in a Roozeboom diagram of
Xpm versus Xysp. The lines represent 1000 — 1300°C isotherms with increasing temperature from
left to right.

basalts (e.g. [Evans & Scaillet, [1997; Scaillet & Evans, |1999; [Harlov, 2000; Herd
et al.,[2001; Harlov, [1992; Herd et al.,[2002; Xirouchakis et al., 2002; |Devine et al.,
2003) .

A comparison of results with the QUILF model and the Ghiorso & Sack (1991)
model from intermediate to silicic rocks shows that the (Ghiorso & Sack| (1991)
estimates spread over a significantly larger temperature interval compared to the
Andersen & Lindsley| (1988) estimates (Fig. [I.20). Application of the thermo-
oxybarometer formulations to experimental data (e.g. Scaillet & Evans|,|1999; Toplis
& Carroll, [1995] see below) shows that the thermo-oxybarometric results are not
always satisfactory: Scaillet & Evans| (1999) have carried out hydrothermal crys-
tallisation experiments at 760 to 900°C under controlled oxygen fugacity (NNO
to NNO+2.7, controlled by a Shaw membrane). In their experiments they used
a glass produced from a natural dacite sample from Mt Pinatubo. Annealing
at constant temperature induces crystallisation of multi-phase assemblages (e.g.
plagioclase+hornblende+biotite+Fe-Ti oxides). Applied to the Tmt+IImgg bearing
run products of Scaillet & Evans (1999), both models yield temperatures and also
oxygen fugacities that generally are significantly overestimated (Ghiorso & Sack
1991: AT up to 300°C; AlogfO, up to >1; QUILF: AT up to about 100°C, AlogfO,
up to ~1; AT=Tcaicutated — Texperimental, Al0gfO2=ANNOiculated — ANNOexperimental s
Fig. [[.21).

At higher temperatures experimental data by Toplis & Carroll| (1995) is available
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Ghiorso & Sack (1991) Andersen & Lindsley (1988)

log10fO2
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Fig. 1.20 Comparison of values of temperature and oxygen fugacity calculated from the composi-
tions of coexisting Tmt and Ilmg reported from a wide variety of intermediate to silicic rocks (table
1 by |Ghiorso & Sack|(1991)), derived with the model by |Ghiorso & Sack! (1991}, left) and according
to[Andersen & Lindsley| (1988| right). After Fig. 9 of Ghiorso & Sack|(1991).

for comparison. [Toplis & Carroll (1995)) have carried out crystallisation experi-
ments on a ferrobasaltic composition at 1 bar, 1050 to 1100°C and ANNO -1.6 to
+0.3. Comparison between experimental data and T-fO, estimates reveals signif-
icant discrepancies in temperature - especially pronounced for the QUILF model
- and also oxygen fugacity (both models: AT up to -150°C, AlogfO, up to +1;
Fig. [[.21).

Both the study of Scaillet & Evans (1999) and that of Toplis & Carroll (1995)
have been conducted on natural compositions. This could suggest that the ob-
served deviations between experiment and calculation are related to the presence
of minor concentrations of elements like Mg, Al and Mn in the phases. How-
ever, discrepancies are also observed when applying the models to simple system
Fe-Ti-O data, for example the 1300°C subsolidus synthesis experiments (at 1 bar)
by [Senderov et al|(1993] Fig. [[.21). Divergences between experimental data and
thermo-oxybarometric estimates in both T and fO, are pronounced, reaching up to
AT=-400°C and AlogfO,=-4.

Reasons for unsatisfactory T-fO, estimates As stated in section [I.1} the short-
comings of the existent thermo-oxybarometer have several reasons, which are:

a) the calibration data set, which covers only a limited T-fO, range,
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Fig. 1.21 Comparison of experimental and estimated T and fO, for Tmt-Ilmy parageneses: ex-
perimental data by a) and b) [Scaillet & Evans| (1999), ¢) and d) [Toplis & Carroll| (1995), e) and
f) Senderov et al.|(1993). Filled symbols represent experimental values, empty symbols represent
estimates derived from the QUILF software (diagrams on the left) and the |Ghiorso & Sackl (1991)
model (right). ANNO=logfO;(sample)-logfO,(buffer). The logfO, values for the NNO buffer are
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1.3 Thermo-oxybarometry

b) the incorporated solution models for both Tmt and Ilmgs and their ability to
account correctly for minor contents of elements like Mg, Mn, Al, etc.,

c¢) the thermodynamic data (e.g. heat capacity) applied for endmember compo-
nents,

d) consideration of cation order/disorder and structural transitions within the
solid solution series as a function of temperature and composition, and

e) missing comprehension of non-stoichiometry, especially concerning Tmt.

One major factor - and the one this study is mainly intended to deal with - is the
limited experimental data set that has been available for calibration. Fig.[I.22]pro-
vides a summary of the data available for calibration of the QUILF model (Andersen
& Lindsleyl, [1988; /Andersen et al., 1993) and the thermo-oxybarometer model by
Ghiorso & Sack (1991). It is apparent that data are missing for temperatures above
1000°C and oxygen fugacities outside FMQ =+ 1.

0 € Andersen & Lindsley (1988)
Alindsley (1962, 63)
% -10 ASimons & Woermann (1978)
o O Spencer & Lindsley (1981)
-20- @ Taylor (1964)
o Webster & Bright (1961)
30 . : . : . : . : . + Senderov et al. (1993)
500 700 900 1100 1300

T[°C]

Fig. 1.22 T-fO, range of the experimental data available for calibration of the QUILF model (Ander-
sen et al.,|1993; |Andersen & Lindsleyl, [1988)) and the thermo-oxybarometer formulation by |Ghiorso
& Sack|(1991). The data by [Senderov et al.|(1993] crosses) has not been used for calibration.

The experimental calibration data used in the Andersen & Lindsley|(1988) model
concentrate essentially on the Ti-rich side of the [lm-Hem solid solution series, and
the model does not consider the structural transition within this series. In this re-
spect it has to be pointed out that Lindsley & Frost (1992)) and |Andersen & Lind-
sley| (1988)) have cautioned the users of their formulation (Andersen et al., [1993)
to beware of applications outside the calibration range (800 — 1000°C, FMQ -1.7
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to +2.2) and especially at high oxygen fugacity (exceeding two magnitudes above
the fayalite-magnetite-quartz equilibrium). Further, both thermodynamic models
(QUILF |Andersen & Lindsley, 1988; |Ghiorso & Sack, 1991)) do not account for
any non-stoichiometry potentially present in Tmt or Ilmg;.

The limgs-Psbgs (thermo-)oxybarometer The paragenesis Ilmgs-Psbgs, which
compared to the assemblage Tmt+Ilmg is stable at higher bulk Ti-contents for a
given oxygen fugacity, or at higher oxygen fugacity for given bulk (Ti/(Ti+Fe)),
also has potential to estimate oxygen fugacity and - in principle - temperature. The
paragenesis in particular occurs in Ti-rich rocks, for example of the Moon or Mars.
Analogous equations as for the Tmt-Ilmgg thermo-oxybarometer can be put up for
ilmenites coexisting with pseudobrookitess (equations[I.1T] [T.T2).

Anovitz et al. (1985) provided a preliminary version of the Ilmgs-Psbgs oxybaro-
meter, based on calorimetric and phase equilibrium data. While the compositions
of both phases strongly depend on oxygen fugacity, the pseudobrookitess composi-
tion is practically independent of temperature (Fig. [[.23]). Ilmenites, composition
is dependent on T only at restricted ranges of oxygen fugacity. Consequently, the
paragenesis [lmg-Psbgg has to be considered as an oxygen barometer rather than a
true thermo-oxybarometer.

For the development of a thermodynamic formulation calibration data is required.
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Fig. 1.23 Isopleths (dashed lines) of the compositions of coexisting a) Ilmgs (e.g. I-20 corresponds
to 20mol% FeTiO3) and b) Psbgs (e.g. F-60 corresponds to 60mol% FeTi;Os) as a function of
temperature (T) and oxygen fugacity (ANNO), after|Anovitz et al.|(1985)).
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1.4 Aims of the present study

It has been shown in section [I.3] that the current Fe-Ti thermo-oxybarometer for-
mulations yield unsatisfactory results and need further development. It has been
presented that this failure has several reasons, one major being the limited range
in T and fO, of calibration data. Additional data on equilibrium composition of
coexisting Tmt+Ilmgg, and Ilmg+Psbgs 1s needed, especially at high temperatures
(T> 1000°C) and both high and low oxygen fugacities (higher than FMQ+1 or
lower than FMQ-1) .

Such experimental data is required for the simple system Fe-Ti-O, but the effect
of minor elements (e.g. Mg, Al, Mn) has to be considered as well.

Current formulations do not account for non-stoichiometry. However, a com-
prehensive experimental study that confirms this approximation or supplies data to
enable a incorporation of non-stoichiometry is lacking. This thesis intents to de-
tect and quantify Tmt non-stoichiometry as a function of T and composition (i.e.
Ti/(Ti+Fe)).

It is the aim of this study to contribute to a re-calibration of the Fe-Ti oxide
thermo-oxybarometer by providing

e equilibrium compositions of Fe-Ti oxides (i.e. mainly Tmt, [lmg, Psbg) at T
and fO, complementary to the existing data set,

— in the system Fe-Ti-O, generally coexisting in binary assemblages, and

— of Mg and/or Al bearing Fe-Ti oxides, generally coexisting in binary,
but also in ternary assemblages,

* new qualitative and quantitative data on Tmt non-stoichiometry (cation va-
cancies).
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2 Experimental and analytical methods

2.1 General approach

Within the present study, different types of experiments have been carried out,
which are described in the following. Fig. presents a flow chart of preparation
and accomplishment of experiments, and subsequent analysis.

» Equilibration experiments:

— Synthesis runs were performed at 1 bar at temperatures from 1000°C to
1300°C under controlled oxygen fugacity in the range ANNO=-5 to +5
(i.e. conditions complementary to the existing calibration data) to pro-
duce binary Fe-Ti oxide assemblages (Fe°+Tmt, Wus+Tmt, Tmt+Ilmgg,
[lmgg+Psbgg, Psbgg+Rt) as well as some single-phase samples or ternary
assemblages.

— Some re-equilibration experiments have been carried out at the same
T-fO, conditions as the synthesis experiments. The purpose was to con-
firm that the synthesis run products indeed reflected or at least closely
approached equilibrium. The starting materials were fragments of syn-
thesis run products.

* Annealing experiments:

— At the high temperatures that prevailed during synthesis or re-
equilibration experiments (> 1000°C), Tmt in coexistence with IImgg
is supposed to be non-stoichiometric (cation-deficient). Annealing at
950°C is intended to cause vacancy relaxation in the originally non-
stoichiometric Tmt leading to the formation of stoichiometric Tmt plus
coexisting Ilmgg.

Run durations varied from 18 hours at 1300°C up to 357 h (i.e. 15 days) at
1000°C (both synthesis and re-equilibration experiments), and 7 to 33 days for
annealing experiments at 950°C.

Polished sections of all quenched run products were examined with a scanning
electron microscope (SEM) to check the phase assemblages and textures. X-ray
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Fig. 2.1 Flow chart of preparation and types of experiments, and characterisation of run products.

diffraction was applied for phase determination especially on high-T synthesis prod-
ucts. Lattice parameters were determined for selected samples (both high-T and
annealed). Phase compositions were obtained from electron microprobe (EMP)
analyses for Ti, Fe, Mg and Al. Oxygen was not analysed. EMP analyses of high-T
run products and of annealed samples, in combination with the relative amounts
of coexisting phases (i.e. modal proportions) were used to estimate high-T non-
stoichiometry (see chapter [5). Modal phase proportions were derived from image
analysis or Rietveld analysis, or were calculated from analytical data (phase com-
positions from EMP) and the cationic ratio of the starting material (known from
sample preparation, weighing). Further, Fe’>" /ZFe was determined on chosen sam-
ples by electron energy-loss spectroscopy (EELS). Combined with EMP results,
this allows the calculation of Tmt non-stoichiometry.

2.2 High-temperature experiments

2.2.1 Preparation of starting mixtures

For the preparation of starting mixtures for synthesis experiments we used dried
TiO; (anatase, 99.9%, Aldrich Chemical Comp. Inc.) as Ti-bearing component.
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2.2 High-temperature experiments

For Fe, we chose dried Fe3T-oxide (Fe;03, 99.9%, Alpha Products) or dried and
reduced (under H,, 500 °C) metallic iron (99+%, Heraeus).

In binary mixtures of Fe,O3 and TiO,, or Fe® and TiO, any given Ti/(Ti+Fe)
cationic ratio can be adjusted (see Fig. [2.2). The bulk oxygen content however,
arises from the selected cationic ratio. Most synthesis experiments have been car-
ried out using Fe, O3 — TiO, mixtures. Fe® — TiO; starting mixtures have only been
applied in very few cases. By using a starting mixture of the three components
TiO, 4+ Fe, O3 + Fe® a specific oxygen content of the sample can be adjusted for a
selected cationic ratio Ti/(Ti+Fe) (within the shaded area in Fig. [2.2f).

To approach natural Fe-Ti oxide compositions small amounts of MgO (99.5%,
Ventron) and/or y-Al,O3 (purest, Merck) have been added to some starting materials
(for starting mixtures see appendix [A.2] table[A.3).

a) o b) (o} c) (o}
Fe203 . \TiO2 . TiO2
Fe°
Fe Ti Fe Ti Ti

Fig. 2.2 Binary mixtures of a) Fe,O3 + TiO, or b) Fe® 4 TiO, have bulk compositions along the
connecting lines between the constituents. c) Fe,O3 + Fe® 4 TiO, mixtures can be used to adjust any
bulk composition within the shaded triangle. Black horizontal lines represent (from bottom to top)
Tmt, Ilmgs and Psbgg solid solutions (for orientation).

Pre-heating of reagents at 800 — 1000 °C prior to preparation of the starting mix-
tures has been done for several starting mixtures to avoid weighing errors originat-
ing from water- or OH-bearing reagents. It has turned out however that this pro-
cedure results in grain coarsening. Careful subsequent grinding could not entirely
reverse this effect. The coarsened grain size affects the texture and phase distribu-
tion in the run product by inducing the formation of large monomineralic aggregates
rather than homogenous phase distribution. The majority of the synthesis samples
have been produced from starting materials that have not been pre-treated.

Reagents (TiO,, Fe 03, Fe°, MgO, Al,O3) were mixed and subsequently ground
in an agate mortar under acetone. 200-300mg were pressed into pellets of about
Smm in diameter and 2-5mm height. The high temperature runs have been in-
terrupted once for some experiments in the system Fe-Ti-O equilibrated at T<
1200°C, and for most Mg and Al bearing samples. The runs were continued (at
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identical T and fO,) after grinding the sample to a powder (in an agate mortar under
acetone) and producing a new pellet.

Fragments of selected synthesis products have been further used as starting ma-
terial for re-equilibration or annealing experiments.

2.2.2 High-temperature techniques

All high-temperature experiments (synthesis, re-equilibration and annealing) were
conducted in vertical quench furnaces, with a hot zone (40.5°C) of approximately
3cm in length. The furnace tube has an inner diameter of about 4cm. A radial tem-
perature gradient was not detected. The temperature was measured before and after
the runs with a type S (Pt — PtggRh) thermocouple calibrated against the melting
points of silver (960.8°C) and gold (1064.4°C). The temperature was controlled
within +0.2 °C by commercial controllers. Samples were attached to a ceramic rod
and positioned within the hot zone of the furnace.

The furnaces were equipped with a gas mixing apparatus. High-purity CO (CO >
99.97vol%) and CO, (CO; > 99.995 vol%) gases were mixed with electronic valves
(Millipore) in appropriate ratios to adjust the desired oxygen fugacities. For a given
CO/CO; ratio, the resulting oxygen fugacity depends on temperature. Deines et al.
(1974) give a comprehensive list to determine the CO/CO, ratio that is required to
adjust a desired fO, value at given temperature. However, this list assumes pure
gases, while the used gases do contain certain (albeit small) amounts of impurities.

The CO/CO; gas mixtures flow from the bottom to the top of the furnace tube at
a rate of 200cm?/min. When using CO-rich gas mixtures the air was flushed out
of the furnace with CO; before adding CO to avoid small explosions (reaction of
CO with oxygen in air at high T). At temperatures of 1000°C to 1300°C, the use
of CO/CO; gas mixtures allows to set up oxygen fugacities in the range between
about NNO-6 and +5 (and also lower fO; for extremely CO rich mixtures and pure
CO). The specific accessible oxygen fugacities are dependent on the synthesis tem-
perature.

The oxygen fugacity was measured after the experiments with an yttria-stabilised
zirconia sensor (SIRO2). The oxygen concentration gradient between the CO/CO,
gas mixture at a given temperature and the reference gas (air) inside the sensor tube
produces an electromotive force (e.m.f.), which is a measure of the oxygen fugac-
ity. LogfO, can be calculated from the electromotive force by equation (Nernst
relationship, Huebner, 1975, 0.68 is value for air, i.e. reference) and translated into
ANNO according to equation [2.2] (after (O’Neill & Powncebyl, [1993a).
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e.m.f.[mV]
1 = | —=———%20.16 ]| —0.68 2.1
0gf0> ( T[K] * ) (2.1)
—478967 +248.518T —9.7961T InT
ANNO = log O, — 8967 4-248.518T —9.7961T In 2.2)
RTIn10

The fO, sensor was tested at 1300°C against the Ni-NiO (NNO) and wiistite-
magnetite (WM) equilibria. The fO, value bracketed for the first equilibrium
matches well that of |(O’Neill & Pownceby| (1993a). The experimental results for
the WM equilibrium point to a value 0.2 to 0.25 higher than that of |O’Neill (1988)),
but match better the values retrieved from the equation of Darken & Gurry| (1945,
reported by Huebner, [1971)).

In fact, the WM buffer measurements of |O’Neill (1988) were only performed at
temperatures between 600 and 1000°C and - given the large non-stoichiometry of
wiistite in equilibrium with magnetite especially at high temperatures - it is doubtful
whether the equation provided by this author can be adequately extrapolated to
1300°C.

In gas mixtures with CO > 1vol%, the fO, values retrieved from the e.m.f. mea-
surements are in general slightly higher (less than 0.2 log unit difference) than those
listed in the tables of |Deines et al.|(1974). With decreasing CO content and tem-
perature, the discrepancy between the two sets of values dramatically increases. At
1100°C, for instance, the measured fO, value for pure CO; is 1.2log unit higher
than the value calculated by Deines et al.| (1974). This is probably due to the pres-
ence of O, as impurity in the CO; used (N and O,< 25vol pm, according to the
supplier). Kress & Carmichael (1988)) also noted differences between observed and
predicted fO, values that strongly increased with increasing CO, proportion in the
gas.

Repeated long-time e.m.f. measurements have shown that gas mixtures with CO
contents higher than 1vol% need less than 20 minutes to establish stable fO, values.
At lower CO contents, however, up to one hour is necessary to attain the desired
JO» value and fluctuations can still occur thereafter. On the whole, we estimate the
accuracy of the experimental fO, values to about +0.21og unit at moderate to low
oxygen fugacities (ANNO < +1; CO > 1vol%), but up to about +0.51og unit at high

JO2.

2.2.3 Synthesis experiments

The control of oxygen fugacity during synthesis experiments has been achieved by
two different approaches, i.e. by CO/CO, gas mixtures and by solid-state buffers.

39
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Gas mixture experiments In gas mixture experiments the adjustment of the oxy-
gen content of the sample to the prevailing oxygen fugacity is achieved by ex-
change of oxygen between sample and surrounding gas, provided enough fresh gas
is flowed around the sample. Considering the small volume of the sample pellets
(about 40 to 100mm?) a flow rate of 200cm? /min has proven sufficient to ensure a
good oxygen exchange.

To optimize the contact between sample and gas, the sample pellets were placed
on a grid of platinum wire (which is attached to a ceramic rod, Fig.[2.3). As sample
and metal only share a very small surface and no melt ever occurs in the samples,
negligible Fe-loss to the wire but maximum contact of sample with gas mixture can
be achieved. Up to six pellets can be put in the furnace at once, distributed on two
different levels of platinum grid with a distance of approximately 1cm from one
grid to the other.

a) b)
. >gas cooling
<4—— ceramic rod _L element
O (water circulation)
b o
thick Pt
holding wires heating
R element
‘d—— thin Pt thread
| | hot
44— ceramic link zone
—sample
p «&—— Pt sample holder
B A sample pellets ceramic
= - on Pt-grids i tube
G 7 m [

L gas

Fig. 2.3 Mounting for gas mixture experiments. a) Mounting of the sample pellet holder to a ceramic
rod. b) Assembly of the gas mixing furnace and position of the sample in the furnace.

Both for Fe;O3 + TiO; and Fe® — TiO, mixtures, the oxygen content of the start-
ing material is strongly different from the desired bulk composition of the synthesis
assemblage. Therefore, drastic changes in the total oxygen content of the sam-
ple pellet (by exchange with gas) occur during synthesis. In some cases, ternary
Fe® — Fe, O3 — TiO;, mixtures have also been used, but the simpler binary mixtures
were generally preferred.

At the beginning of the gas mixture experiments, the samples were positioned in
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2.2 High-temperature experiments

air in the constant temperature zone of the furnace. Then, the furnace was closed
and the gas flow was turned on. To terminate the experiments, samples were drop
quenched within the furnace or in some cases pulled out and dipped into water.

Solid-state buffer experiments In solid-state buffer experiments, oxygen is ex-
changed between the sample and a solid-state oxygen buffer to adjust the bulk oxy-
gen content of the sample. Chemical equilibria that control oxygen fugacity are
called oxygen buffers. Such chemical reactions involve components with different
valence states of one element (Eugster, |1957; Eugster & Wones|, |1962). To prepare
a solid-state buffer pellet, the chemical components participating in such a reaction
(e.g. nickel and nickeloxide) were mixed in appropriate proportions and pressed to
a pellet (or into an adequate crucible). To fix oxygen fugacity, during the experi-
ment a solid-state buffer pellet has to retain all components that are participating in
the buffer reaction.

A solid-state buffer pellet has only a limited capacity to accept or donate oxygen.
For this reason, the oxygen content of the starting material has to be close to that
of the synthesis assemblage. This can be achieved by using ternary oxide mixtures
(Fe, O3 + Fe® + TiO»).

Sample and buffer pellet were enclosed together in an evacuated silica glass am-
poule (& = 5—7mm). The pellets were separated by a short (3 - 10mm) silica
glass rod to avoid contamination of the sample by the buffer material. Another rod
was inserted to minimize the internal volume of the ampoule. Prior to sealing, the
silica glass tube was evacuated with a rotary vane pump to a vacuum in the order
of 10> mbar. Special care was taken not to oxidise the samples during the sealing
procedure.

Previous experimental studies using the silica-glass tubes technique have shown
no discernable oxidation related to either leakage of the ampoule or insufficient
vacuum within the ampoule (Lattard & Partzsch, |[2001).

Ampoules were attached to a ceramic rod and positioned in the hot zone of the
furnace. At the end of the experiments, the silica-glass ampoules were pulled out of
the furnace and quenched into water, a procedure that lasted less than one minute.

2.2.4 Re-equilibration experiments

The difference between re-equilibration experiments and synthesis experiments is
the different starting material. We used assemblages of synthetic Fe-Ti oxides for
re-equilibration experiments, compared to reagent mixtures for synthesis experi-
ments. The experimental techniques, however, are identical to those of gas mixing
and solid-state buffer synthesis experiments. During a re-equilibration experiment,
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phase assemblages and phase compositions of the starting materials are expected to
adjust to the new fO,-T conditions.

2.2.5 Annealing experiments

For annealing experiments, fragments of high-T run products (30-100mg) were
sealed in evacuated silica ampoules (& = 3 —4mm) following the procedure de-
scribed for solid-state buffer experiments in section @ However, in contrast to
solid-state buffer experiments, no solid-state buffer pellet was added. The purpose
of sealing the samples in evacuated silica glass ampoules was to keep the bulk com-
position of the synthesis product fixed (including oxygen, not fO,) during 950°C
annealing.

2.2.6 Quenching procedures

Drop quench In most cases the run products (pellets) of gas mixing runs were
drop-quenched into water at the bottom of the furnace. Sample and sample holder
were attached to a ceramic rod by using a Pt wire (0.100 — 0.125 mm diameter, see
Fig.[2.3). The Pt wire was molten electrically or ripped mechanically (by turning or
pulling the holding wires, compare Fig.[2.3) at the end of the experiment.

"External quench” Sometimes (e.g. when the holder was sticking to the attach-
ment and no drop-quench was possible) the samples had to be pulled out of the
furnace (i.e. exposed to air) and quenched into water outside the furnace. Usually,
this procedure took less than one minute (5 — 605s).

In rare cases, the CO gas was turned off few minutes before the furnace was
opened. Afterwards, the sample was pulled out of the furnace and quenched into
water. In these rare cases the complete procedure could last up to five minutes.
During this time, the sample was subjected to oxidizing conditions at high T (first
pure CO; gas, then air).

Quenching of SiO; glass ampoules Silica-glass ampoules of both synthesis and
annealing runs were pulled out of the furnace and quenched into water. Pulling out
and dipping into water took <10 seconds, but it has to be considered that sample
pellets enclosed in ampoules cool slower than pellets that are directly quenched
into water. Furthermore, the cooling rate of annealing ampoules (& = 3 —4mm)
is expected to be slightly higher than of synthesis ampoules (& = 5 —7mm). No
effect of the different quenching rates could be detected in the run products.
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2.3 Characterisation and analysis of the run products

In contrast to synthesis pellets from gas mixing experiments, which are exposed
to air during pulling out of the furnace, the sample in a silica ampoule remains in
the atmosphere inside the ampoule while temperature decreases.

2.3 Characterisation and analysis of the run products

2.3.1 Optical examination (eye, binocular)

After the runs, both pellets and ampoules were checked for distinctive features.
During the experiment, pellets from gas mixing runs lose their original reddish (due
to Fe;03) or grey (due to Fe®) colour and become dark grey to anthracite and gen-
erally have a weak lustre. Sometimes, different lustre points to differences in phase
distribution or grain size in portions of the sample. A light, weakly lucent surface
indicates the presence of metallic iron.

Ampoules were checked for cracks or fractures and dimming of the SiO; glass.
Cracks were observed very rarely and in these cases are assumed to have formed
during quenching. As cracks may potentially also point to a leaky ampoule, the
concerning samples have been discarded.

The inner wall surface of some synthesis ampoules was milky and sometimes
brownish dimmed, especially close to the sample or buffer pellets. Observations
revealed a very thin reaction film covering the silica glass. The tube wall remains
unchanged in most of its thickness. The ampoule is thus considered to be leak proof.
Si-contamination of sample or buffer was not observed.

In rare cases, annealing ampoules displayed slightly dimmed tube walls. This
was observed exclusively in very few ampoules that contained samples equilibrated
at very low fO, prior to annealing. The dimming is probably due to the formation
of metallic Fe® that easily evaporates into the gaseous phase and partly condensates
at the SiO; glass.

2.3.2 X-ray powder diffraction

Qualitative phase determination The phases present in the run products were
identified by X-ray powder diffraction at room temperature. This was done regu-
larly for synthesis run products. Due to the limited amount of material available,
only selected re-equilibration run products and annealing run products were cho-
sen for X-ray analysis. X-ray diffraction measurements in the range 20 = 10 — 80°
have been carried out with a Philips PW 3710-BASIS powder diffractometer, using
CuKa radiation (40kV, 30mA) and a secondary monochromator. Samples were
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powdered and prepared on a flat glass holder. Phases were identified by means of
the JCPDS-ICDD database (PCPDFWIN, version 1.30, 1997).

Determination of lattice parameters Lattice parameters were determined by us-
ing the Philips PW 3710-BASIS powder diffractometer, as described above. X-ray
diffraction patterns in the range 2@ = 10 — 110° were acquired at room temperature.
Counting rates were 0.01° 20/ sec, with counting times of two seconds per step and
a step size of 0.02°2@. Samples were prepared on a flat glass holder from 7 — 20 mg
sample material, which was ground and mixed with a Si standard powder (mixing
ratio: weight proportion Si/sample = 1/2).

Rietveld analysis using the GSAS® software package after Larsen & von Dreele
(2000) was applied to determine ag. The refinement procedure involved fitting of
lattice parameters, atom position coordinates, isotropic thermal parameter and site
occupancy multiplier for each phase. The background was fitted by a Chebyshev
polynomial, with 10 to 15 (usually 12) background parameters. The Gaussian and
Lorenzian components of the peaks were refined separately for each phase to fit the
profile shapes. Further, refinement accounted for 20 zero offset, profile asymmetry,
specimen displacement and transparency. Intensities were fitted by a quantitative
phase analysis and refinement of preferred orientation of silicon (111).

2.3.3 Scanning electron microscopy

Scanning electron microscopy was used to observe and document the textures and
phase assemblages visible in embedded, polished and carbon-coated sample frag-
ments, and sometimes also to investigate the surface topography (e.g. crystal shapes
and sizes) of the sample pellet surface. This has been performed with a LEO
440 scanning electron microscope (SEM), equipped with a tungsten cathode, and
generally operated at an accelerating voltage of 15kV and a filament current of
2.5 —2.8 A at a working distance of 12 — 20 mm.

Textures and phase assemblages of the samples have been examined on polished
sections of all quenched run products by using the BSE (back scattered electron)
detector and a sample current of about 1 —10nA. The intensity of detected Back
Scattered Electrons (BSE) is dependent on the atomic numbers of the elements in
the examined material, and thus gives information on the composition of the ob-
served phases. As we deal with Fe-Ti oxides, a lighter colour in the BSE picture
generally refers to a higher concentration of Fe (atomic numbers: Fe: 26, Ti: 22, O:
8). Magnesium (Mg, atomic number: 12) and aluminium (Al, atomic number: 13),
which could complicate this relation, are usually present in small amounts only.
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2.3 Characterisation and analysis of the run products

To investigate pellet surface features (on small uncoated sample fragments), the
SE (secondary electrons) detector has been used. Sample current has been adjusted
to about 500 — 1000 pA.

2.3.4 Electron microprobe (EMP) analysis

To determine the cationic composition of phases in all examined samples, elec-
tron microprobe analysis was carried out on polished, carbon-coated sections of the
sample fragments. Up to six samples were embedded together in separate drillings
within one sample holder (diameter of sample holder: 1inch).

The phases were analysed for Fe, Ti, Mg and Al with a Cameca electron micro-
probe (SX-51) operated at an acceleration voltage of 15kV and a beam current of
20nA. Counting times were 20s on peak and 10s on background. The standards
used were synthetic hematite (for Fe), rutile (for Ti), periclase (for Mg) and gahnite
(for Al). The raw data were corrected with the "PAP" software (Pouchou & Pichoir,
1985)). To avoid possible instrumental drift, the standardisation was checked at least
every two hours. If the measurements could not be reproduced within less than 1%,
the standardisation was repeated.

Repeated analyses on unzoned grains show that the precision of the analyses
is excellent (1o standard deviations for the Ti/(Ti+Fe) values < 0.5% relative).
Duplicate or triplicate series of analyses on about 15 samples yielded comparable
Ti/(Ti+Fe) per cent values within +0.2at% (Fig. 2.4).
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Fig. 2.4 Deviation in Ti/(Ti+Fe) at% between repeated EMP analyses on a) Tmt and b) Ilmg. Note
that identical symbols do not refer to the same EMP session, but to the second, third or fourth session

for each sample.
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Investigators that are using electron microprobe analysis to gain exact analyses
of Fe-Ti oxides have long discussed that the use of hematite and rutile as standard
materials, especially for ilmenitegs analyses, might result in an overestimation of Ti
and an underestimation of Fe. This is supported by analyses of well-known mate-
rials by other scientists at facilities outside the Mineralogisches Institut Heidelberg
(e.g. Bernard Evans, Seattle, personal comm.). It is conceivable that this system-
atic error may be avoided by using ilmenitess and/or titanomagnetite of well-known
composition as calibration standards.

In contrast, measurements at the SX51 in Heidelberg gave numerous hints that
neither overestimation of Ti nor underestimation of Fe occurred (in Heidelberg),
when using hematite and rutile calibration standards. In many single-phase sam-
ples, the cationic ratio of the starting mixture could be reproduced by EMP analysis
(e.g. Table [2.1] samples produced within the thesis of Ralf Engelmann, Heidel-
berg). Further, comparative analyses have been performed by D.H. Lindsley at

Table 2.1 Composition of single-phase Tmt from EMP analysis, compared to Ti/(Ti+Fe) ratio of
sample bulk from starting mixture

name Ti/(Ti+Fe) [at%]
bulk EMP
mean c

6F69x81 31.00 30.94 (20)
6F68x81 32.00 3195 (11)
6F67x81 33.00 3295 (11)

Stony Brook, using a natural ilmenite calibration standard. The analyses on two Ti-
rich Tmt-Ilmgg run products from this thesis yielded only slightly higher Ti/(Ti+Fe)
at% (difference < 0.5at%) than those given in this thesis. Thus, this confirms the
Heidelberg analysis results.

Summarised, these observations indicate that the possible overestimation of Ti
and underestimation of Fe by the electron microprobe may in some way be asso-
ciated with the microprobe used (e.g. correction software...) rather than with the
calibration standards.

Regarding the analyses carried out within the present thesis at the Cameca SX-
51 microprobe in Heidelberg, using hematite and rutile as standards, it is safe to
estimate the accuracy for all compositions at £0.005 for the Ti/(Ti+Fe) values, i.e.
+0.5% for the per cent values. However, repeated analyses on a single-phase, very
homogeneous synthetic ilmenite sample suggest that the MgO content of the sample
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2.3 Characterisation and analysis of the run products

is probably underestimated by up to 5 % relative (for a MgO content of about 2 wt%,

Table [2.2).

Table 2.2 EMP analysis [wt%] for Ilmg of single-phase sample 61T60M2x1.5a, compared to wt%
calculated from starting mixture assuming Ilmg oxygen content (i.e. two cations and three oxygens
pfu) and calculating all iron as FeO.

wt% EMP! calculated EMP/calculated
mean c

Fe;,;O 5438 0.33 54.83 0.992

TiO, 40.35 0.24 40.65 0.993

MgO 2.00 0.03 2.07 0.966

X 96.78 0.39 97.55 0.992

Ti/(Ti+Fe) 40.02 0.21 40.00 1.001

1) 27.02.2004, n=10

2.3.5 Electron energy-loss spectroscopy

Tmt non-stoichiometry & can be calculated from Fe3+ /EFe, when the cationic ratio
Ti/(Ti+Fe) of the sample is known (from EMP analysis). Thus, we applied electron
energy-loss spectroscopy (EELS) to determine Fe?* /XFe and derive §.

Fe L, 3-ELNES (energy-loss near-edge structure) spectra were collected with a
Gatan DigiPEELS 766 parallel electron spectrometer attached to a Philips CM 12
transmission electron microscope. The measurements were carried out at the Tech-
nische Universitdt Darmstadt in cooperation with Peter van Aken.

For sample preparation, three different methods have been used:

1) Small sample fragments were crushed between glass plates to produce small
and thin wedge-shaped fragments.

2) The sample was cut out of a thin section by using an ultra sonic driller and
then thinned to perforation by Ar ion-beam bombardment.

3) Thin foils were cut of the sample with a focussed ion beam (FIB). Samples
were mounted on a standard TEM grid. The FIB foil has a constant thickness
of < 100nm.

For more details on the technique we refer to chapter[5] section[5.5]
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3 Textures of synthetic sub-solidus Fe-Ti oxide
assemblages in the system Fe-Ti+Al+-Mg-O

3.1 Introduction

Micro-textures of both natural and synthetic Fe-Ti oxide minerals have long caught
the interest of outstanding scientists. Fe-Ti oxide textures give insight into (micro-)
processes which occur in Fe-Ti oxide minerals, and which are driven by changes
in redox conditions or temperature (e.g. Buddington & Lindsley, [1964; Haggerty,
1991a; Pricel (1980, |1982)). However, interpretation of the textural observations is
not unique. This is shown by the prominent discussion in the 1960s between D.H.
Lindsley, A.F. Buddington and P. Ramdohr: Trellis ilmenite exsolution in titano-
magnetite had been interpreted by Ramdohr (e.g.|1955) to originate from unmixing
of extensive solid solution between FeTiO3; and Fe,TiOy4 (e.g. Vincent et al., |[1957).
Finally, it was the experimental work of Donald H. Lindsley, which showed that this
texture was due to oxidation (Buddington & Lindsley, 1964)).

Textures in natural Fe-Ti oxide samples (e.g. zoning, trellis and sandwich lamel-
lae etc.) have been widely described in Paul Ramdohr’s pioneer books "Lehrbuch
der Erzmikroskopie" (Schneiderhohn & Ramdohr, [1931) and "Die Erzminerale und
thre Verwachsungen" (Ramdohr, |1955). An overview is also given in S.E. Hag-
gerty’s Mini-Atlas (Haggerty, | 1991a).

Within this study, Fe-Ti oxide textures have been taken into account to decide
whether equilibrium could be attained or at least closely approached during high-T
synthesis or re-equilibration experiments. The experiments yielded mostly binary,
but also single-phase or ternary polycrystalline assemblages. A random distribution
of equigranular crystals over the sample, and chemical homogeneity of the crystals
and of a phase over the sample pellet point towards equilibrium. Only few of the
investigated samples display clear evidence for dis-equilibrium, mainly chemical
inhomogeneity (section [3.6) of crystals. However, investigation of the samples has
revealed some special textural features:

* Especially binary samples produced from Fe;O3 4 TiO, mixtures often dis-
play monomineralic rims (see section [3.4)) at the surface of a sample pellet.
These concentric features are frequent in our samples, but to our knowledge
have only been reported once in literature by |Senderov et al. (1993). These
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

authors suggested that the monomineralic rims at the surface of their synthetic
Fe-Ti oxide sample pellets formed during quenching. However, they give nei-
ther a comprehensive description nor an explanation for the formation of the
texture. Despite the rare report, to our knowledge such features seem not to be
an uncommon phenomenon in solid-state Fe-Ti oxide synthesis experiments
(Lindsley, pers. comm.). Concentric textures and inhomgeneities are also
observed in single-phase samples and in samples produced from Fe® 4 TiO;
mixtures.

» Exsolution textures have been observed, which have already been described in
literature for both synthetic and natural samples (e.g. Buddington & Lindsley,
1964; Lattard, 1995). According to their origin, exsolution textures can be
divided into

— oxy-exsolution textures in the sense of Buddington & Lindsley| (1964),
forming as a result of oxidation (observed in externally quenched high-T
samples, see section [3.5)), and

— exsolution textures that are related to vacancy relaxation (Lattard, |1995)
at constant bulk composition (observed in annealed samples, will be
discussed in chapter [3)).

This chapter gives an overview of the textures encountered in synthetic high-T
Fe-Ti assemblages produced within this thesis and tries to relate these textures to the
processes occurring during the experiments. Understanding the observed textures is
essential for the further use and interpretation (chapters [ [} [6) of the data derived
from our run products.

The focus is on synthesis runs, which were all performed at subsolidus condi-
tions. In some cases, re-equilibration run products are considered for comparison.

3.2 General remarks on experimental conditions and procedures

The aim of the synthesis experiments was to produce mainly binary, but also
ternary and single-phase Fe-Ti oxide assemblages. Synthesis runs were performed
at subsolidus conditions using starting mixtures with different bulk cationic ratio
Ti/(Ti+Fe), at 1000°C to 1300°C, 1 bar and oxygen fugacities ranging from NNO-
5 to NNO+5. Oxygen fugacity has been controlled by using CO/CO, gas mixtures,
or by solid-state buffers (only for T< 1100°C) which were enclosed together with
the sample in an evacuated SiO, glass ampoule (see chapter [2] for experimental
details).
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3.3 General description of common textural features

In the Fe-Ti-O system three different combinations of the reagents Fe,Os, Fe°
and TiO, were used for the starting mixtures (see also chapter [2)):

a) FepO3+TiO,,
b) Fe® +TiO,, and
¢) Fe,O3+ Fe® 4+ TiO,.

For few type a) starting mixtures, the reagents were separately pre-annealed at
800 — 1000°C before mixing. For experiments in the systems Fe-Ti-Mg-O, Fe-
Ti-Al-O and Fe-Ti-Mg-A-O, small amounts of MgO and/or Al,O3 were added to
starting mixtures, which were generally of type a) but also of type c).

Cylindrical pellets with a diameter of about Smm and about 2 to 5mm in height
were prepared from the starting mixtures. To facilitate the attainment of equilib-
rium, especially runs with Mg or Al bearing samples were interrupted once (after
1-2 days). The run was continued (at identical T and fO,) after grinding the sample
to a powder and producing a new pellet. This has also been accomplished for some
samples in the system Fe-Ti-O at T< 1200°C.

Further, short-time experiments with run durations of 1, 4 and 24 hours have
been carried out to investigate the development of textures during early stages of
the experiment.

For more detailed information on experimental conditions and procedures, and
analytical methods see chapter 2]

3.3 General description of common textural features

3.3.1 Crystal shapes, sizes and distribution

Synthesis run products (one, two, or rarely three coexisting Fe-Ti oxide phases: e.g.
Tmt, Tmt+Ilmg,, Tmt+Ilmg+Psbgg; see Fig. consist of polycrystalline, roughly
equigranular aggregates, with grain sizes around 10 — 50 pm (increasing grain size
with increasing T). Mostly grains are roughly isometric and subhedral. In rare cases
Psbgs forms perfectly euhedral, isometric to oblong rhomboid crystals. The grains
are randomly orientated over the whole sample and with respect to each other.

3.3.2 Porosity and cracks

Porosity usually amounts to about 10 — 20 % of the sample volume. The pores may
be isometric or elongated (reaching up to some tens of wm) and generally do not
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Fig. 3.1 BSE pictures of Fe-Ti oxide two-phase samples consisting of a) Tmt+Wus (6F83x66), b)
Tmt+lmgs (6F72x4.4), c) llmg+Psbgs (6F47x7), and d) one three-phase sample Tmt+Ilmg+Psbgg
(6F59.5A5.5x66), all synthesised at 1300°C. All pictures show pores and cracks, as exemplarily
marked in picture (a).

52



3.3 General description of common textural features

show a preferred orientation. Pores (about 10 to 30 um in diameter) usually occur
between mineral grains , but small (< 10 um), usually isometric pores can also occur
within the grains.

Psbgs often shows regular, prismatic voids within the Psbgg grains ("negative crys-
tals", Fig.[3.2)), which are arranged in a preferred crystallographic orientation within
the crystal. This orientation has not been determined. However, as the voids are
usually arranged parallel to the long side of the Psbgg grains, an orientation parallel
to the crystallographic c-axis may be suggested. The "negative crystals" preferably
occur in Psbg that was synthesised at intermediate to high fO,.

Fig. 3.2 Oriented, prismatic voids ("negative crystals") in Psbg crystals within a Ilmg-Psbgg sample
(3F57x0.4). The sample also displays pores and cracks (black).

Further, investigation of polished sections shows frequent cracks within the sam-
ples. These can be divided into two types.

* First, we observed relatively broad "primary" cracks, which clearly formed
during synthesis, probably as a result of shrinking during very early stages of
the experiment. They may extend deep into the pellet and - as far as they are
open to the surrounding atmosphere - have to be treated as sample surface.

* Second, there are fine "secondary" fractures, which probably form during
quenching or preparation of the section, thus after the high temperature treat-
ment of the sample. They often cross single crystals. "Secondary” fractures
can be seen very often in BSE pictures but have no significance for our inves-
tigations.
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3.4 Formation of concentric textures - correlation to the starting
material

3.4.1 General remarks

In most of the synthesis products, some kind of concentric feature has been ob-
served.

Many samples display concentric variations in local bulk Ti/(Ti+Fe). The term
local bulk describes the average Ti/(Ti+Fe) over the present phases in a small area
of the sample (some tens of pm). Variations in local bulk chemistry do not have to
represent variations in the overall sample bulk, i.e. a decrease in Ti/(Ti+Fe) within
one sample region can be compensated by an increase in another.

In single-phase samples, a variation in local bulk across the sample corresponds to
a variation in phase composition. In assemblages of two or more phases, a variation
in local bulk can be achieved by a variation in the modal abundances of the phases,
or a change of phase assemblage, e.g. the formation of a monomineralic rim.

SEM-investigation of one pellet fragment (not embedded, sample 5F44x2.8 syn-
thesised at 1200°C from TiO, + Fe®-mixture) reveals an outer crust around an in-
ner, highly porous sample region. The crust partly exfoliates from the pellet (see
Fig. [3.3). Observations on cross sections of other samples (e.g. Fig. [3.11) indicate
that the outer part of a monomineralic sample rim (both Fe- or Ti rich, see sections
[3.4.3| and [3.4.4) may peel off the pellet in many cases. As the crust may be easily
removed mechanically, it might often not have been conserved during preparation
of the cross sections.

Fig. 3.3 SE pictures of a pellet fragment of synthesis sample 5F44x2.8: A dense outer crust around
the highly porous inner pellet.
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The observations from the present study reveal that concentric textures are essen-
tially influenced by the type of the starting mixture (Fe;O3 + TiO,, Fe® 4 TiO3,
Fe,O3 + Fe® + TiO,) and the treatment of a sample (e.g. pre-annealing of the
reagents, intermediate grinding etc.). Most samples have been produced from
Fe;O3 4 TiO, mixtures in gas-mixing experiments.

3.4.2 Experiments with Fe, 03 4 TiO, starting mixtures from pre-annealed
reagents

Samples (mainly Tmt+IImgs assemblages) synthesised from mixtures of separately
pre-annealed Fe; O3 and TiO;, do not show a concentric inhomogeneity but display a
coarser texture (Fig.[3.4) than those produced from un-heated reagents. Throughout
the sample pellet monomineralic areas of both phases are observed, which usually
are grain aggregates rather than single grains and reach up to > 100 um in diameter.
Compared to samples synthesised from unheated starting materials (see following
section), porosity is increased concerning both absolute amount and pore size. Ad-
ditionally to small pores within the monomineralic aggregates, extensive irregular
voids can be observed between the monomineralic areas.

Fig. 3.4 BSE picture of a Tmt+Ilmg sample (5F60x83.5) synthesised at 1200°C, NNO-4.6 from
separately pre-annealed reagents (Fe; O3 4 TiO»).
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3.4.3 Experiments with Fe, 03 4 TiO, starting mixtures

Samples synthesised from Fe, O3 + TiO, mixtures typically display increasing local
bulk Ti/(Ti+Fe) towards the sample surface.

Binary assemblages In samples which consist of binary assemblages Tmt+I1mgg
or [lmg+Psbgg, the increasing local bulk Ti/(Ti+Fe) towards the sample surface is
usually reflected in the formation of a Ti-rich monomineralic rim (20 — 200 um in
thickness). The rim consists of Ilmgg or Psbgg, respectively, and extends along the
sample pellet surface and along "primary" cracks (Fig. [3.5] Fig.[3.6). Such samples
make up the majority of the synthesis products investigated within this thesis.

Fig. 3.5 Ti-rich rims around two-phase Fe-Ti oxide assemblages in samples synthesised from TiO, +
Fe, O3 starting mixtures: a) monomineralic Ilmg-rim around a Tmt-Ilmgs assemblage (5F69x1.25),
b) monomineralic Psbgs-rim around Ilmgg-Psbgs (3F57x0.4).

The phase composition in the rim is often slightly richer in Ti compared to that
in the central two-phase region (Table [3.1). Some samples are zoned in Ti-content
towards the sample surface (Fig.[3.7). As the monomineralic rims are usually thin,
it is often hard or even impossible to carry out EMP linescans.

Few Tmt+Ilmy samples display a second, outermost thin Psbgg rim surrounding
the first monomineralic Ilmg, rim (Fig. [3.8). EMP analyses of these rims show that
Ti/(Ti+Fe) increases within the monomineralic Ilmg rim towards the outer Psbg
rim. A chemical inhomogeneity within the Psbgs rim (20 — 60 pm) could not be ob-
served. In the central two-phase region and along the monomineralic rims, the phase
compositions are in agreement with one oxygen isobar at synthesis temperature.
The compositions of directly adjoining Psbgs and Ilmgg grains (i.e. at direct contact
between Ilmgg rim and outer Psbgs rim), and Tmt and Ilmgg grains (i.e. in central
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Psbss rims

cracks

500um

Fig. 3.6 BSE picture of a pellet fragment of sample 6F42x34. Around the central Ilmg+Psbgg
assemblage, the sample displays monomineralic Psbg rims at the pellet surface and along "primary"
cracks, which extend from the pellet surface deep into the sample. Sketch illustrates the presumed
position of the section within the sample pellet.

— L
—~ b) e 20% _
- O 33% (m *Tmt 2
5, . m kS
_— |}
- limss rim o °
\ 59 u.; 31% ¢%¥J qu’
= o 1 15% X
=
= M * LT l;’
= Mss Tmt+ =
8 %% | lim z
- Ky S £
. E - ,,‘% =
27% L1 L L1 1 110%
A 100 300 500 700 B

distance [pm]

Fig. 3.7 a) BSE picture and b) EMP linescan of an Ilmg rim around a central Tmt+Ilmg, assemblage
(sample 5F72x0.5). The white line in (a) marks the position of the linescan shown in (b). The
thickness of the rim is probably overstated due to a cutting effect. The sketch in (a) illustrates
presumed position of the section within the pellet.
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Table 3.1 Selected Tmt+IImg (upper part of the table) and Ilmg+Psbgs (lower part) samples with
monomineralic I[lmg and Psbgg rims, respectively: Comparison between phase compositions in
central sample region vs. rim.

run no T[°C] ANNO center rim
n Ti/(Ti+Fe) [at%] n Ti/(Ti+Fe) [at%]
mean  (0) mean  (0)

Tmt+Ilmg samples with monomineralic Ilmg rims: Ilmgg compositions

6F72x1.6 1303 07 10 3621 @17) 5 36.76 (28)
6F63x34a 1301 24 10 48.81 (20) 3 4939 (26)
6F57x34a 1301 24 10 48.89 (17) 3 4942 (09)
5F76x0.5 1202 1.6 10 30.14 (18) 5 3054 (21
5F72x0.5 1202 1.6 10 30.12 (26) 5 3121 (53)?
5F72x1.25 1200 07 10 3634 (16) 3 3792 (63)?
5F69x1.25! 1200 07 10 3657 (20) 3 3672 (14)
5F63x2.8! 1200 -0.1 10 4020 (22) 3 4027 (43)
5F63x33.5! 1201 2.6 10 49.02 (26) 3 4892 (14)
5F57x33.5 1201 2.6 10 4891 (12) 3 4958 (19)
5F54.5x61.5' 1200 -3.6 10 49.50 (17) 3 4983 (28)
5F54.5x83.5 1200 -46 10 5020 (18) 3 50.86 (16)
3F63x30! 1100 2.6 10 4875 (34) 34927 (50)
IImg+Psbgs samples with monomineralic Psbhg rims: Psbyg compositions
F42(g)6! 1300 -0.9 10 6255 (22) 5 62.68 (22)
6F42x34! 1300 24 10 65.87 (14) 3 66.00 (09)
6F42x34a 1301 24 10 65.64 (25) 3 6622 (22)
5F50x1.25! 1200 07 10 5642 (11) 3 5642 (14)
5F47x2.8! 1200 -0.1 10 58.96 (22) 3 5873 (16)
5F42x33.5 1201 2.6 10 6577 (14) 3 66.67 (34)
5F42x61.5 1200 3.6 10 67.51 (21) 3 68.02 (14)
3F57x0.4! 1099 1.5 10 5140 (30) 6 51.19 (35
3F50x1.25 1101 05 10 5754 (@17) 3 57.85 (12)

') rim and center agree within 1o
2) zoned rim
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3.4 Formation of concentric textures - correlation to the starting material
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Fig. 3.8 a), b) BSE pictures of sample 5SF72x1.25 displaying an outer monomineralic Psbgs rim
around an Ilmg rim, which surround the central Tmt+Ilmgg assemblage. White arrow in (b) indicates
position of EMP linescan shown in (c) and (d). ¢) Compositions of all phases (squares) along the
EMP linescan are on one oxygen isobar (grey line, according to further experimental data, Table[3.2]
and appendix[A.3). d) Within the Ilmg rim the EMP linescan shows an increasing Ti-content towards
sample surface. Analyses presented in Table 3.2]are from regions A and B.

sample region) comply with Ilmg+Psbgs and Tmt+Ilmg, composition in other syn-
thesis samples (chapter ) synthesised at comparable T-fO, conditions (Table [3.2).

In binary assemblages, a change in local bulk Ti/(Ti+Fe) usually translates into
a change in modal phase abundances. In sample 5F69x2.8a (Fig. [3.9] Tmt+Ilmy;),
an Ilmg rim (about 100 um in thickness) covers the pellet (A in Fig. [3.9). Towards
the center of the pellet it is adjoined by a binary Tmt+Ilmg zone of high modal
proportion of Tmt (about 200 — 300 pm in thickness, B in Fig. [3.9). In the central
Tmt+IImg, assemblage (C in Fig. [3.9) the Tmt proportion is slightly lower than in
the outer Tmt+Ilmgg belt. The compositions of the phases are homogeneous over
the whole binary zone (regardless of phase abundances, see Fig. [3.9).
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O
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Fig. 3.9 a), b) BSE pictures of sample 5F69x2.8a, showing an Ilmg rim (A) and concentric variations
in phase abundances in Tmt+Ilmg area (zones B, C). Sketch illustrates section through complete
pellet and position of fragment. c) Phase compositions (black squares), sample bulk Ti/(Ti+Fe)
(black dashed line) and local bulk compositions (grey dashed lines) schematically illustrated in the
Fe-Ti-O triangle. d) Schematized illustration of phase compositions (grey bars) and variations in
local bulk (black line) over the sample, for a profile through the pellet as sketched in picture (a)
(dashed grey line in sketch).
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3.4 Formation of concentric textures - correlation to the starting material

Table 3.2 Compositions of adjoining Psbgs and Ilmg crystals (bold, region A in Fig. ), and
adjoining Ilmg and Tmt crystals (bold, B in Fig.[3.8) from EMP linescan along sample 5F72x1.25,
as illustrated in Fig.[3.8] Comparison with Tmt and Ilmg, composition of central grains in sample
5F72x1.25 (italic), and other samples synthesised at identical T and fO, (i.e. 1200°C and
NNO+0.7).

sample Tmt TImgg Psbg
n Ti/(Ti+Fe) [at%l n Ti/(Ti+Fe) [at%] n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
IImg+Psbgg
A 5F72x1.25 1 39.20 1 56.59
5F50x1.25 10 39.10 (18) 10 56.42 (11
Tmt+Ilmg
B 5F72x1.25 1 18.13 1 36.06
SF72x1.25 10 18.03 (15) 10 36.34 (16)
5F69x1.25 10 18.22 (10) 10 36.57 (20)
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

Single-phase samples Single-phase samples - especially Tmt - are generally
inhomogeneous in composition within the crystals and over the sample, showing
an increase of Ti/(Ti+Fe) towards the pellet surface (Fig. [3.10). Compared to the
sample bulk composition, the central sample region generally has a slightly lower
Ti/(Ti+Fe) value. In some single-phase Tmt samples, we observed an intermediate
increase in Ti/(Ti+Fe) (Fig. [3.11).

b) 45
“
4~ .{
X - $
© *
© ‘
5 351 o P
w Y "
X 4 .y
E 31x% - . *
f= N0 s g VNS o PNl
2.5 1 bulk Tmt
of starting mixture _average over
linescan analys?s
2 i I ‘ |
0 300 600 900 1200

distance [pm]

Fig. 3.10 a) BSE picture and b) EMP linescan over a single-phase Tmt sample (6F97x1.6): Ti con-
tent rises towards the sample surface. The central sample region is slightly depleted in Ti compared
to the sample bulk composition. Note that the sample bulk composition of the starting mixture (solid
horizontal line) and the averaged composition of all linescan analyses (dashed horizontal line) match
within EMP uncertainites.

To summarise, a general trend of increasing local bulk Ti/(Ti+Fe) towards the
sample surface and concentric variations in porosity have been observed in both
two-phase and single-phase samples synthesised from Fe, O3 + TiO, mixtures.

Synthesis with intermediate grinding For some experiments, Fe,O3 4 TiO;
mixtures have been annealed at synthesis conditions for about half of the total run
time (or less), then quenched and ground to a powder under acetone in an agate
mortar. New pellets have been produced which have been re-run (chapter 2). Com-
parison of the sample after the first and second annealing reveals that the monomin-
eralic rims which form during the first annealing have disappeared after grinding
and the second annealing. According to our observations, the second annealing
does not produce monomineralic rims (Fig. [3.12).
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Fig. 3.11 a), b) BSE pictures of two single-phase Tmt samples (a) F87(f)5, NNO-0.7, b) F87(g)5
NNO-1.4, both 1200°C). Arrows indicate positions of EMP linescans, which are illustrated in (c)
and (d). Horizontal lines in (c) and (d) are the sample bulk compositions, which perfectly match the
average of EMP analyses over the linescan.

3F63x16.5, ' ‘ 3F63x16.5,
1100°C ¥, : 1100°C
2 days 2 days'+4 days

“Tmt+limss -

Tmt+limss

100pm _ ey surface

Fig. 3.12 Comparison of the texture in sample 6F63x16.5, a) after 2 days run time before inter-
mediate grinding, and b) after intermediate grinding and additional 4 days run time. Note that
monomineralic Ilmg rims can be observed in (a) but not in (b).
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

3.4.4 Experiments with Fe® + TiO, starting mixtures

Samples synthesised from Fe® 4 TiO, typically show a pronounced formation of
concentric shells and a decrease of Ti/(Ti+Fe) towards the surface of the sample
pellets.

Many Tmt+Ilmgg samples synthesised from Fe® + TiO, show a Tmt rim around a
central area. The latter consists of single-phase Ilmgg or of Ilmg+Tmt with only
a low Tmt proportion (Fig. [3.13). This reflects a strong and abrupt change in
Ti/(Ti+Fe) from the inner (often single-phase) area to the outer monomineralic rim.
Single-phase core regions are usually inhomogeneous, with decreasing Ti/(Ti+Fe)
towards the sample surface (5F65x2.8a, Fig. [3.13).
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Fig. 3.13 a) BSE picture of sample SF65x2.8a synthesised from Fe°+TiO, starting material. The
sample displays a pronounced shell formation. A single-phase Ilmgg core region (medium grey) is
surrounded by Tmt rims (light grey), which surround the sample fragments and extend along the
sample surface and along cracks. Sample displays pores and cracks (black). b) EMP profile along
arrow marked in (a).

The product of one experiment, which was supposed to yield an [lmg+Psbg as-
semblage consists of several concentric shells (Fig. [3.14). From surface to core
these are a thin Tmt shell, a larger [lmgs rim, a broad Psbgg shell and a central re-
gion with a Psby+Rt assemblage. Boundaries between the shells are sharp. Within
the single-phase shells Ti/(Ti+Fe) decreases towards the sample surface. Within the
central two-phase region the phase compositions are homogenous. Compositions of
all phases along the EMP linescan (Fig. [3.14p) are in agreement with compositions
along one oxygen isobar (comparison to phase compositions according to chapter

M} see appendix [A.3).
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Fig. 3.14 a) BSE picture of sample 5SF44x2.8 synthesised from Fe°+TiO, starting materials, reveal-
ing a pronounced shell formation. A central rutile-Psbg region (rutile: dark grey) is surrounded by
a Psbg shell (grey), followed by an Ilmg (medium grey) and an outermost Tmt shell (light grey).
Sample displays pores and cracks (black). b) EMP linescan as marked by arrow in (a). The local
bulk composition is shown by a solid black line, which in single-phase shells coincides with the
single data points (black squares) of the linescan. Dashed horizontal line is overall sample bulk. c)
Phase compositions along EMP linescan (squares) in comparison with oxygen isobar for NNO-0.1,
1200°C (grey lines, see appendix [A.3), illustrated in the Fe-Ti-O triangle.
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

3.4.5 Experiments with Fe,03 + Fe® + TiO, starting mixtures

Ternary Fe® + Fe,O3 + TiO, mixtures have been used in solid-state buffer experi-
ments and in some gas mixing experiments. No systematic difference in the texture
produced by these two types of experiments could be observed.

In most samples produced from Fe® + Fe, O3 + TiO, mixtures no concentric tex-
ture can be observed (Fig.[3.15)). However, some samples do display thin monomin-
eralic rims of an either Ti- or Fe-rich phase along the sample surface. In few
cases, we observed even adjoining Ti- and Fe-rich rims around a central binary

part (Fig. [3.16).

surface v

ANNO-4.4
Xusp=0.97
Xim=1.00

Fig. 3.15 BSE picture of sample 3IT60IW (Tmt+Ilmg;), synthesised at 1100°C in a silica ampoule
together with an iron-wiistite buffer pellet. No monomineralic rims can be observed in the sample.

Fig. 3.16 BSE pictures of samples synthesised from ternary Fe, O3 + Fe® 4 TiO, mixtures. a) Sample
6F69Qx2.8a displays a thin monomineralic Tmt rim (light grey) around an Ilmgg rich - although not
monomineralic - zone of the sample (dark grey). b) Sample 61T60x49 shows monomineralic Tmt
(light grey) zones parallel to the sample surface, but no outer monomineralic rim.
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3.4 Formation of concentric textures - correlation to the starting material

3.4.6 Time-dependent experiments

Time-dependent experiments have been carried out to investigate the temporal de-
velopment of the observed textures, especially of concentric features. Samples with
bulk Ti/(Ti+Fe)=0.47 and 0.67 have been prepared from Fe,O3 4 TiO;, Fe® 4 TiO,
and Fe,O3 + Fe® + TiO, mixtures and annealed at 1300°C and NNO-0.2 for 1, 4
and 20 hours.

For Fe,O3 + TiO, and Fe° 4 TiO, mixtures, the results show that the concen-
tric structure (Ti-rich rims for Fe,O3 + TiO, and Fe-rich rims for Fe® + TiO,) is
already formed within the first hour of the experiments. No monomineralic rims
are observed in run products from Fe,O3 4 Fe® 4+ TiO, mixtures. This means that
the textures that are observed in the equilibration runs (subsections [3.4.3and [3.4.4))
essentially form during less than one hour.

In the sample 6F047x3.8_1 (i.e. Ti/(Ti+ Fe) = 0.47, prepared from Fe® + TiO,,
run duration 1 hour) a (titano-)magnetite rim is formed around a thin I[lmgg rim and
a central Ilmg+Psbgg assemblage. The (titano-)magnetite rim is strongly inhomoge-
neous. It is practically pure magnetite at the surface. Within the rim, there is a rel-
atively sharp increase of Ti content (within about 50 — 70 um to Ti/(Ti+Fe)~ 0.24).
Ti/(Ti+Fe) further increases towards the border to the Ilmg rim to about 0.29
(Fig. B.17). Run products of the same starting mixture, but annealed at the same
T and fO, for 4 and 20 hours do also show outer Tmt rims. After 4 hours, the
Tmt rim is still strongly inhomogeneous (17.7<Ti/(Ti+Fe) at%<23.4). However, an
outer magnetite rim was not observed after 4 hours run duration.
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sample bulk
50 .
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Fig. 3.17 a) BSE picture of sample 6F047x3.8_1, showing an outer (titano-)magnetite rim (light
grey) and a thin I[Img rim (medium grey) around central Ilmg+Psbg. b) EMP linescan across the
monomineralic rims along the white arrow shown in picture (a).
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

3.4.7 Interpretation and conclusion

The presence (or absence) of concentric features (e.g. monomineralic rims, concen-
tric phase inhomogeneity) strongly depends on the starting material.

* Run products synthesised from Fe,O3 + TiO; starting mixtures display Ti-
rich rims. In single-phase products, Ti/(Ti+Fe) increases towards the pellet
rim. Two-phase run products show Ti-rich monomineralic rims, i.e. Ilmg or
Psbg rims around a Tmt+Ilmgg or Ilmg+Psbgg assemblage, respectively. The
Fe, 03 4 TiO, starting mixtures are strongly oxidised compared to the final
synthesis product (i.e. compared to Tmt+Ilmgs or Ilmg+Psbgs assemblages).
They have to be reduced during the experiment.

* Run products synthesised from Fe® 4 TiO, starting mixtures display pro-
nounced shell formation, with increasingly Fe-rich shells towards the sample
surface. Fe® + TiO, starting mixtures are strongly reduced compared to the
final assemblages. They have to be oxidized during the experiment.

* Run products synthesised from Fe® + Fe,O3 + TiO; starting mixtures in gen-
eral do not show concentric textures. Fe® + Fe,O3 + TiO, starting mixtures
have an oxygen content close to the final assemblage. Only slight reduction
or oxidation occurs during synthesis.

The fact that the monomineralic shells are arranged concentrically and also ex-
tend along cracks suggests that their formation is related to the surrounding gas
phase. The strongly different textures observed for starting materials with differ-
ent oxygen contents indicate that the oxygen gradient between sample pellet and
surrounding gas may be the driving force for rim formation.

Run products with Fe-rich rims, produced from Fe° + TiO, starting mixtures
The (titano-)magnetite rim observed in sample 6F047x3.8_1 (1300°C, ANNO-0.2),
after 1 hour run duration consists of pure magnetite at the surface. Before the syn-
thesis run however, the sample consisted of a mixture of Fe® and TiO;, with a homo-
geneous (at a scale of 5 — 10 um) Ti/(Ti+Fe) ratio of 0.53. This reveals that element
(i.e. Fe) migration has to be involved in the rim formation.

At the oxygen fugacity of the experiment, metallic iron is highly unstable. We
suggest that for this reason, during early stages of the experiment Fe® migrates
towards the sample surface, where it is oxidised to magnetite by reaction with the
surrounding gas.

After run durations of four hours or more (time-dependent experiments of 4 or
20 hours, regular synthesis experiments with run durations > 1 day), samples from
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3.4 Formation of concentric textures - correlation to the starting material

Fe® +TiO; starting mixtures with similar Ti/(Ti+Fe) and equilibrated at similar oxy-
gen fugacity compared to 6F047x3.8_1 (e.g. 5F44x2.8, 1200°C, ANNO-0.1, run
duration 68 hours, bulk Ti/(Ti+Fe)=0.56) also display monomineralic Tmt rims.
Outer pure magnetite zones however have not been observed in these samples. The
phase compositions of all occurring concentric shells in the "regular" synthesis ex-
periments (i.e. in synthesis experiments with run durations > 1 day) correspond
to one oxygen isobar, reflecting the oxygen fugacity of the surrounding gas. This
suggests that - after the initial and fast migration of Fe - titanium migrates more
slowly towards the sample surface and reacts with magnetite under formation of a
Tmt. Ti migration continues until all phase compositions throughout the sample are
in agreement with the imposed oxygen fugacity (i.e. along one oxygen isobar).

The run products are inhomogeneous over the sample pellets, i.e. equilibrium
has not been attained with respect to the bulk sample. However, on a local scale,
the phase compositions are in equilibrium with the surrounding oxygen fugacity. A
complete homogenisation of the sample would require element migration and de-
composition of Fe-Ti oxide phases. Probably, the energetic difference to the equi-
librium state is too small to induce this process.

Run products with Ti-rich rims, produced from Fe, 03 + TiO, starting mixtures
The reason for formation of Ti-rich monomineralic rims in samples synthesised
from Fe>O3 + TiO, is not that evident. The formation of Ti-rich rims also has to
involve element migration (e.g. Fig.[3.8). However, neither the migrating elements
nor the direction of their migrations are clear.

As the starting material is oxidised compared to the surrounding gas, it could be
assumed that Fe,O3 tends to migrate towards the sample surface where it can be
reduced by reaction with the gas phase. In this case, we would expect the formation
of Fe-rich rims at the sample surface, which has not been observed. Probably the
oxygen gradient between sample and the surrounding surface is less pronounced
than for Fe® 4 TiO, starting materials, and thus no such Fe-migration occurs.

As one possible explanation for the formation of Ti-rich monomineralic rims,
it may be suggested that the monomineralic rims form within the compositional
field of the involved phases during reduction in early stages of the experiments
(Fig. 3.18). Early during reduction the bulk composition of a sample with
Ti/(Ti+Fe)>0.33 (Fig. [3.18] composition A) plots within the Psbg, compositional
field. This may result in an early formation of Psbg at the pellet surface, i.e. in
direct contact with the gas mixture. However, this does not have to involve a mi-
gration of elements, whereas the formation of Ti-rich monomineralic rims does (see
above). We suggest that in the course of the synthesis experiment, Ti migrates to-
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wards the sample surface in order to adjust the compositions of the existing phases
to the prevailing oxygen fugacity (i.e. to compositions along one oxygen isobar).
This might be energetically more favourable than to decompose the phases (at con-
stant Ti/(Ti+Fe)) to produce a stable paragenesis.

PSbss+Rt
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Fig. 3.18 Decrease of the oxygen content of samples from Fe, O3 4 TiO; starting mixtures to the final
assemblage, for exemplary mixtures A and B, illustrated in the triangle Fe-Ti-O. a) Fe,O3 + TiO;
starting mixtures plot on the dashed line. b) The production of the final Tmt+Ilmgs or Ilmgs+Psbgg
assemblage (squares represent exemplary phase compositions according to chapter @ connected by
thin grey tie-lines) involves a decrease of the oxygen content (arrows) at constant cationic ratio
Ti/(Ti+Fe) (dashed lines). Horizontal lines represent Tmt, Ilmg and Psbgg solid solutions (from
bottom to top).

However, it is not clear if and how the following phenomena can be explained by
the above scenario.

* A sample with Ti/(Ti+Fe)<0.33 prepared from Fe;O3 4 TiO, should not dis-
play a monomineralic Psbg rim, as the Ti/(Ti+Fe) of the starting mixture does
not intersect the Psbg single-phase compositional field but lies within the bi-
nary Ilmg-Psbgs field (starting composition B in Fig. [3.18). However, Psbg,
rims have been observed in such samples (e.g. sample 6F72x0.15).

» Experiments starting from pre-annealed Fe,O3 4 TiO, mixtures do not pro-
duce a concentric texture although their oxygen content and consequently
their reduction paths are identical to mixtures from untreated Fe,O3 and TiO;
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3.5 Oxy-exsolution textures

(of the same Ti/(Ti+Fe)). Probably, this is related to the coarser grain size of
the starting material.

* Single-phase Tmt samples produced from Fe,O3 + TiO, mixtures do show
an increase in Ti/(Ti+Fe) towards the sample surface, but no outer shell of
another oxygen rich phase, which could have formed during the reduction
path.

It has been suggested by D.H. Lindsley (person. comm.) that the monomineralic,
Ti-rich rims (in samples synthesised from Fe,O3 + TiO; starting materials) result
from Fe loss of the sample. Fe-depleted rims may be caused by a reaction of Fe with
the surrounding gas (CO component), with the reaction product escaping into the
gas phase. Further, Fe loss to the Pt holder during gas mixing runs is also possible,
but due to the small, shared surface of Pt and sample should be of negligible extend.
However, the formation of Fe-rich rims, which has been observed for Fe® + TiO»
starting mixtures cannot be explained by Fe loss.

Fe loss during the synthesis would result in an increased bulk Ti/(Ti+Fe). How-
ever, the averaged composition of all analyses of a linescan over a single-phase Tmt
sample synthesised from Fe;O3 + TiO, (e.g. Fig. [3.10} Fig. [3.11) is generally in
very good agreement with the bulk composition of the starting material. This sug-
gests that no significant amount of Fe is lost to the gas. An increased Ti/(Ti+Fe) at
the rim is compensated by a decreased Ti/(Ti+Fe) in inner sample regions.

Monomineralic rims as observed within the present study have also been ob-
served by Senderov et al. (1993). These authors did not investigate these textures
in detail and attributed them to quench phenomena. In the present study, we could
clearly show that such rims are no quench phenomena, but form prior to quenching
during early stages of the experiment.

3.5 Oxy-exsolution textures

3.5.1 SEM observations and EMP analysis

Near the sample surface as well as along cracks, products from gas mixing runs
that have been quenched outside the furnace (external quenching, chapter [2) dis-
play thin exsolution lamellae and rims (thickness mostly < 1 um) of an oxygen-
and titanium-richer phase (Ilmgg, Psbgs, or Rt) in grains of the host phase (Tmt,
Ilmgs, or Psbgs, see Fig. [3.19). In contrast to internal quenching, external quenching
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involves a drastic increase of fO, during the quench procedure (see chapter [2.2.6).
Quenching inside the furnace does not produce exsolution features.

The quench exsolution features are restricted to the sample surface region, which
is in direct contact with the surrounding gas. Usually, these features affect the outer
max. 50—200pum of the sample. In a binary assemblage they can affect both
coexisting phases (i.e. producing Ilmgs lamellae in Tmt next to Psbgg lamellae in
[lmgs). They may extend beyond monomineralic rims or only affect their outer part.
This confirms that quench exsolution features form after monomineralic rims.

Due to the different symmetries of the minerals Tmt, Ilmgg, Psbgs, and rutile, the
quench exsolution features produced are different in their characteristics. Ilmgg ex-
solutions in Tmt produce three sets of lamellae, which are beautifully orientated
along (111) planes of the titanomagnetite (Fig.[3.19%). In contrast, Psbg exsolution
lamellae in Ilmgg are closer spaced and preferably aligned approximately perpen-
dicular to the sample surface (Fig. @b). Rutile exsolutions in Psbgs have rarely
been observed. Rutile forms fine, relatively short exsolution lamellae, which often
have short oval swellings (Fig. [3.19).

PSbSS

Rt-lamellae

Fig. 3.19 Quench exsolution features at sample surfaces: a) Ilmgg exsolution lamellae in Tmt, b)
Psbyg exsolution lamellae within a monomineralic Ilmgg rim, and c) very fine rutile lamellae in Psbyg.

The proportion of the sample volume, which is affected by the exsolution fea-
tures, is about 2 — 10vol%. This volume was estimated by assuming typical thick-
ness of the concerned region and typical diameter and height of the sample pellet.
"Primary" cracks, which may extend into the sample pellet and probably have to
be considered as sample surface, have been neglected. Indeed, the exsolved phases
can be detected by X-ray diffraction provided they are not part of the equilibrium
assemblage (i.e. in a Tmt+Ilmgg sample Psbgs exsolutions in [lmg can be detected,
whereas [lmg exsolved from Tmt contributes to the main Ilmgg peaks).

One peculiar run product is especially useful to document the chemical changes
associated with external quenching (sample 6F67x7, Fig.[3.20). In this experiment,
CO gas was turned off about 2 — 5Sminutes before quenching. Near the surface, the
sample displays relatively thick, vermicular Psbg exsolutions, and an outermost thin
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Ilmgg rim. In the BSE picture, the Ilmgg rim appears to be brighter than the Ilmgg in
contact to Tmt, which points to higher Fe-content in the rim. The exsolution features
are big enough to enable EMP analyses (see Fig. [3.20). EMP analyses of the host
phase have also been carried out. The compositions of Tmt and Ilmg in the central
sample region (analyses from A in Fig. [3.20) are homogeneous and in agreement
with phase compositions from other experiments carried out at the same temperature
and comparable oxygen fugacity (oxy-isobar labelled -0.4 in Fig. at 1300°C).
In contrast, Tmt and Ilmgs compositions near the sample surface (analyses from B
in Fig. are richer in Fe, plotting nearly parallel to the NNO+0.7 oxy-isobar.
The analyses from this region yield a significant range in Ti/(Ti+Fe) ratios for both
Tmt and Ilmg. Analyses on Ilmg and neighboured Psbgg from region C (inner
rim, Fig. [3.20) are also inhomogeneous and plot nearly parallel to the NNO+1.4
oxy-isobar. The Ilmg from region D - i.e. the outermost Ilmg rim - is strongly
inhomogeneous and very Fe-rich. This is in agreement with the bright colour in the
BSE picture. The compositions of Ilmgs and Psbgs from D plot near the NNO+3.3
oxy-isobar, but are even shifted towards higher Fe-contents (especially for Ilmg)
and describe a flatter slope.

3.5.2 Interpretation and conclusion

EMP analyses on sample 6F67x7 (Fig. [3.20) revealed that the compositions of the
phases become successively Fe-richer towards the sample surface. Comparison with
oxy-isobars derived from other synthesis experiments shows that this represents
increasing oxygen fugacity. In fact, the described exsolution features only form in
samples that have been exposed to air (and for 6F67x7 also to CO; prior to air), i.e.
to higher oxygen fugacity. Thus, the quench exsolution features observed within
this study are clearly due to oxidation of the sample and can be regarded as oxy-
exsolution in the sense of |Buddington & Lindsley| (1964)).

Oxy-exsolution features form within the time required for external quenching
(i.e. after increase of the oxygen fugacity by turning the CO flow of and pulling
the sample into air, and before cooling the pellet to room temperature in water). In
some cases, external quenching took only less than 5 seconds.

Whereas oxy-exsolution features form in the very last seconds or minutes of
an experiment, monomineralic rims form during very early stages. Surface oxy-
exsolution and rim formation are thus two independent processes.

To our understanding, hardly any quenching procedure that involves a change
in oxidation (i.e. removal of the sample from a furnace and the prevailing oxygen
fugacity) can be rapid enough to completely avoid the formation of oxy-exsolution
features. Quenching within a controlled atmosphere is thus mandatory. In samples
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

PSbss

“mss
towards sample rim

o]

Fig. 3.20 a) BSE picture of externally quenched sample 6F67x7 and enlargements of b) central
sample region and c) surface region. c) The surface region displays relatively large Psbgs exsolution
features. d) Analyses in different sample regions (from core to rim: A, B, C, D) plotted in the triangle
Fe-Ti-O. Analyses in area A are represented by black filled squares, connected by a black tie-line.
Grey areas connect the phase compositions (empty squares) measured within regions B, C and D.
Light grey diagonal lines are oxy-isobars (numbers: ANNO) at 1300°C derived within this study

(see chapter ] and appendix [A:3).

cationic ratio
of bulk sample

that display oxy-exsolution features, the regions near the pellet surface have a higher
oxygen content compared to the central sample region (cf. Fig.[3.20). This also
affects the bulk sample oxygen content. Therefore, samples with oxy-exsolution
features are not adequate for annealing experiments in closed system conditions (in
sealed evacuated silica glass ampoules, chapter [2), because the actual bulk oxygen
content of the annealed fragment might be higher than assumed from the phase
compositions in the central sample region.

EMP analyses of sample 6F67x7 have also shown that the compositions in the
central part of the sample are not affected by oxidation, even though for this sam-
ple the complete procedure of external quenching took extraordinarily long. This
resulted in extremely thick oxy-exsolution features and an oxidised region, which
extended unusually deep into the sample pellet. Tmt and Ilmg, phase compositions
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3.6 Chemical inhomogeneities of phases in products of synthesis runs

Table 3.3 Comparison of phase compositions in the central sample regions of samples equilibrated
at NNO-0.08 and 1200°C that display (upper part), resp. do not show (lower part) oxy-exsolution
features. Note that the phase compositions of both groups are in good agreement. The lower
Ti/(Ti+Fe) ratios for both phases in sample 6F69x2.8a cannot be explained but are not related to
oxy-exsolution.

run no ANNO Tmt IImgg
n Ti/(Ti+Fe) [at%] n Ti/(Ti+Fe) [at%]
mean (O) mean (O)

samples with oxy-exsolution
5F63x2.8 -0.08 10 22.01 (11) 10 4020 (22)
SF69Qx2.8 -0.08 10 22.12 (13) 10 40.08 (12)

samples without oxy-exsolution

SF69Qx2.8a -0.08 10 22.10 (15) 10 40.03 (16)
5F69x2.8a -0.08 10 21.66 (11) 11 3942 (18)
5F63x2.8a -0.08 10 2227 (14) 10 4021 (19)

obtained from the central regions of further samples with oxy-exsolution features
agree with those from samples without oxy-exsolution features (see Table[3.3).
Thus, the central parts of the sample pellets can be considered to reflect the syn-
thesis conditions (Table and can be used to derive data on Fe-Ti distribution be-
tween Fe-Ti oxide phases for the re-calibration of the Fe-Ti thermo-oxybarometer

(chapter ).

3.6 Chemical inhomogeneities of phases in products of
synthesis runs

Generally spoken, the chemical homogeneity (within the detection limit of the elec-
tron microprobe) of the phases in a sample improves with temperature and synthesis
time.

While single-phase samples (especially Tmt samples) often show inhomo-
geneities of Ti/(Ti+Fe) over the sample pellet (Fig. [3.10] Fig. [3.11)), samples con-
sisting of binary (or ternary) assemblages usually display homogeneous phase com-
positions over the whole sample.

The presence of Mg and especially Al in a sample usually increases the run du-
ration required to achieve a homogeneous sample. Run durations that proved suf-
ficient for the simple system Fe-Ti-O (e.g. 24h at 1300°C), produced inhomoge-
neous samples under the presence of Mg and Al. In Mg- and Al-bearing systems
intermediate grinding has turned out to be crucial. In the simple system Fe-Ti-O in-
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

termediate grinding was not necessary to produce homogeneous binary Fe-Ti oxide
assemblages at T> 1200°C (and only rarely necessary at T<1200°C).

Fe-Al spinel In some Al bearing products of synthesis runs (e.g. binary
Tmt+IImg, assemblages), grains of a Fe-Al rich spinel phase (Table [3.4) have been
observed (Fig. [3.21). The Fe-Al spinel consists of about 63 —84mol% hercynite
component, about 10 —13mol% ulvospinel component, and about 3 — 19mol%
magnetite component (molefractions can be derived from cation p.f.u, given in Ta-

ble[3.4).

Table 3.4 Selected EMP analyses of Fe-Al spinel grains in the systems Fe-Ti-Al-O and
Fe-Ti-Al-Mg-O, given in wt% (upper part of the table) and cations per formula unit (lower part)

sample

n

S5F59.5A5.5x33.5

6IP46M1A1x1.5

6F70M1A1x55

wt% mean (o) mean (o) mean (o)
FeO 47.51 (35) 55.27 07) 47.15 (48)
TiO, 5.49 (09) 4.92 (55) 5.89 (28)
Al,O3 47.44 (33) 37.55 (92) 44.66 (76)
MgO 0.02 02) 1.78 201 2.47 04)
SiO; 0.05 (03) 0.02 (00) 0.07 (02)
X 100.52 (10) 99.58 201 100.26 (14)
cations

pfu mean (o) mean (o) mean (o)
Fe3t 0.071 (009) 0.399 (001) 0.159 (008)
Fe?* 1.123 (001) 1.033 (003) 1.022  (008)
Tit* 0.124 (002) 0.115 (013) 0.133  (007)
AP 1.681 (010) 1.371 027) 1.576  (021)
Mg+ 0.001 (001) 0.082 010) 0.110 (002)

The Fe-Al spinel grains are generally surrounded by Tmt grains, which show
increasing Al-content towards the Fe-Al spinel (Fig. [3.22] especially apparent in
picture (c)). The boundary between Tmt and Fe-Al spinel is sharp. In part of the
samples, the Fe-Al spinel grains and also the directly adjoining Tmt are highly
porous. Some samples do not contain Fe-Al spinel, but show significant inhomo-
geneity in Tmt, especially regarding the Al-content.

In most samples, the occurrence of Fe-Al spinel grains is rare, and the related
Al inhomogeneity is restricted to a small sample region. In some samples however,
Fe-Al spinel is more frequent and Tmt is inhomogeneous in Al content throughout
the sample. Such samples have been ground, pressed to a new pellet and re-run.
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3.7 Summary and conclusion

Fe-Al
spinel

Fig. 3.21 BSE pictures of Fe-Al spinel grains (dark grey) within Tmt (light grey) in Tmt+Ilmg
assemblages synthesised at 1300°C (a, ¢) and 1200°C (b, d). Not the differences in brightness of
Tmt around Fe-Al spinel in picture (c).

Usually both Tmt inhomogeneity and the Fe-Al grains had disappeared after this
second synthesis cycle.

The starting materials for Al-bearing samples consist of Fe;O3 4+ Fe® 4 TiO; +
Al,O3 £MgO. Thus, the Fe-Al spinel cannot be a relict of the starting material.
Possibly Fe-Al spinel forms during early stages of the experiment. The formation
may be triggered by an inhomogeneity in the element distribution (e.g. Al-rich
areas), and requires the migration of elements (e.g. Fe).

3.7 Summary and conclusion

The synthesis and re-equilibration products produced within this study were used
to derive data on the equilibrium distribution of Fe and Ti between Fe-Ti oxides
(as a function of T and fO,) to contribute to a re-calibration of the Fe-Ti thermo-
oxybarometers. Further, they were investigated to derive information concerning
Tmt non-stoichiometry. Therefore, it is important to evaluate if the observed tex-
tures do or do not reflect equilibrium and how these textures may affect further
investigations and interpretations.

Concentric textures and inhomogeneities, and oxy-exsolution features represent
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3 Textures of synthetic sub-solidus Fe-Ti oxide assemblages in the system Fe-Ti+Al+Mg-O

A wt% MgO
¢ wt% Al203
m Ti/(Ti+Fe) at%

Fe-Al spinel

50 100 150 200
distance [um]

Fig. 3.22 a) BSE picture of a Fe-Al spinel grain (dark grey) included in Tmt (light grey) in a
Tmt+Ilmg sample (Ilmgg: medium grey; 6IT70M1A1x6). The Fe-Al spinel shows fine pores (black).
The arrow marks the position of the EMP line scan shown in picture (b). b) EMP line scan across Fe-
Al spinel, along white arrow in picture (a). Tmt displays an increase in MgO, Al,O3 and a decrease
in Ti/(Ti+Fe) towards the Fe-Al spinel grain.

variations in local bulk composition over the sample pellet. Phase compositions in
the central sample regions reflect synthesis temperature and oxygen fugacity. Thus,
they can be used to derive information on equilibrium Fe-Ti distribution between
coexisting phases.

However, these textures and inhomogeneities have to be accounted when the bulk
of a sample fragment is considered. They can influence measurements in which
physical properties are derived from the bulk sample (e.g. magnetic, calorimetric
and thermogravimetric measurements). This has to be considered for further inves-
tigations within this study.

This chapter has shown that synthetic single-phase samples (especially Tmt) very
often display an increase of the Ti/(Ti+Fe) ratio towards the sample surface. This
reveals that the production of homogeneous single-phase samples - especially Tmt -
is difficult and requires special care. To our experience, the use of a ternary starting
material Fe® + Fe,O3 + TiO,, and at least two annealing cycles with intermediate
grinding are the most promising approaches. Quenching within the furnace atmo-
sphere is absolutely required. To check the phase homogeneity and purity, careful
examinations of the samples with SEM and EMP are strongly advisable.

In many existing studies, the synthetic Tmt was not carefully characterised re-
garding its chemical homogeneity. This especially holds for older studies, because
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3.7 Summary and conclusion

microanalytical devices (EMP, SEM) were not available. The risk therefore remains
that such samples were inhomogeneous to some extent.

Concentric textures observed in many run products are expected to be common
in synthetic Fe-Ti oxide samples (e.g. monomineralic rims: D.H. Lindsley, pers.
comm.), although they have been rarely reported (e.g. [Senderov et al., [1993) and
mostly misinterpreted.

Examination of the concentric textures has revealed that strong element migra-
tion over the sample is involved in the formation of - both Fe-rich and Ti-rich -
monomineralic rims. The formation of the Fe-Al spinel phase also requires ele-
ment migration. This has to be especially emphasised, as all experiments have been
carried out at subsolidus conditions.
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4 Phase relations and phase compositions in the
system Fe-Ti-O: new experimental calibration data
for the Fe-Ti oxide thermo-oxybarometers

4.1 Introduction

The Tmt-IImg, thermo-oxybarometer (see section[I.3)) is a powerful tool to retrieve
information on oxygen fugacity and temperature that prevailed during formation
and recrystallisation of crustal and mantle rocks of the Earth and of martian and
lunar rocks.

As mentioned in chapter|I] section[I.3] thermodynamic formulations of the Tmt-
Ilmgg thermo-oxybarometer (Andersen & Lindsley, |1988; |Andersen et al., [1993;
Ghiorso & Sack, [1991) are available and have been broadly used during the last
years. However, these often yield unsatisfactory results. This can be shown by ap-
plying the formulations to experimental data and comparing T-fO, estimates and
experimental T-fO; conditions (see section [I.3] Fig.[I.2T). A major reason for the
discrepancies between experimental and estimated values is the limited set of ex-
perimental data, which was available for the calibration of the thermo-oxybarometer
models (see section [I.3] Fig. [1.22).

Consequently, there is a strong need for more data on the compositions of coex-
isting titanomagnetite and ilmeniteg in the Fe-Ti-O system as a function of temper-
ature (in the range 1000 — 1300°C) and oxygen fugacity (in the range NNO-5 to
+5). This is the main focus of the present chapter.

In addition, compositional data for the ilmenitegs-pseudobrookitess assemblage
in the same fO,-T range are presented. The latter paragenesis is another potential
thermo-oxybarometer (chapter [I.3)) for oxidised terrestrial igneous rocks (e.g. [Frost
& Lindsleyl 1991), for some moderately reduced assemblages in mantle xenoliths
(Haggertyl|1991b) and for strongly reduced lunar assemblages (e.g.|El Goresy et al.,
1974; |[El Goresy & Woermann, (1977). Although a preliminary calibration of the
[Imgs-Psbgg thermo-oxybarometer has been proposed by |Anovitz et al.| (1985) on
the basis of thermodynamic data, the experimental data needed to refine the model
are still missing.

To round off the investigation, chemical data on further assemblages (single-
phase Tmt or IImgg, [Img+Rt) is provided.
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4 Phase relations and phase compositions in the system Fe-Ti-O

4.2 General experimental approach

Experiments which aimed at yielding parageneses of Fe-Ti oxides with equilibrium
compositions were performed at subsolidus conditions at 1bar and temperatures
between 1000 and 1300 °C under controlled oxygen fugacities in the range ANNO-5
to ANNO+5 (chapter[2). The great majority of the experiments were syntheses from
Fe;03+TiO; mixtures in gas-mixing furnaces. At 1000 and 1100°C solid-state
buffer experiments have also been carried out. To check whether equilibration was
attained or at least closely approached in the synthesis runs, we performed parallel
experiments with different bulk compositions under the same T- fO, conditions and
also a few re-equilibration experiments (chapter 2] see also section [4.3.2)).

Phase compositions were obtained from electron microprobe analyses for Ti and
Fe. Oxygen was not analysed, which means that the analytical results presented in
this chapter do not give any direct evidence about non-stoichiometry (cation vacan-
cies or cation interstitials, see section[I.2)).

4.3 Results

Most run products consist of two coexisting Fe-Ti oxide phases, mostly Tmt + Ilmg
or Ilmg + Psbg. A few samples contain only one of the three Fe-Ti oxide phases.
All run products consist of polycrystalline, roughly equigranular aggregates, with
grain sizes around 10 — 50 pm.

In order to avoid the possible influence of oxy-exsolution features or monomin-
eralic rims (chapter [3)), all phase compositions reported in the following have been
measured on crystals from the central part of the samples (at least 200 um away
from their surfaces or from cracks). For a more detailed description of textures
encountered in synthetic Fe-Ti oxide assemblages see chapter 3]

4.3.1 Indications for the attainment of equilibrium

There are several good indications that the phase compositions reported in the fol-
lowing section reflect equilibrium conditions during the high temperature experi-
ments.

(1) In the overwhelming majority of the two-phase run products, both phases are
homogeneous within the crystals and over the whole two-phase domain of the
sample. This is reflected by the low 1 ¢ standard deviations for the Ti/(Ti+Fe)
values of the corresponding phases, which are below 0.5 % in most samples
(relative value for 10 to 12 single analyses; see appendix [A.3|for ¢ values).
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4.3 Results

Higher 1 o which reflect slightly varying compositions in neighbouring crys-
tals of the same phase, are registered only in very few two-phase products
of runs at 1000°C. In contrast, single-phase products from gas mixture runs
tend to display compositional variations over the whole sample (see chapter

B).

(2) At given T-fO, conditions, the phase compositions in two-phase run products
are independent of the bulk composition of the sample within the permitted
Ti/(Ti+Fe) range, i.e. Ti/(Ti+Fe)rp < Ti/(Ti+Fe)pur < Ti/(Ti+Fe)m,,.
Run products with different bulk Ti/(Ti+Fe) values have only different modal
proportions (Fig. @.1). This is clearly demonstrated by the results of the nu-
merous experiments in which several samples with different bulk composi-
tions were simultaneously synthesised under given T-fO, conditions. These
results were also reproduced in further runs under identical T-fO, conditions.
The phase compositions measured in all products from runs under the same
T-fO, are generally identical within the 1 ¢ standard deviations (see appendix
[A.3). In very few cases this is not satisfied, but phase compositions still
agree within the analytical (EMP) uncertainties (£0.005 for the values of
Ti/(Ti+Fe) [at%]).

bulk
Ti/(Ti+Fe) ratio
B A "m531

(@)

i j ”mss 1
I
I
i

Fe Ti

M MTmt

Tmtslimes A
|

! T1!f021

I
Tmt L
Tmt,~ '
increasing Ti/(Ti+Fe)

Fig. 4.1 Schematised phase compositions (Tmt;, Ilmg;) and modal proportions (M7, , M1,) Of
two binary (here Tmt+IImgs) samples of different bulk cationic ratio (A and B, represented by black
and grey dashed lines), but equilibrated at identical T and fO; (T}, fO2,), schematically illustrated in
the triangle Fe-Ti-O.
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4 Phase relations and phase compositions in the system Fe-Ti-O

(3) As will be detailed in section 4.3.2] the compositions of phases from re-
equilibration runs at 1300 °C perfectly match those obtained from correspond-
ing synthesis runs. For products of re-equilibration runs at 1100°C, the phase
compositions still match those of corresponding synthesis runs within the un-
certainties (Ti/(Ti+Fe)+0.005, Table [d.T).

All these considerations support the view that equilibrium was attained or at least
closely approached in our synthesis and re-equilibration runs and that the phase
compositions from two-phase assemblages in the central part of the samples reliably
represent the corresponding T-fO, conditions (see also chapter [3).

4.3.2 Re-equilibration experiments

In re-equilibration experiments fragments of pellets, which were produced during
synthesis experiments, were exposed to new T-fO, conditions with the aim of ob-
taining an equilibrium paragenesis. In contrast to synthesis runs, pre-reacted Fe-Ti
oxide phases are used as starting material. In some cases a new phase assemblage
crystallised, otherwise the existing Fe-Ti oxide phases adjusted their compositions
to the new conditions. The experimental conditions of both synthesis and subse-
quent re-equilibration experiments are listed in Table 4.2} the phase compositions
of the re-equilibration run products in Table [4.3]

As already stated above, the compositions of phases from re-equilibration runs
match those obtained from corresponding synthesis runs.

Fig. 4.2h illustrates a set of re-equilibration experiments in which three sam-
ples of different bulk composition originally synthesised at 1300°C at two different
SO, were simultaneously re-equilibrated at the same temperature at an intermedi-
ate oxygen fugacity. The phase compositions of the three re-equilibration products
are in perfect agreement with each other and also with compositions of synthe-
sis runs at identical - or at least very similar - T and fO,. The final phase com-
positions have been approached from both the Fe-rich side through reduction
(samples 6F72x8R and 6F69x8R) and from the Ti-rich side through oxidation
(6F63x8R). Thus a true reversal experiment could be completed.

Further re-equilibration experiments have been carried out (Fig. and c),
which involved a change in temperature (i.e. a rotation of the conode, cf. chapter
[I.2)) but not necessarily a significant change in the bulk oxygen content of the sam-
ple by reduction or oxidation. An increase in temperature causes an anti-clockwise
rotation of the conode, producing a steeper tie-line (and vice versa for a temperature
decrease). When no significant change of the sample oxygen content is involved,
the phase compositions of coexisting Fe-Ti oxides are approached from opposite
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Fig. 4.2 Phase compositions of coexisting Tmt and Ilmg from products of re-equilibration runs
(filled symbols, solid tie lines), compared with phase compositions and assemblage of the starting
materials (open symbols, dashed tie lines), plotted in part of the Fe-Ti-O triangle. The thick grey
lines represent Tmt+Ilmg tie-lines from synthesis experiments at T and fO, of the re-equilibration
run. Thin dashed lines labelled F72, F69, P63 and F57 mark the cationic ratios of the bulk com-
positions (numbers refer to Fe/(Fe+Ti) ratios). Horizontal thick lines are for the Tmt, Ilmg and
Psby solid solutions. a) Re-equilibration runs at 1300°C, carried out at identical temperature but
different fO, than the synthesis runs. b) Re-equilibration at 1100°C and fO, corresponding to the
WM buffer. The starting materials were produced at higher temperature (1200 and 1300°C). For
re-equilibration experiment 3F57WMRc, synthesis and re-equilibration tie lines cross at the bulk
cationic ratio of the sample, i.e. the sample oxygen content remained approximately constant dur-
ing re-equilibration. c) Re-equilibration at 1100°C and fO, corresponding to the NNO buffer. The
starting material was originally synthesised at lower temperature (1000°C). d) Re-equilibration at
1100 or 1300°C of samples which were originally synthesised at different temperature and strongly
higher fO,. Re-equilibration involves a change of assemblage from Ilmg+Psbgs to Tmt+IImg.
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4 Phase relations and phase compositions in the system Fe-Ti-O

directions during re-equilibration, i.e. a temperature increase involves an approach
of Tmt composition from the Fe-rich side and of Ilmgs composition from the Ti-rich
side (Fig. @#.2b, 6F57x18R), and vice versa for a temperature decrease (Fig. 4.2c).
In the re-equilibration runs 3F69QWMR and 3FS7TWMRc (1100°C, NNO-2.0;
Fig. 4.2b), the Tmt composition could be bracketed by reduction and oxidation,
i.e. approached from the Fe-rich (3F69QWMR) and the Ti-rich (3FS7TWMRc) side.

In cases where the re-equilibration conditions were strongly different from
the synthesis conditions, re-equilibration causes a change of phase assemblage.
Fig. presents the phase compositions of three different re-equilibration runs
and their preceding synthesis runs. In all three cases, Tmt+Ilmg assemblages
are formed from Ilmg+Psbgs assemblages. Re-equilibration temperature is higher,
lower or identical to synthesis temperature, but in any case a re-equilibration in-
volves a strong decrease of oxygen fugacity.

Fig. shows that the result from re-equilibration experiments both at 1100 and
1300°C are in good agreement with synthesis runs (black solid tie-lines from re-
equilibration experiments coincide with light grey bars from synthesis experiments).

The phase compositions have been approached both from the Fe-rich and Ti-
rich side, by reduction and oxidation and from higher and lower temperature. The
equilibrium phases and phase compositions have been produced both by reaction of
oxide mixtures to the Fe-Ti oxides (synthesis), and also by change of the phase com-
positions of existing Fe-Ti oxides (re-equilibration). This supports that equilibrium
conditions were - at least - closely approached in both types of experiments.
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4.3 Results

Table 4.1 Comparison of phase compositions in products of synthesis runs (ifalic) and

re-equilibration runs (regular, R at the end of sample name) at identical or at least very similar T
and fO,. Results are also listed in the tables in appendix[A.3]

sample T ANNO Tmt TImgg
name [°C] Ti/(Ti+Fe) [at%] Ti/(Ti+Fe) [at%]
n mean (o) n mean (o)
6F72x8R! 1300 -0.8 10 27.34 a7 10 44.19 (16)
6F69x8R! 1300 -0.8 10 27.36 (12) 10 44.11 (15)
6F63x8R! 1300 -0.8 10 27.57 (11) 10 44.26 (18)
6F67x8! 1300 -0.7 10 26.88 (12) 10 4348 (17)
6F63x8! 1300 -0.7 10 27.01 (22) 10 4375 (21)
6F57x18R 1301 -1.6 10 3041 (13) 10 47.58 (20)
6F57x18 1301 -1.6 10 30.20 (13) 10 4745 (25)
6F57x66R 1299 3.5 10 34.52 (26) 10 50.65 a7
6F63x66 1299 -3.5 11 34.31 (16) 8 50.17 (24)
6F57x66 1299 -3.5 10 34.39 (17) 10 50.40 (19)
3F72QNNORa 1100 0.0 10 20.54 (19) 10 42.00 (20)
3F76Qe 1098 0.0 10 20.22 (19) 10 41.76 (17)
3F69Qe 1098 0.0 10 20.14 (15) 10 41.76 (15)
F69 (e) 3 1100 0.0 10 19.99 (21) 10 41.85 (40)
3F69QWMR 1100 -2.0 10 2797 (13) 10 48.06 (14)
3F57TWMRc 1100 20 10 28.29 (12) 10 48.37 (09)
3IT60WMa 1101 2.0 10 2781 (18) 10 48.08 (16)
3F57TWR 1100 44 10 3294 (18) 10 50.16 (20)
3IT60IW 1100 44 10 32.46 (16) 10 49.78 (10)
3F57K67IWa 1101 -4.4 10 32.55 (13) 10 50.03 (23)

1) Slightly higher Ti/(Ti+Fe) ratios in re-equilibration runs are in agreement
with slightly lower fO (cf. Fig.[4.3).
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Table 4.2 Experimental conditions of re-equilibration runs and preceding synthesis runs

bulk synthesis run re-equilibration run
Ti/(Ti+Fe)  no. T[°C] t[h] oxygenfugacity phases name T[°C] t[h] oxygenfugacity phases
[ar %) buffer /  ANNO buffer /  ANNO
CO % CO %
re-equilibration at 1300°C
28.0 6F72x1.6 1303 23 1.6 0.7 TI 6F72x8R 1300 26 8.00 -0.8 TI
31.0 6F69x1.6 1303 23 1.6 0.7 TI 6F69x8R 1300 26 8.00 -0.8 TI
37.0 6F63x66 1299 18 66.0 35 TI 6F63x8R 1300 26 8.00 -0.8 TI
43.3 1F57x0.25 999 264 0.3 1.5 1P 6F57x18R 1301 24 18.00 -1.6  TI
433 6F57x0.5 1301 42 0.5 19 IP 6F57x66R 1299 18 66.00 35 TI
re-equilibration at 1100°C
28.0 1F72Qe 999 192 NNO 0.0 TI 3F72QNNORa 1100 143 NNO 0.0 TI
31.0 5F69Qx2.8a 1200 >24 2.8 -0.1 TI 3F69QWMR 1100 217 WM 20 TI
433 6F57x18R 1301 24 18.0 -1.6  TI 3F57WMRc 1100 143 WM 20 TI
433 5F57x0.25 1201 99 0.3 23 1P 3F57TWR 1100 217 w 44 TI

TI: Tmt+IImgg
IP: Ilmgs+Psbgg
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Table 4.3 Phase compositions in products of synthesis runs and subsequent re-equilibration runs. See also tables in appendix A.3.

synthesis run re-equilibration run

name phases Ti/(Ti+Fe) [at%] name phases Ti/(Ti+Fe) [at%]

Tmt IImgg Psbgg Tmt IImgg
nl X* n X n X n X n X

re-equilibration at 1300°C

6F72x1.6 Tmt+llmgg 10 18.6 10 36.2 6F72x8R Tmt+llmgg 10 273 10 44.2
6F69x1.6 Tmt+llmgg 10 18.6 10 36.2 6F69x8R Tmt+llmgg 10 274 10 44.1
6F63x66 Tmt+llmgg 11 343 8 50.2 6F63x8R Tmt+llmgg 10 27.6 10 443
1F57x0.25 Tlmgs+Psbg 10 328 10 50.8 6F57x18R Tmt+llmgg 10 304 10 47.6
6F57x0.5 Imgg+Psbgg 12 314 13 49.6 6F57x66R Tmt+llmgg 10 345 10 50.7

re-equilibration at 1100°C

1F72Qe Tmt+llmgs 13 180 9 428 3F72QNNORa Tmt+llmge 10 205 10 42.0
SF69Qx2.8a Tmt+llmg, 10 22.1 10 40.0 3F69QWMR Tmt+llmg, 10 28.0 10 48.1
6F57x18R Tmt+llmggs 10 304 10 47.6 3F57TWMRc Tmt+llmg, 10 283 10 484
SF57x0.25 IImgs+Psbg 10 284 10 473 3F57TIWR Tmt+llmg, 10 329 10 502

1) n is number of EMP analysis points
2) X is mean value of Ti/(Ti+Fe) [at%] according to EMP analysis
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4 Phase relations and phase compositions in the system Fe-Ti-O

4.3.3 Phase boundaries and compositions

The chemical compositions of the Fe-Ti oxide phases in our synthesis and re-
equilibration run products and the run conditions are listed in the appendix (ap-
pendix [A.3). The Ti/(Ti+Fe) [at%] values for Tmt, Ilmg and Psby, are plotted in
Fig. [B] versus ANNO at the four different run temperatures (1000, 1100, 1200
and 1300°C). At all temperatures these diagrams show the continuous shifts of the
phase boundaries of the Fe-Ti oxides towards the Ti side with decreasing oxygen
fugacity. These shifts reflect the ilmenite substitution 2Fe3t « Fe?+ Ti*+,

According to previous studies (e.g. Webster & Bright, [1961; Taylor, [1964;
Senderov et al., 1993} Aggarwal & Dieckmann, 2002)), Tmt with very variable com-
positions are stable over a wide range of oxygen fugacities at all temperatures. This
is confirmed by this study’s data (single-phase Tmt and Tmt+IImg), and further data
by R. Engelmann (Heidelberg, Ph.D. thesis in preparation) also considering Tmt in
coexistence with wiistite.

At 1300°C and fO, corresponding to that of the wiistite-magnetite buffer (WM)
for instance, the compositional range of Tmt extends from Ti/(Ti+ Fe) = Oat%
(pure magnetite) in coexistence with wiistite up to Ti/(Ti+ Fe) = 27 at% in coexis-
tence with Ilmgg, i.e. from Xysp=0.0 to 0.8. At each temperature, single-phase Tmt
is stable at a given composition over 3 to Slog fO, units.

The large phase field of Tmt is partly related to deviations from stoichiometry
(e.g.[Hauptman, |1974; Rahman & Parry, 1978; [Dieckmann, |1982; Senderov et al.,
1993} Lattard, [1995; |Aggarwal & Dieckmann, [2002). It must be stressed however
that the degree of non-stoichiometry is not directly proportional to the range of oxy-
gen fugacity under which Tmt is stable at any given composition and temperature
(compare Fig. 4.3|to Fig. 4.4).

In contrast to titanomagnetite, the single-phase domain of ilmenite-hematite solid
solution at given fO, is very restricted. At low fO,, the Ti/(Ti+Fe) values for Ilmgg
in coexistence with Tmt are max. 2 % lower than those of [lmg in equilibrium with
Psbgs. The Ilmgg single-phase domain broadens with increasing fO,. At 1200°C
and ANNO=+4.2 for instance, the boundary Ti/(Ti+Fe)-values for the rhombohedral
oxide are about 7 % apart (Fig. 4.3).

At T> 1200°C and ANNO<-3, both Tmt and Ilmg are richer in Ti than their
endmembers ulvospinel and ilmenite, i.e. Fe,TiO4 and FeTiO3 (Fig.|.5)). This is in
agreement with the data of |[Simons & Woermann, (1978) and Senderov et al.|(1993),
but in contradiction with those of [Taylor| (1964). In several run products the corre-
sponding Ti-excess is significant, i.e. definitely outside the estimated uncertainties
of £0.5at% for the Ti/(Ti+Fe) values.

Most probably, the Ti excess in both phases reflects non-stoichiometry, resulting
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Fig. 4.3 Ti/(Ti+Fe) values [at%] of Tmt, Ilmg, and Psbg in run products as a function of temperature
(a: 1300°C, b: 1200°C, c: 1100°C, d: 1000°C) and oxygen fugacity (ANNO). Triangles represent
phase compositions of coexisting Tmt (black) and Ilmgg (empty), circles represent coexisting Ilmgg
(empty) and Psbgs (grey), both in two-phase run products of the present study. Most other symbols
designate single-phase products from this study (Tmt: black squares, Ilmg: empty diamonds), or
taken from[Senderov ez al.|(1993| S93, single-phase Tmt and Tmt+IImg) or|/Aggarwal & Dieckmann
(2002| A02). The curves represent the compositions of coexisting Tmt and Ilmg as calculated from
the model of |Ghiorso & Sack|(1991) (solid curves), or from the QUILF software (dashed curves),
using the model of |/Andersen & Lindsley|(1988)). Horizontal lines labelled MH, WM and IW mark
oxygen fugacity that can be adjusted with the solid-state oxygen buffers at given temperature (see
appendix [A.T] for abbreviations).
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4 Phase relations and phase compositions in the system Fe-Ti-O

fO2=const.:
A6=6Tm'((+||mss)'6Tmt(+Wus)
ATi/(Ti+Fe)=Ti/(Ti+Fe)Tmt+limss)-Ti/(Ti+Fe)Tmtwus)

0] Tmt+llmss
increasing
el LR ZE0 oen | cation
D Ee—— > ratio
. AT(Ti+Fe) ATi/(Ti+Fe
Fe Ti (Ti+Fe)
O, (1) Tmt+Wus O, (2)

Fig. 4.4 Schematic representation of the compositional Tmt single-phase field (black wedge), illus-
trated in the triangle Fe-Ti-O. Assumed is constant non-stoichiometry over Tmt solid solution. Grey
lines represent lines of constant oxygen fugacity (oxygen isobars), which cross the Tmt single-phase
field at a flat angle at high Fe-contents (high fO,: fO,(1)) but at a steeper one at low Fe-contents
(low f05: f0(2)).

from the substitution two Fe>* against one Ti*" and one cation vacancy (2Fe’t —
Ti*t + 1, Senderov et al., |1993; [Lattard, 1995)), but in principle it may also be
related to small Ti>* contents (e.g. Grey et al.,|1974; Simons & Woermann, |1978).
Non-stoichiometry will be considered in more detail in chapter [5]

A comparison of the titanomagnetite compositions (in Tmt+Ilmg assemblages)
at ANNO<2 reveals a continuous shift towards the Fe-side with decreasing temper-
ature, i.e. increasing Fe3T content with decreasing temperature (Fig. ).

In case of the rhombohedral phase coexisting with titanomagnetite, the behaviour
is more complex (Fig. 4.5b). The mineral compositions are hardly dependent on
temperature, especially at low and at high fO,. In the middle oxygen fugacity range
the isotherms present inversion points and cross over at Xy, values which corre-
spond to the transition between the ordered R3 and the disordered R3c structure
(Harrison et al.,2000). This is exemplified in Fig. 4.5 for the 1300°C and 1100°C
isotherms.

Fig. 4.5 shows the compositions of Ilmg coexisting with Psbg as a function of
SO, and temperature. At Xp,>1, Ilmg(+Psbgs) synthesised at 1300°C and given
SO, is richer in Ti than Ilmg(+Psbgg) synthesised at 1200 °C.
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Fig. 4.5 Ti/(Ti+Fe) values [at%] of Tmt and Ilmgs at 1000°C (squares), 1100°C (rhombs), 1200°C
(triangles) and 1300°C (circles). The lines represent polynomial third order fits to the experimental
data. The vertical dashed lines represent ulvospinel and ilmenite endmember compositions. a)
Tmt in coexistence with Ilmg. b) Ilmgg in coexistence with Tmt. c¢) Enlargement of rectangular
shown in picture (b). Ilmg in coexistence with Tmt at moderate to low oxygen fugacities, focus on
1100°C and 1300°C data. The solid vertical lines represent the compositions of Ilmgs at which the
transformation between the ordered ilmenite structure and the disordered hematite structure occurs
at different temperatures (Harrison ef al.,2000). d) Ilmgs in coexistence with Psbgs.
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4 Phase relations and phase compositions in the system Fe-Ti-O

4.4 Discussion

4.4.1 Comparison with previous experimental data on phase compositions
and boundaries.

The compositions of coexisting Tmt and Ilmgg retrieved from our experimental
results at 1300°C are in perfect agreement with those of Senderov et al.| (1993)

(Fig.4.6).

. *% Cg 1300°C
X3 [ ]
* | q,('b(b
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5 m]
.5 L
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Ti/(Ti+Fe) [at%]
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Fig. 4.6 Compositions of Tmt and Ilmg at 1300°C retrieved in the present study (filled symbols)
compared with the data of [Senderov ef al.| (1993) (empty symbols). The dashed lines represent
the boundaries of the binary Tmt-Wus phase field, based on unpublished experimental data by R.
Engelmann (Heidelberg).

The extent of the single-phase domain of Tmt is in reasonable agreement with
the data of |Aggarwal & Dieckmann (2002) at 1300°C. At 1200°C and 1100°C,
and Ti/(Ti+Fe)=10 and 20at% however, Aggarwal & Dieckmann (2002) report
single-phase Tmt at higher oxygen fugacities than ours, i.e. single-phase Tmt
within the Tmt+Ilmg, phase field derived from this study’s data (Fig. {.7). At
Ti/(Ti+Fe)=25at% Aggarwal & Dieckmann|(2002) did not determine the upper (to-
wards high fO,) stability limit of Tmt.

Aggarwal & Dieckmann| (2002) exclusively employed in-situ thermogravimetry
and they state that on crossing the upper fO, stability limit of Tmt they record a
large mass change due to the oxidation of Tmt to Ilmgg.

Their samples were not quenched and not subsequently examined with microana-
lytical methods and it is not clear whether all these samples were really single-phase
titanomagnetite in the reported in-situ conditions. The question especially arises for
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Fig. 4.7 Comparison of the compositions of Tmt retrieved from the present study (filled symbols)
with those reported by |Aggarwal & Dieckmann| (2002)) (empty symbols) at a) 1100°C, b) 1200°C,
and c) 1300°C. Small empty symbols represent single-phase Tmt, large empty symbols the upper
fO,-stability limit of Tmt, both according to|/Aggarwal & Dieckmann|(2002).

the samples equilibrated at the highest oxygen fugacities, which may have con-
tained small amounts of Ilmg. Because the disagreement between our results and
those of |Aggarwal & Dieckmann (2002) strongly increases with decreasing syn-
thesis temperature, the most probable explanation is that the samples of |Aggarwal
& Dieckmann|(2002) did not reach equilibrium during the thermogravimetric mea-
surements, especially at 1100 and 1200 °C. /Aggarwal & Dieckmann (2002) do not
report the time spans allowed for re-equilibration during their measurements. For
further comparison between this study and the data by Aggarwal & Dieckmann
(2002) - especially concerning Tmt non-stoichiometry - see chapter [5

4.4.2 Comparison with the thermodynamic thermo-oxybarometer
formulations on the titanomagnetite-ilmenitess assemblage

At first sight, the compositions of titanomagnetite in Tmt-Ilmg, assemblages are in
general agreement with those retrieved from the models of |Andersen & Lindsley
(1988)) and |Ghiorso & Sack| (1991)). A closer look at the data however, reveals
significant discrepancies, which are especially pronounced at low fO, (Fig. @.8).
As already discussed in the preceding section, at low oxygen fugacities and high
temperatures (1200 and 1300 °C) our synthetic titanomagnetites in equilibrium with
Ilmgg have especially high Ti concentrations, most probably in relation to cationic
vacancies (Senderov er al.l,[1993; [Lattard, [1995)). As the models do not account for
vacancies, it is not surprising that they predict significantly lower Ti values.
Further, our synthetic titanomagnetites display higher Ti concentrations than
those retrieved from the (Ghiorso & Sack (1991) model at all temperatures also un-
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4 Phase relations and phase compositions in the system Fe-Ti-O

der moderate to high oxygen fugacities (ANNO>-1). The latter differences might
reflect errors in the standard state properties used for the ulvéspinel endmember.
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Fig. 4.8 Composition of titanomagnetite in equilibrium with Ilmg as a function of temperature
and oxygen fugacity. Symbols represent experimental data from the present study, the curves are
isotherms calculated with the model of |Ghiorso & Sack|(1991) (solid curves) and with the QUILF
software (dashed curves).

As shown in Fig. 4.9] the variation of the ilmenitey; composition as a function of
T and fO, is quite different from that calculated with the QUILF software, which
is based on the model of /Andersen & Lindsley| (1988)), especially at high oxygen
fugacities and low Xp,,. Whereas our experimental data show practically no tem-
perature dependence of Ilmgs composition at ANNO>1, the isotherms of |Andersen
& Lindsley|(1988) are shifted towards lower fugacities with increasing temperature.
The strongest discrepancies between experimental and calculated values are at the
highest temperatures (1300 and 1200°C). In contrast the isotherms of |(Ghiorso &
Sack| (1991) point to higher fO, than our data at ANNO>1.

The differences in the two thermodynamic treatments of Ilmgs are even more ap-
parent in a Roozeboom plot. A Roozeboom plot of Xy, vs. Xysp allows a simulta-
neous consideration of Ilmg, and Tmt composition. Fig.[d.10[shows the composition
of coexisting synthetic ilmenitegs and titanomagnetite, and polynomial curves fitted
to the experimental data. Usually two third order polynomials were fitted to each
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Fig. 4.9 Composition of Ilmg in equilibrium with Tmt as a function of temperature and oxygen
fugacity. Symbols represent experimental data from the present study, the curves are isotherms
calculated with the model of |[Ghiorso & Sack| (1991)) (thick solid and dashed curves) and with the
QUILF software (thin dotted curves).
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Fig. 4.10 a) Roozeboom plot of coexisting Ilmgs and Tmt from run products at different temperatures
(symbols). Solid lines are third order polynomial fits to experimental data. For 1000 °C data a second
order fit is drawn additionally. Dashed lines are graphic interpolations between the fit curves. b)
Enlargement of the Ti-rich part of the diagram (rectangle in picture (a)).
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Fig. 4.11 Roozeboom plot of the isotherms derived from the models by a) |/Andersen & Lindsley,
(1988, QUILF) and b) Ghiorso & Sack]|(1991) from 1000°C to 1300°C.

temperature curve, one on the Fe-rich side (R3c) and one on the Ti-rich side (R3) of
the transition within the ilmenite-hematite solid solution (Harrison et al.,[2000). To
the 1000 °C data on the Ti-rich side (R3) a second or a third order polynomial can be
fitted almost equally well (third order fit: R?=0.9968, second order fit: R?=0.9937).
The isotherms on the side of the long-range ordered R3 structure are conspicuously
bent and distinctly spread up. In contrast, the isotherms for the R3c structure are
hardly distinguishable.

The isotherms derived from the QUILF model (Andersen & Lindsley, |1988) do
not show the bend related to the structural change of Ilmg (R3 to R3c, Fig. ),
which is accounted for by the isotherms of |Ghiorso & Sack! (1991, Fig.[4.11pb) and
which is also present in our experimental data (Fig. [4.10). Experimental and model
isotherms are distinctly different over the whole compositional range (Fig. @.12).

In fact, it is not fair to plot values retrieved from the model of Andersen & Lind-
sley| (1988)) at ANNO>1 although such values can be easily obtained by using the
QUILF software (Andersen et al., [1993)). Andersen & Lindsley| (1988)) have based
their solution model for Ilmg only on compositions close to FeTiO3 and did not
consider the effect of the R3 to R3c transition on the solution properties of Ilmgg
(chapter . Consequently, they truncated their isopleth diagram at the R3-R3c
transition (cf. Figs. 2, 5 in |/Andersen & Lindsley, |1988)) and cautioned the read-
ers that "application ... to natural samples outside the range of the experimental
calibration will lead to larger uncertainties". |Lindsley & Frost| (1992) did not rec-
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Fig. 4.12 a) Roozeboom plot of coexisting Ilmgs and Tmt from run products at different temperatures
(symbols) compared with the isotherms calculated with the models of |Ghiorso & Sack!(1991) (grey
curves) and |Andersen & Lindsley| (1988) (QUILF, black curves). Also note the iso-ANNO curves
(thick lines) from Ghiorso & Sack|(1991)). b) Enlargement of the upper right corner of picture (a).

ommend the use of the QUILF algorithms at high fO, conditions. For oxidised
Fe-Ti oxide parageneses that contain hematite-rich Ilmg at T> 1000°C the mis-
application of their model leads to strong underestimates of the equilibration tem-
peratures (Fig. B.12). At somewhat lower temperatures (around 800°C), which are
more relevant to relatively oxidised volcanic rocks (e.g. Pinatubo Dacite, cf. Evans
& Scaillet,, [1997; Scaillet & Evans, [1999), the (mis-)use of the QUILF software
yields to overestimated temperatures (chapter[I.3] Fig. [[.21].

In contrast, the model by |Ghiorso & Sack (1991) does account for the R3 to R3c
transition, and consequently the model isotherms show a related bend (Fig. @d.11b).
However this model relies heavily on experimental data obtained from sample com-
positions that could not be controlled with micro-analytical methods (e.g. Ishikawa),
1958)). In fact, the model does not adequately reproduce the ilmenitess compositions
at ANNO>1 (Fig. 4.9). At any given fO; and T in this fugacity range, Xy, is
overestimated (Fig. and this is the main reason for the fO, overestimates for the
data relevant to the Pinatubo dacite (chapter [[.3] Fig.[I.21).
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In any case, it is clear that unsatisfactory thermodynamic models for Xy, are
mainly responsible for the wrong temperature estimates for oxidised Fe-Ti oxide
parageneses from the models of both Andersen & Lindsley (1988) and Ghiorso &
Sack| (1991). For the temperatures investigated experimentally within this study
(i.e. 1000°C to 1300°C) at ANNO>1 the modelled Xy, values are either too low
(Andersen & Lindsleyl, [1988)) or too high (Ghiorso & Sack,|1991), which translates
into either too low or too high estimated temperatures (Figs. 4.9} 4.12).

In the case of moderately to highly reduced Tmt-Ilmgs assemblages (ANNO<0)
the most apparent discrepancy between experimental data and current models con-
cerns the 1300°C results, which plot to the right high Xysp and high temperature
side of the isotherms in the Roozeboom diagram (Fig. [4.12). The models produce
temperature overestimates.

Further misestimates by using the Ilmg-Tmt thermo-oxybarometer arise from
the minor element content in natural Fe-Ti oxides and the appropriate consideration
in the thermodynamic formulations. The effect Mg and Al on Fe-Ti oxide phase
relations and compositions will be treated in chapter [6]

4.4.3 Comparison with the thermodynamic model of |Anovitz et al. (1985) on
the ilmenitegs - pseudobrookitess assemblage

Some of our results on the chemical compositions of coexisting ilmenitegs and
pseudobrookitess solid solutions are plotted together with isopleths calculated by
Anovitz et al.| (1985) using a model based on calorimetric and phase equilibrium
data (Fig. @) In accordance with |Anovitz et al.| (1985) our data show that the
compositions of both phases strongly depend on the redox conditions. On the other
hand, the pseudobrookitess compositions are practically independent of temperature
and the ilmenitegs isopleths display a temperature dependence only at low or at very
high oxygen fugacities. Consequently, as already noted by Anovitz et al.| (1985),
the Ilmgs-Psbg equilibrium is not well-suited for thermometric applications but has
a good potential as an "oxy-barometer".

The best agreement between our data and those of Anovitz et al.| (19835) is at
1000°C and ANNO=1.5. At lower oxygen fugacities the model drastically overes-
timates fO; by as much as 2 log units for the most reduced conditions. At high fO,
the model predicts too high fO, from the compositions of Psbgg, but too low fO,
from the composition of IImg.

One reason for the discrepancies between our data and the model of Anovitz et al.
(1983)) is clearly seen in the thermodynamic treatment of the ilmenite-hematite solid
solution used by the latter authors. They chose the model of |[Spencer & Lindsley
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Fig. 4.13 Isopleths of the compositions of coexisting Ilmgs and Psbgs. a) Ilmg in equilibrium with
Psbg. I - e.g. 1-20 - represents the mol% of FeTiO3 in Ilmg. b) Isopleths of the compositions
of Psb in equilibrium with Ilmg. F (e.g. F-20) represents the mol% of FeTipOs in Psbgs. Black
rhombs represent data from the present study with interpolated curves (solid lines). Dashed lines
depict the data of |/Anovitz ef al.|(1985) (A’85).
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4 Phase relations and phase compositions in the system Fe-Ti-O

(1981) which does not consider the effects of the R3 to R3c transition and of non-
stoichiometry.

Both pseudobrookitess endmembers (Fe,;TiOs and FeTi,Os5) were treated as or-
dered components, and the solid solution was assumed to be ideal because not
enough experimental data were available to sustain a more complicate model.

4.4.4 Perspectives for new versions of the Fe-Ti oxide thermo-oxybarometers

The experimental data set on the three Fe-Ti oxide solid solutions presented here
is intended to support new versions of both the titanomagnetite-ilmenitegs thermo-
oxybarometer and the ilmeniteg-pseudobrookitegs oxybarometer.

Further, a new version of the Fe-Ti oxide thermo-oxybarometer model will also
include compositional data on coexisting synthetic Tmt and Ilmg in Mg-, Mn-
and Al-bearing systems. At T> 1100°C and 1 bar pressure, data for Mg-Al bear-
ing compositions is provided in the present thesis (chapter [6)). In the temperature
and pressure range of 750 —900°C and 100 — 400 MPa samples, and at relatively
high oxygen fugacities (slightly below NNO to NNO+3) data for the system Fe-
Ti+=Mg+Mn=+Al-O is - or soon will be - available by [Scaillet & Evans| (1999) and
Evans et al.| (in press).

These data will help to improve solid solutions models for chemically complex
titanomagnetites and rhombohedral oxides.

Within this study, experimental data on Tmt non-stoichiometry (chapter[5)) are de-
rived, which shall also contribute to the development of new thermo-oxybarometer
formulations.

The present data on coexisting ilmenitess and pseudobrookitegs in the Fe-Ti-O
system yield the basis for a first experimental calibration of the corresponding oxy-
barometer.
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5 High-T non-stoichiometry in magnetite-ulvospinel
solid solution

5.1 Introduction

It has been known for long that spinel-type minerals can be non-stoichiometric at
high temperatures. For example, this was shown by |Viertel & Seifert (1979, 1980)
for spinel MgAl,O4. Non-stoichiometry of the spinel-type mineral titanomagnetite
at high temperature has been examined in numerous studies (e.g. Taylor, | 1964; Si-
mons & Woermann, 1978 |Dieckmann, [1982; [Lattard, | 1987; Senderov et al., {1993}
Lattard, 1995; Aggarwal & Dieckmann, |2002). However, the existing data base is
contradictory (see section [I.2) and a comprehensive quantification in dependence
of temperature and Tmt composition is still missing.

The composition of titanomagnetite can vary along the stoichiometric magnetite-
ulvospinel solid solution join, i.e. at cation/oxygen value p.f.u. of 3/4 (see chapter
section[[.2.3). It may deviate from stoichiometry towards a higher cation sum (if
cation interstitials are present) or a lower cation sum (in case of cation vacancies,
(section [I.2} [Aggarwal & Dieckmann, 2002; [Senderov et al. [1993). Both compo-
sitional variations must affect the physical properties of titanomagnetite, e.g. its
magnetic behaviour.

As reported in section the composition of titanomagnetite can be estimated
from its Curie temperature (T¢), as T¢ decreases more or less linearly with increas-
ing Xysp. However, at given cationic ratio of Tmt variations in non-stoichiometry
also influence T¢ and thus may spoil Xysp estimates (Hauptman, 1974; Rahman &
Parry, 1978} [Moskowitz, |1987; Wanamaker & Moskowitz, [1994; Engelmann et al.,
1n preparation)).

Non-stoichiometry also effects thermo-oxybarometry. It has been suggested in
chapter [4 that Tmt non-stoichiometry is one major cause for the failure of the exist-
ing formulations of the Tmt-IImgg oxide thermo-oxybarometer at low oxygen fugac-
ity and high temperature. However, up to now and due to the limited data base, Tmt
non-stoichiometry has not been included in the thermo-oxybarometer formulations.
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

In order to evaluate the effect of Tmt non-stoichiometry on Fe-Ti oxide thermo-
oxybarometry and on magnetometry there is need for consistent non-stoichiometry
data covering a broad range in temperature and Tmt composition. This the-
sis provides a re-investigation, focussing on detecting and quantifying Tmt non-
stoichiometry in the system Fe-Ti-O as a function of Xys), in the temperature range
between 1100°C and 1300°C.

Several experimental and analytical approaches will be evaluated in respect of
their suitability to examine Tmt non-stoichiometry. The combination of these meth-
ods aims resolve and understand the contradictions encountered in previous liter-
ature (section [I.2). The final goal is to quantify the concentration of cation va-
cancies and so to enable to include this data set in the solid solution model for
titanomagnetite that will be incorporated in a new formulation of the Tmt-Ilmg
thermo-oxybarometer.

5.2 Strategy

To investigate Tmt non-stoichiometry as a function of T and Xysp, subsolidus
synthesis experiments and re-equilibration experiments were carried out between
1100°C and 1300°C to produce Tmt with maximum cation vacancy concentration
(Omax), 1.€. titanomagnetite in coexistence with ilmenitegs. For comparison, Tmt
coexisting with Wus or with metallic iron have been synthesised. Tmt(+Wus) is ex-
pected to be stoichiometric or even to have slight cation excess (). Single-phase
Tmt with intermediate & has also been produced.

Subsequent annealing (at 950°C) of selected high-T (i.e. synthesis and re-
equilibration) Tmt+Ilmgs samples under oxygen-conserving conditions causes va-
cancy relaxation in originally non-stoichiometric high-T Tmt (Lattard, [1995) (see
details in section [5.3). This is accompanied by changes in phase compositions and
proportions, which can be used to estimate the original vacancy concentration in
Tmt in the high-T sample. The relative amounts of coexisting phases were deter-
mined by image analysis or Rietveld analysis for high-T run products and belong-
ing annealed samples (see section [5.3). Annealing experiments are named after the
preceding high-T experiment with a capital D affixed (e.g. annealing experiment
6F63x8D was carried out using synthesis run product 6F63x8).

Further, to obtain information on high-T Tmt non-stoichiometry, Tmt lattice pa-
rameters (ag) were determined for selected samples (T=950 — 1300 °C; Tmt+IImgg,
Tmt, Tmt+Wus) (see section [5.4). It has been shown in literature (e.g. Haupt-
man, 1974; Senderov et al., |1993) that at given Ti/(Ti+Fe), a variation in non-
stoichiometry results in a change in lattice parameter.
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5.3 The annealing method

For selected samples Fe3" /XFe (f) was determined by electron energy loss spec-
troscopy (EELS) (see section [5.5). Combined with the Ti/(Ti+Fe) (x) ratio deter-
mined by EMP, the vacancy concentration can be calculated (equation[5.1]) for Tmt

- 3+ 2+ 4t :
with the general formula (Fe f(1—x)Fe(1— £ (1_X)T1x )(36) UsO4 (O: vacancy).

8
6:3_f(1—x)—|—2(1+x) SR

0 is the number of vacancies per formula unit and can be easily translated into
cation per cent (cat%=100*5/3).

5.3 Annealing under oxygen-conserving conditions

5.3.1 Principles and methods

High-temperature (1100°C to 1300°C) synthesis or re-equilibration Tmt(+Ilmg)
samples, containing potentially non-stoichiometric Tmt (Fig. [5.1p) were annealed
at oxygen-conserving conditions in an evacuated silica glass ampoule (i.e. at fixed
bulk composition) at 950 °C for sufficient time (i.e. 1-3 weeks). The purpose was to
cause vacancy relaxation and produce a stoichiometric Tmt(+1lmgs) from an origi-
nally non-stoichiometric high temperature Tmt (in equilibrium with Ilmgy).

Annealing at a temperature below synthesis temperature involves a rotation of
the Tmt-Ilmg tie-line towards a flatter slope. As the oxygen content of the sample
is fixed during annealing, the sample bulk composition is the pivotal point of the
tie-line rotation (illustrated in the Fe-Ti-O triangle, Fig.[5.I). A decrease in Tmt
vacancy concentration (i.e. 6) must be accompanied by an increase of the modal
Ilmgg proportion. As shown by [Lattard (1995) Ilmgg forms lamellae and rims in or
around the Tmt crystals. Therefore, the observation of Ilmgs exsolution features in
an annealed sample is a visible evidence for high temperature non-stoichiometry of
Tmt. The shift of phase compositions and phase proportions upon annealing can be
used to infer the original high temperature Tmt non-stoichiometry.

According to the existent literature (e.g.|Dieckmann, |1982} Aggarwal & Dieck-
mann, [2002), vacancy concentration in Tmt coexisting with ilmenitegs decreases
with decreasing temperature. Based on the data by Dieckmann (1982, interpolation
between 900 and 1000°C) and by extrapolating that of |Aggarwal & Dieckmann
(2002, 1100 to 1300°C) towards lower temperature, we estimate the vacancy con-
centration of Tmt in coexistence with Ilmgg at 950°C to be negligible (Oqr < 1,

Fig.[5.2).
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

Fig. 5.1 Phase compositions and modal proportions of a high temperature Tmt+Ilmg assemblage (a)
and of the same sample annealed at 950°C (b), schematically illustrated in the Fe-Ti-O triangle. a)
High temperature assemblage with stoichiometric Ilmg (Ilmﬁ?) and coexisting non-stoichiometric
Tmt (Tmt"T). b) Assemblage after annealing at 950°C: stoichiometric IImg, (Ilm?s) and coexisting
stoichiometric Tmt (Tmt™). ¢) Bulk composition (empty circle) remains fixed. Upon annealing, the
tie-line rotates around the bulk composition. Vacancy relaxation results in an increase of Ilmg modal

proportion (arrow).
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5.3 The annealing method
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Fig. 5.2 Cation vacancy concentration in Tmt coexisting with Ilmgs expressed as &4y, versus T
according to |Dieckmann| (1982)) (D82) for pure magnetite (circles) and |Aggarwal & Dieckmann
(2002) (A&D02a) for Tmt with Xysp=0.3 (squares) and 0.6 (triangles). Black curves are a second
order fit to the data by |Dieckmann| (1982) (solid curve) and linear fits to the data by |Aggarwal &
Dieckmann|(2002) (dashed lines). Grey dashed lines represent linear extrapolations of the linear fits.
The vertical grey bar marks 950 °C, the annealing temperature.

As the vacancy concentration decreases with decreasing temperature, annealing
at T<950°C should produce a Tmt which is even closer to stoichiometry than 950°C
Tmt. Nevertheless, we selected 950°C as annealing temperature because

* kinetics decrease with decreasing T and vacancy relaxation would probably
become too sluggish at T<950°C, and

* Tmt and Ilmg solid solutions display miscibility gaps below about 600°C
and 800°C, respectively (section [I.2)). Annealing at T<800°C thus results in
exsolution of the phases.

Based on the annealing experiments, 0 has been quantitatively estimated by

* method A, which is based on the increase of modal Ilmgs abundance during
annealing, and

* method B, which evaluates the shift of phase compositions during annealing.

Method A A rough quantitative estimation of non-stoichiometry can be obtained
by evaluating the phase proportions observed in annealed versus high-T samples.
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

Assuming annealed phases and high-T Ilmgg to be stoichiometric, the increase in
[lmgs content during annealing (i.e. the modal proportion of exsolved Ilmgs: Myper,
see Fig. is proportional to 0 of high-T Tmt and can be calculated according to

equations[5.2]to[5.6

Mime: ~ Mpme:— AOruy
IM 1 AOllmsszmt
AOr,; is the difference in oxygen content between non-stoichiometric and stoi-
chiometric Tmt, and AOy;,,, .1, 18 the difference in oxygen content between stoi-
chiometric Ilmgg and Tmt. Taking the oxygen contents p.f.u.,

(5.2)

3 4

AOpm —Tmt = 577 (5.3)

and

4 4_4. 5

Insertion of equations [5.3] and @ to equation @] ields

o)
which can be converted to
7 * M ex
e L (5.6)
20+ Mllmg‘

Modal phase proportions in both annealed (M7, and My;,,1 ) and high-T sam-
ples (My,,,,ur and My, i) have been determined by image analys1s yielding vol%.
Vol% was converted into mol% assuming a linear correlation between composition
and density along the solid solution series (see appendix[A.4). For samples that were
used for lattice parameter determination (see section [5.4) modal phase proportions
could also be retrieved from Rietveld analysis (wt%, converted into mol%). Based
on these data, the amount of Ilmg exsolution features (My;,er) can be estimated

according to equations[5.7]and [5.8] (cf. Fig.[5.3).
Mypgr - My, — Miimg

= 5.7
MTthT MTmtA

MllmgT

TmtHT
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Fig. 5.3 a) Tie-lines of annealing assemblage (dashed line) and belonging high-T assemblage (solid
line), and modal phase proportions before and after annealing (M., My, 4, Mygppir, Mg ). The
sample bulk (circle) is fixed and is the pivotal point of tie-line rotation. b) The amount of exsolved
IImgs (Myymer) is proportional to the change of Tmt oxygen content during annealing (AO7y,).
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

Method B The above described estimation of non-stoichiometry in synthesis Tmt
(method A) is exclusively based on modal phase abundances. It is therefore also
subjected to the large uncertainties of these methods (section [5.3.2). An im-
provement can be attained by considering the phase compositions (cationic ratio
Ti/(Ti+Fe) from EMP analysis) and evaluating the rotation of the conode, which is
caused by the temperature change.

(I) As annealed phases are assumed to be stoichiometric, their oxygen contents
are known and the position of the tie-line Tmt — Ilm? can be easily derived
from EMP data (Fig. ). The composition of 1 lmgT is also assumed to be
stoichiometric.

(II) The sample bulk is a point on the Tmt* —I Im’\, tie-line and can be located by
two methods.

* Intersecting the line for the Ti/(Ti+Fe) ratio of sample bulk (TTFyyk)
with the tie-line between annealed phases (Fig.[5.4p).

* Dividing the Tmr4 — IIm, tie-line according to the modal proportions
of the phases (Mr,,4, My;,,a). The modal phase proportions can be
obtained from image analysis or from Rietveld analysis.

(IlT) Sample bulk and IImfT point determine the Tmt!'T — IImfT tie-line

(Fig. 5.4b).

(IV) The composition of Tmt"T lies at the intersection of the Tmt!T —IlmgT
tie-line with TTFr,,nr (Ti/(Ti+Fe) of synthesis Tmt from EMP, Fig.[5.4p).

When the composition of Tmt!'T (including oxygen) is known, Tmt non-
stoichiometry (&) can be calculated.

For calculation of the tie-lines, phases and intersecting points, the triangle Fe-Ti-
O was described in a cartesian coordinate system (Fig. [5.5). Points are described
by x-y coordinates, (tie-)lines by linear equations of the form y=mx+b, where m
is the gradient and b is the y axis intercept. Following the steps described above,
the coordinates for Tmt"T have been calculated. The cartesian y coordinate can be
translated into 8 according to equation [5.9|(cf. Fig.[5.5).

_2*\/§

y

6=17 * 100 (5.9)
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Fig. 5.4 Calculation of coordinates of high-T Tmt. a) Based on modal phase proportions of the
annealing sample (My,,,a, M T, ) or sample bulk cationic ratio (TTFp,;;), and phase compositions

(Tmt4, Ilm?s), the coordinates of sample bulk (circle) including oxygen can be determined. b) Sam-
ple bulk and synthesis Ilmgs composition (IImZ7) are known. Tmt"7 is the crossing point between
a straight line through IIm#7 and bulk, and the cationic ratio of synthesis Tmt (TTF,,#7).
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Fig. 5.5 a) Calculation of the triangle Fe-Ti-O in a cartesian x-y coordinate system. b) Section of
the triangle Fe-Ti-O and belonging x-y coordinates. Phase compositions can be described by means
of x-y coordinates (€.2. Yauik> Xpuik)s tie-lines by equations of the form y=mx+b (annealing tie-line:
dashed, high-T tie-line: solid).
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

5.3.2 Uncertainties of the methods

Uncertainties for the determination of modal phase abundances The error
bars on 0 calculated from method A of the annealing method (e.g. Fig. result
from error propagation of the uncertainties on the modal phase abundances.

The uncertainty on modal phase abundances in vol%, determined by image anal-
ysis has to be given as about £3 —6vol%. This results from statistically slightly
different modal abundances in different sample regions, and consequently in the
different BSE pictures that were used for image analysis. Further, variations in
brightness within one picture, edge effects etc. have to be considered. In annealed
samples, the fine exsolution features could often hardly be resolved by image anal-
ysis.

Rietveld analysis yields phase proportions in wt%. The uncertainty is comparable
to image analysis, at about £3 —6wt%. Additionally to the uncertainty arising
from the Rietveld refinement (about £1 vol%), statistically slightly different modal
abundances in different sample regions have to be considered. Further, textural
effects within the powder examined by X-ray diffraction can influence the result.

Both vol% and wt% have to be converted into mol%. The uncertainty on mol%
is calculated by error propagation to about +3 — 6 mol%

The modal proportions derived from image analysis and Rietveld analysis are
generally in agreement. However, in many cases the modal proportion of Tmt de-
rived with the image analysis is higher than the proportion derived by Rietveld
analysis (Fig. [5.6). The reason for this is unclear. It may potentially be related to
textural effects in the powdered X-ray sample, which may influence the Rietveld
results.

Uncertainties and error bars for method B The calculation of 6 according to
method B is based on the evaluation of the shift of phase compositions (from EMP)
and modal phase abundances during annealing. An important step within the cal-
culation is to determine the sample bulk composition, which is conserved during
annealing. The sample bulk can be derived

B 1) from the modal phase abundances derived from image analysis or Rietveld
analysis, or

B 2) from the Ti/(Ti+Fe) of starting mixture.

Consequently, the uncertainties of Rietveld and image analysis and those related to
homogeneity and composition of the starting mixture have to be considered.
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Fig. 5.6 Molar proportions derived from Rietveld analysis versus image analysis, for Tmt in high-
T samples (black squares) and annealed samples (empty diamonds). Dashed line represents Ri-
etveld=image analysis.

For the Ti/(Ti+Fe) ratio of the starting mixture, the uncertainty arises from the
purity of the reagents and the uncertainty of weighing. The latter is considered to
be <0.0001 on Ti/(Ti+Fe). The overall uncertainty on Ti/(Ti+Fe) is assumed to be
<0.005.

The coordinates determined for bulk composition by modal phase abundances
(B1: Rietveld or image analysis) versus starting mixture composition (B2), and the
derived & (by equation are in most cases in very good agreement (Fig. [5.7).
0 derived from Rietveld analysis tend to be slightly lower, but within uncertainties
are in agreement with results from image analysis and the Ti/(Ti+Fe) of the starting
mixture.

Uncertainties on & derived with method B were estimated for each sample by
calculating 6 from Ti/(Ti+Fe)+0.005 (i.e. Ti/(Ti+Fe)+0.005 and Ti/(Ti+Fe)-0.005,
0.005 is taken as the microprobe uncertainty; compare Fig. [5.8) and combining
negative and positive deviations for the different phases in order to give maximum
error bars. A calculation of the uncertainty by error propagation has not been carried
out, as the calculation of d according to method B comprises too many single steps,
resulting in an extremely complicated formula for the uncertainty on 9.

During calculation of d according to the steps described for method B in section
[5.3.1) EMP analysis has turned out to be the most critical point. Small errors in the
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Fig. 5.7 6 values derived from method B using molar proportions from image analysis (empty sym-
bols) or Rietveld analysis (filled symbols) (both method B1), versus & calculated from Ti/(Ti+Fe)
ratio of starting material (method B2). Dashed line represents S(yaringmirture) = O(phaseproportions)-
Data according to table[5.4]

microprobe analyses, and consequently in the cartesian x coordinates determined
for the phases, can produce large errors for & (Fig.[5.8).

In a sample with high Tmt proportion, the pivotal point of tie-line rotation during
annealing is close to Tmt. Annealing involves only a minor shift of Tmt com-
position, but can produce a significant increase of Ti/(Ti+Fe) of Ilmg. The lines
through bulk and IImfT for slightly different Ti/(Ti+Fe) (mean4A) remain closely
bundled. In contrast, when the high-T sample has a high modal proportion of Ilmgg,
the pivotal point (i.e. sample bulk) is close to IImfIT. Annealing involves a rela-
tively strong shift of Tmt composition towards lower Ti/(Ti+Fe), but only a slight
shift of Ilmgs composition. The gradient of the line through sample bulk and //mfT
changes strongly at only small variations in Ti/(Ti+Fe) of IlmfT (according to the
EMP uncertainties, Ti/(Ti+Fe)+0.005). Large differences in the resulting 0 are the
consequence. This can result in error bars of strongly different sizes for different
samples.

5.3.3 Actual and alleged pitfalls

Oxidation during annealing run  Concerning the annealing method, a critic might
object that the increase in the Ilmgs proportion observed upon annealing could also
be explained by oxidation of the sample, for example as a result of a leaky ampoule
or of insufficient evacuation of the ampoule before annealing (see chapter 2] for
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Fig. 5.8 Effect of sample bulk on phase shifts during annealing and on uncertainties on &, illus-
trated in the triangle Fe-Ti-O. a) Bulk composition close to Tmt results in a strong shift of Ilmg
composition and minor shift of Tmt composition (arrows). b) Lines through bulk and llmgT with
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composition close to Ilmgg results in a small shift of Ilmg, composition and a stronger shift of Tmt
composition. d) Lines through bulk and / lmﬁT with minimum (C3), maximum (C2) and mean (C1)
Ti/(Ti+Fe) ratio spread strongly.
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

experimental details). In fact, oxidation would also produce an increase of Ilmg
proportion. In contrast to vacancy relaxation however, oxidation causes a shift of
both Tmt and Ilmg towards increased Fe-content.

The formation of Fe® during annealing has been observed for some samples that
have been originally synthesised at low fO,. It is a clear evidence that no strong
oxidation could have occurred. Further, [Lattard & Partzsch (2001)) have shown that
sealing in silica glass ampoules ensures closed-system conditions. As the gas vol-
ume within an ampoule is small, the amount of enclosed oxygen is negligible com-
pared to the sample oxygen content, even in case of a weak vacuum. A significant
oxidation is improbable in a leakproof ampoule. Exchange with the surrounding
atmosphere as a result of leakage results in strong oxidation, producing Ilmgs+Psbg
(or even more oxidised assemblages) instead of Tmt+Ilmg. Therefore, as long as
the Tmt+Ilmgg assemblage is maintained during annealing, leakage of the ampoule
can be excluded.

While oxidation can be excluded as principle cause for the annealing exsolu-
tions, we observed that application of the annealing method on samples with oxy-
exsolution features yields an unusually high calculated 6 (Fig. see section[5.3.4]
for presentation and discussion of results). In high-T samples that display oxy-
exsolution features (chapter [3) the oxygen content near the sample surface and along
cracks is higher than in the central sample region. Consequently, the bulk oxygen
content of any annealed fragment is usually higher than assumed from EMP analysis
or image analysis on central sample regions. Samples that display oxy-exsolution
features have not been considered in the presented results.
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© 1300°C Tmt(+limss)

<>1300°C Tmt(+limgs),
displaying oxy-
exsolution features

Fig. 5.9 6 as a function of Tmt composition (Xysp) at 1300°C for samples originally displaying oxy-
exsolution features (empty symbols) compared to samples without oxy-exsolution features (filled
symbols). & derived by method B from bulk of starting material. Error bars according to section

5.3.2

Table 5.1 § calculated for 1300°C samples without oxy-exsolution features (upper part of the
table) compared to & calculated for 1300°C samples with oxy-exsolution features (lower part of the

table).
synthesis Tmt at 1300°C 5*102 (method B)
run no Ti/(Ti+Fe) [at%] Xuysp TTF Rietveld  image
mean (o) starting mixture analysis  analysis
1300°C run products without oxy-exsolution

6F92a 2.86 (06) 0.09 0.5 -0.2 0.2
6F72x2.4  20.92 a1 0.63 -1.1 -0.7
6F72x4.4 2442 (13) 0.73 0.8

6F57x18 30.20 (13) 0.91 3.6 0.0 32
6F63x34 32.01 (04) 0.96 2.7 2.6
6F57x34 32.20 (13) 0.97 33 2.4
61T60x49  33.60 (14) 1.01 5.8 6.3

1300°C run products with oxy-exsolution

6F92x0.15  5.38 (05) 0.16 3.7

6F76x0.5 11.32 (19) 0.34 4.8 4.8
6F80x0.5 11.00 (16) 0.33 5.0 49
6F80x0.75 13.80 (25) 0.41 4.9 4.9
6F72x1.5 18.36 (13) 0.55 6.0 4.1 6.2
6F63x8 27.01 (22) 0.81 9.0 6.7 8.2
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

Elevated Ti and O content due to monomineralic rims As described in chapter
B} many Tmt+Ilmg samples display monomineralic Ilmgs rims. These rims reflect
a shift of the local bulk composition towards higher Ti and O content. Balancing
this shift, the central sample region is slightly poorer in Ti and O. The local bulk
composition varies along the oxy-isobar that reflects synthesis conditions.

A monomineralic rim might cause a slight variation in the bulk Ti/(Ti+Fe) and
oxygen content of different sample fragments, due to a high or low proportion of
the monomineralic rim within the selected fragment. A sufficiently large sample
fragment should have a bulk composition which reflects the overall bulk composi-
tion.

Fig. [5.10| shows that the same increase in oxygen content has smaller effect on
the alleged O, when the oxygen content increases along the oxy-isobar (i.e. due
to monomineralic rims) compared to an increase at constant Ti/(Ti+Fe) (i.e. by
oxidation, e.g. oxy-exsolution).

The effect of concentric variations in bulk composition contributes to the uncer-
tainties on modal proportions and bulk composition of the annealed fragment as
described above. We have not observed any systematic shift of the § value with
presence or increasing proportions of monomineralic rims.

Occurrence of Fe® The evaluation of the annealing experiments according to
methods A and B is restricted to Tmt+Ilmg assemblages in the samples both
before and after annealing. However, at very high Xyqp, a ternary paragenesis
Tmt+Img+Fe® (Fe® present as small blebs) can form from Tmt+Ilmg during an-
nealing.

With decreasing temperature, the stability field for the assemblage
Tmt+Ilmg+Fe® shifts towards increasing Fe-content of both Tmt and Ilmgg (Si-
mons & Woermann|, 1978 Fig. [5.11). While the bulk composition of a sample
synthesised at high T and low fO; plots within the Tmt+Ilmg two-phase field at
synthesis conditions, it may fall into the three phase field Tmt+Ilmg+Fe® at an-
nealing temperature (950 °C). This results in the formation of a ternary assemblage
Tmt+Ilmg+Fe® during annealing of a high-T Tmt+Ilmg sample.

Chemical inhomogeneity of annealed limgg: Grains versus lamellae The IImg;
lamellae and rims observed in annealed samples (section [5.3.4) in many cases have
been too small to be analysed (thickness usually 1 —5pm). When the lamellae
seemed to be big enough, EMP analyses often indicated slightly higher Fe-content
(i.e. lower Ti/(Ti+Fe)) than for Ilmgs grains (Table[5.2). This might not necessarily
represent a true compositional difference, but - due to the small size of the exsolu-
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Fig. 5.10 Overestimation of 6 as a result of a) oxidation of the sample, and b) shift of fragment
Ti/(Ti+Fe) due to monomineralic rims. The difference in oxygen content (AOp,;) is the same in both
cases. The position of the annealing tie-line is known (1). Intersecting with the line for Ti/(Ti+Fe)
of the starting mixture yields the apparent bulk (2). The apparent high-T tie-line and high-T Tmt
coordinates (3) are determined. The black dashed line labelled TTF;,,,»r marks the Ti/(Ti+Fe) ratio

of high-T Tmt.
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Fig. 5.11 Shift of ternary Tmt+Ilmg+Fe® phase field (black dashed lines, thin: 1300°C, thick:
950°C) towards decreased Ti-content with decreasing temperature, schematically illustrated in part
of the triangle Fe-Ti-O. Bulk composition (circle) of a binary high-T synthesis sample (black
squares, thick solid line), plots within the ternary Tmt+Ilmg+Fe® phase field at annealing T.
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

tion features - can result from mixed EMP analyses with the surrounding Fe-richer
Tmt host. Therefore, we generally selected Ilmgs grain compositions for further
calculations.

Table 5.2 Comparison of EMP analyses of Ilmg grains versus EMP analyses on Ilmgs lamellae and
rims

annealing Ilmg grains IImg lamellae and rims A Ti/(Ti+Fe)!
sample n Ti/(Ti+Fe) [at%] n Ti/(Ti+Fe) [at%]
mean (O) mean (O)

1300°C
6F72x2.4D 10 44.19 (16) 3 43.84 (09) 0.35
6F72x4.4D 10 4990 (18) 3 46.81 (13) 3.09
6F57x18D 10 48.16 (23) 5 48.01 (31 0.15
6IT60x49D 10 49.78 (19) 3 4930 (16) 0.48

1200°C
5F63x2.8aD 10 41.61 (31) 4 41.04 (67) 0.57
5F63x33.5D 10 4941 (21) 3 4872 (50) 0.69

Ti/(Ti+Fe)(grains)-Ti/(Ti+Fe)(lamellae and rims)

Stoichiometry or non-stoichiometry at 950°C Annealing at 950°C of a high-
T Tmt+Ilmg assemblage involves a decrease of the vacancy concentration from
the original high-T concentration to the equilibrium value at 950°C. At 950°C
Tmt in equilibrium with [lmgg is expected to be close to stoichiometry (Dieckmann,
1982; Aggarwal & Dieckmann, [2002). For the sake of simplicity, we have neglected
very small vacancy concentrations (< 0.3 cat%) that might potentially be present at

950°C (Fig.[5.2).

5.3.4 Presentation and discussion of the results

Textures Most of the annealed samples synthesised before at 1200°C and
1300°C display Ilmgs exsolution lamellae and rims (usually 1 —5 pum in thickness;
Fig. [5.12). Annealing of samples synthesised before at 1100°C did not produce
Ilmgs exsolution features. Concerning grain size and distribution the textures of the
annealed samples are strongly influenced by the original high-T textures.

Ilmgg lamellae are mostly orientated along sets of (111) planes, showing a trellis-
like texture. Some lamellae are drop-shaped, and thicken towards the grain bound-
ary, where Ilmg forms an irregular rim, sometimes resembling a pearl necklace.
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5.3 The annealing method

6F63x34D

Tmt liImss lamellae
o and rims

Fig. 5.12 BSE picture of a polished cross section of an annealed Tmt+Ilmg sample. Ilmgs (medium
grey) is present as independent crystals, but also as fine exsolution lamellae (arrows) within Tmt
crystals (light grey) and as rims around them.

Annealing under oxygen-conserving conditions produces exsolution features of
Ilmgg in Tmt, but no exsolution features of an oxidised phase (i.e. Psbgs) in Ilmg.
The Ilmgg exsolution features affect the whole sample. In contrast, quench-related
oxy-exsolution is restricted to the sample surface and cracks, and usually produces
both exsolution of Ilmgg in Tmt and of Psbgg in Ilmgg.

0 values derived from the annealing method Tmt in most samples investigated
with the annealing method are Ti-rich (Xysp>0.6). At these high Ti-contents a trend
of increasing 6 with increasing Xusp and temperature has been observed. The max-
imum vacancy concentration is estimated to about 2cat% at 1300°C, and about
Icat% at 1200°C. For 1100°C, results indicate stoichiometry or only slight non-
stoichiometry. At Xysp<0.6, there are only few data points. These data indicate
stoichiometry at all investigated temperatures (i.e. 1100 — 1300°C), however with
only few data points a reliable and detailed interpretation is difficult.

Comparison of 6 values retrieved with methods A and B Both methods indi-

cate increasing non-stoichiometry with increasing Xysp for Ti-rich compositions.
It has been stated above that image analysis and Rietveld analysis yield modal

phase proportions, which may strongly deviate (Table [5.3)). The corresponding &
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

values derived by method A, which is only based on modal proportions, strongly dif-
fer when image analysis or Rietveld analysis were employed (Fig.[5.13] Table[5.4).

In contrast, the & values derived according to method B with image analysis,
Rietveld analysis or the cationic ratio of the starting mixture, are usually in good
agreement (Fig. Table[5.4). & values derived from Rietveld analysis are often
distinctly smaller than those from the other approaches (image analysis, starting
mixture), but the values agree within the uncertainties. Method B is not based on
modal proportions alone, but also relies on phase compositions (i.e. cationic ratio
Ti/(Ti+Fe)), which can be exactly determined by EMP.

In many cases the values from the two methods are in general agreement, but
sometimes method A yields much higher (e.g. samples 6IT60x49, 3IT60IW) or
lower (e.g. sample 3F80x0.4) & values than method B (Table [5.4). Therefore we
favour method B.

For this reason, regarding the absolute values of &, the values according to
method B absolutely have to be preferred.

Table 5.3 Modal proportions M in [mol%] from image and Rietveld analysis.

synthesis high-T Tmt M from image analysis M from Rietveld analysis

run no. Ti/(Ti+Fe) high-T 950°C high-T 950°C
[at%] Tmt Ilmg Tmt IImg Tmt IImg Tmt IImg

synthesis temperature: 1300°C

6F92a 2.86 49.5 50.5 515 485 447 553 464 53.6

6F72x2.4 20.92 57.8 422 603  39.7

6F57x18 30.20 179  82.1 194 80.6 144 85.6 13.1  86.9

6F63x34 32.01 58.1 419 60.2  39.8 459 50.5

6F57x34 32.16 26.0 74.0 227 7173

61T60x49 33.60 60.8 39.2 36.2 63.8

synthesis temperature: 1200°C
F72(f)5 24.85 92.9 7.1 853 147 732 26.8
F69(g)5 28.22 79.2  20.8 88.6 114 747 253

synthesis temperature: 1100°C

3F80x0.4 10.43 36.6 634 51.1 489 38.9 6l1.1 40.7 593
3F69Qe 20.14 374  62.6 39.0 61.0

3F63x16.5 28.52 475 525 399 60.1 46.5 535 40.6 594
3F63x30 29.81 53.8  46.2 477 523 427 573
3IT60IW 32.46 444 55.6 350 65.0 45.0 55.0 152 8438
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Fig. 5.13 a) 0 in high temperature synthesis Tmt (1100°C: blue squares, 1200°C: violet triangles,
1300°C: red rhombs) in coexistence with Ilmg as a function of Xysp, calculated according to method
A described in section b) Enlargement of the area between & * 102=-5 and 5. The increase
of Ilmgg proportion is derived from image analysis (empty symbols) and Rietveld analysis (filled
symbols). Results concerning the same sample are connected by bars or surrounded by an ellipse.
Horizontal dashed lines represent stoichiometry. The error bars are based on an uncertainty on modal
phase abundances of about 5% and have been omitted in picture (b).
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Fig. 5.14 6 of high-T Tmt in Tmt+Ilmgs assemblages, calculated according to method B and plotted
against Tmt composition (Xysp). a) 1300°C (diamonds), b) 1200°C (triangles), and c) 1100°C
(squares). Positive 6 point to cation vacancies, negative 0 point to cation excess. Dashed horizontal

line represents stoichiometric Tmt composition.
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Table 5.4 § from annealing method A and B.

synthesis  Xugp 0 from method A 0 from method B
run no image analysis Rietveld from TTF (B1) image analysis (B1) Rietveld (B2)
(6 £A8) % 107 (6 £A8) x 107 04107 max  min 6107 max  min 5%107 max  min
1300°C
6F92a 0.09 -1.4 153 -1.3 0 14 0.5 38 33 0.2 38 6.0 -0.2 41 59
6F72x2.4 0.63 -1.5 140 -1.1 18 44 -0.7 37 79
6F72x4.4 0.73 0.8 30 17
6F57x18 0.91 29 1ng 3.1 193 3.6 71 10 3.2 72 59 0.0 63 -102
6F63x34 0.96 -1.3 0 14s 2.7 41 12 2.6 41 0.6
6F57x34 0.97 4.4 74 3.3 60 00 2.4 6.0 438
6IT60x49 1.01 13.9 132 5.8 87 26 6.3 92 10
1200°C
5F63x2.8a  0.67 0.3 52 67 0.2 66 206
F72(f)5 0.75 2.8 +34 1.7 27 06 2.0 32 05
F69(g)5 0.85 4.2 144 2.3 33 12 2.5 35 13
5F63x33.5 0.93 2.5 39 10 2.9 38 18
1100°C
3F80x0.4 0.31 -14.1 1383 -1.6 145 -0.1 18 22 0.0 19 26 -0.7 16 33
3F69Qe 0.60 1.5 +64 -1.3 04 32 -4.1 0.5 938
3F63x16.5 0.86 5.6 147 44 136 2.5 40 09 2.3 42 04 2.2 41 o1
3F63x30 0.89 4.0 145 1.2 27 04 1.0 27 14 0.9 29 14
3IT60IW 0.97 7.3 £47 224 129 1.7 34 02 1.5 38 20 0.7 61 73

poyjow Sulfeduue Yy, ¢°¢



5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

5.4 Estimation of Tmt non-stoichiometry from cell dimensions

5.4.1 Principles

Lattice parameters have been derived by Rietveld refinement of X-ray powder pat-
terns of quenched Tmt+Ilmgg, Tmt and Tmt+Wus samples, acquired at room tem-
perature. A difference in cell dimensions at constant cationic ratio Ti/(Ti+Fe) and T
most probably reflects different cat/O ratios in titanomagnetites. Cation distribution
between the octahedral and tetrahedral sites may also affect Tmt lattice parameter
(ap). Equilibrium high-T cation distribution cannot be quenched to room tempera-
ture (O’Neill & Navrotsky, 1984). Consequently, the cation distribution prevailing
in the quenched samples does not reflect the cation distribution at synthesis (or an-
nealing) conditions. Nevertheless, for samples of identical synthesis temperature
and quench rate (i.e. temperature history), of identical X-ray measurement temper-
ature and Ti/(Ti+Fe) ratio, we expect the same cation distribution and consequently
the same lattice parameter, unless there is a difference in non-stoichiometry.

5.4.2 Results

To evaluate Tmt non-stoichiometry on the basis of lattice parameters, results for Tmt
of different temperature series (1100 — 1300°C) and in different parageneses (Tmt,
Tmt+Img, Tmt+Wus) (see Table[5.5) were compared to those for Tmt(+IImy,) an-
nealed at 950°C (Table Fig. [5.15). The latter was assumed to be stoichiomet-
ric. A second order polynomial curve (equation R?=0.99977) was fitted to the
950°C data points.

a9(950°C) = 5.3118% 102« X7, +9.7977 % 10> x Xy, +8.3962  (5.10)

The difference Aag (equation between the 950°C fit (as reference curve)
and measured lattice parameter ap at given Xygp is a measure for relative non-
stoichiometry. A positive Aag (i.e. deviations towards smaller lattice parameters
compared to the reference curve) has been interpreted as pointing to cation defi-
ciency (cation vacancies), a negative Aaq as pointing to cation excess (cation inter-
stitials).

Aay = ap(950°C) — ap(T) (5.11)

The uncertainty on lattice parameter ag was estimated from the o value given
by the Rietveld refinement software and repeated measurements and refinements on
selected samples to be +0.003A.
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5.4 Non-stoichiometry from cell dimensions

Table 5.5 Lattice parameter ag for high-T (1100 — 1300 °C) Tmt in coexistence with Ilmg or Wus,
or single-phase Tmt.

sample ANNO assemblage Ti/(Ti+Fe) [at%] Xuysp ap R value!
mean (o) A %

1300°C
6F97x1.6 0.7 Tmt 2.82 (13) 8.5 8.404 114
6F97x0.15 2.8 Tmt 2.91 (05) 8.7 8.402 11.5
6F92x1.6 0.7 Tmt 7.60 24) 23.4 8423 10.9
6F87x1.6 0.7 Tmt 12.92 (52) 38.7 8.445 11.2
F87(H)6 -0.4 Tmt 13.33 (73) 40.0 8.448 11.6
6F92a 3.4  Tmt+Ilmgg 2.86 (06) 8.6 8.401 10.8
F76(d)6 2.3 Tmt+IImgg 7.61 (13) 22.8 8.418 11.5
6F76x1.6 0.7 Tmt+llmg, 18.66 (1D 56.0 8.466 10.7
F72(f)6 -04 Tmt+llmgg,  25.32 (18) 76.0 8.497 12.5
6F67x8 -0.7 Tmt+llmgg 26.88 (12) 80.6 8.503 12.1
6F63x8 -0.7 Tmt+llmg  27.01 (22) 81.0 8.499 12.3
6F57x18 -1.6  Tmt+llmg  30.19 (09) 90.6 8.513 114
6F63x34a 24  Tmt+llmg  31.89 (19) 957 8.523 12.2
6F63x34 24  Tmt+llmgg  32.09 (10) 96.3 8.525 11.2
6F57x66 -3.5 Tmt+llmgg 34.74 (26) 1042 8.532 12.2
6F87x18 -1.6  Tmt+Wus  12.87 (50) 38.6 8.447 10.8
6F80x34 24 Tmt+Wus  21.09 (15) 63.3 8.486 11.0
6F80x66 -3.5  Tmt+Wus  26.62 24) 799 8513 11.5

1200°C
5F63x2.8 -0.1 Tmt+llmg, 22.01 (11 66.0 8.484 11.2
F72(H)5 -0.7 Tmt+llmg  24.85 21) 746 8.497 10.2
F69(g)5 -1.5 Tmt+llmgg  28.22 17 84.7 8.515 11.4
5F63x33.5 2.6  Tmt+llmgs 31.12 (12) 93.4 8.522 10.9
5F54.5Fex83.5 -4.6 Tmt+llmgg 34.47 (23) 1034 8.534 11.8

1100°C
3F80x0.4 1.5 Tmt+llmg,  10.43 2D 31.3 8433 11.4
3F76Qe 0.0 Tmt+llmg 20.22 (19) 60.7 8.476 11.6
F63(f)3 -0.7 Tmt+llmgg 23.26 (19) 69.8 8.493 13.2
F69(x)3 -0.9 Tmt+llmg 24.69 (21) 74.1 8.498 10.9
F72(x)3 -0.9 Tmt+llmg  24.87 (18) 74.6 8.499 12.0
3F63x16.5 20 Tmt+llmg  28.52 (18) 85.6 8.515 11.8
3F65x30 -2.6  Tmt+llmgs  30.07 (18) 90.2 8.522 12.9
3IT60IW -44  Tmt+llmgg 32.46 (16) 974 8.534 11.5
3F80IW -44  Tmt+Wus  25.94 (16) 77.8 8516 12.0

1) residuum value from GSAS® software (Larsen & von Dreele, 2000).
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

Table 5.6 Lattice parameter a( for Tmt+Ilmg, samples annealed at 950°C.

sample assemblage T [°C]  Ti/(Ti+Fe) [at%] Xusp ag R!
mean (o) Y% A %
6F92aD Tmt+Ilmg 950 2.15 (20) 6.5 8.403 9.3
6F72x1.5D Tmt+Ilmgg 950 12.83 (12) 385 8.441 118
6F63x8D Tmt+Ilmgg 950 19.09 1) 573 8471 129
6F57x18D Tmt+Ilmgg 950 26.08 (56) 782 8505 124
6F57x18D Tmt+Img 950 26.08 (56) 782 8505 124
3F80x0.4D Tmt+Ilmg 950 9.66 09) 290 8429 11.6
3F63x16.5D  Tmt+IImg 950 26.71 (17) 80.1 8509 11.1
3F63x30D Tmt+Ilmgg 950 29.05 (10) 872 8523 114
3IT60IWD Tmt+Ilmgg 950 31.56 (16) 93.0 8.532 126
1) residuum value from GSAS® software (Larsen & von Dreele, 2000).
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Fig. 5.15 a) Tmt lattice parameter (ag [A]) plotted against Xysp for Tmt synthesised or annealed at

different temperatures (symbols). Small black squares represent annealed samples, the black line a
second order polynomial fit to the annealing data. b) Difference Aag [A] between measured ag and

fit to the 950°C data versus Xygp. 1200°C data has been omitted in picture (a).
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5.4 Non-stoichiometry from cell dimensions

For Tmt(+Ilmg) data, Agg increases with increasing temperature and Xy, at
Xusp= 0.7. At Xygp<0.7 virtually no difference can be observed in lattice param-
eter ag for different temperature series at a given cationic ratio. Lattice parame-
ters of Tmt coexisting with IImgg, at 1300°C might be slightly smaller than aq of
Tmt(+Ilmg) annealed at 950°C (corresponding to slightly positive Aap). However,
the observed deviations are within the uncertainties.

The lattice parameters of Tmt in paragenesis with wiistite are larger for all synthe-
sis T (i.e. 1100 and 1300°C) compared to the 950°C reference curve (i.e. negative
Aayg). For the only 1100°C Tmt(+Wus) sample examined, the determined Aag value
is even smaller (i.e. Aap more negative) than those for 1300 °C Tmt(+Waus).

The decrease of Aag observed for all data at Xysp<0.6 is due to the fit to 950°C
data, which for low Xys, is only based on few data points.

5.4.3 Summary and interpretation

Comparison of determined cell dimensions to literature data [Senderov et al.
(1993) have determined Tmt lattice parameters of quenched Tmt, Tmt+Ilmgs and
Tmt+Wus samples, synthesised at 1300°C. Our 1300°C data is in very good agree-
ment with the data of [Senderov et al.| (1993). The lattice parameters for Tmt+Wus
according to Senderov et al. (1993) are slightly higher than ours (lower Aag in
Fig. [5.16)), but they are in agreement within the uncertainties given for our data
(£0.003).

Our data are also in general agreement with the data by Wechsler et al. (1984).
Wechsler et al.| (1984) have determined lattice parameters of Tmt synthesised at
930°C, 1200°C and 1300°C by X-ray diffraction at room temperature. 930°C
samples have been produced in evacuated silica glass tubes. 1350°C samples with
Xusp=0.25, 0.50 and 0.75 display small amounts of wiistite, the sample synthesised
at 1200 °C contains small amounts of Ilmg.

The samples synthesised by Wechsler et al.|(1984) at 1200°C and 1350°C are in
reasonable agreement with our data for Tmt(+1lmgs) and Tmt(+Wus), respectively.
The lattice parameters for 930°C single-phase Tmt of Wechsler et al.| (1984) are
slightly higher than those for 950°C Tmt(+Ilmgs) from the present study, resulting
in slightly lower Aqq (Fig.[5.17). Probably, the single-phase Tmt by Wechsler et al.
(1984), have a slightly higher cation/oxygen ratio than the Tmt(+Ilmgs) samples.
This can be explained by either slight cation excess in the single-phase Tmt by
Wechsler et al.| (1984), or small vacancy concentrations in our 950°C samples. The
deviation could also be explained when the [Wechsler et al.| (1984) data would be
slightly richer in titanium than assumed. However, there is no evidence for this. At
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last, the uncertainties on the data points and possible systematic deviations between

the laboratories have to be considered.
For one data point, Wechsler ef al.| (1984) determined the lattice parameter at
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5.4 Non-stoichiometry from cell dimensions

TTK. ayg is significantly lower than for room temperature data at identical Xuysp.
This most probably shows the influence of cation distribution on lattice parameters.

Non-stoichiometry from cell dimensions In accordance with the study by
Senderov et al.| (1993), the lattice parameters observed within this study for Tmt
in coexistence with Ilmgs at Xysp<0.7 and T> 1100°C are in agreement with or
only slightly different to the 950°C data. At Xysp>0.7, Aag increases with increas-
ing T and fO,. Assuming 950°C Tmt(+Ilmg) to be stoichiometric, this suggests
stoichiometry or small vacancy concentrations for Tmt(+Ilmg) for all temperatures
at Xysp<0.7 and increasing cation vacancy concentration with temperature and Xy
towards Ti-rich compositions. The negative Aag for Tmt(+Wus) may point to cation
excess. Compared to the 1300°C Tmt(+Wus), the single data point available for
Tmt(+Wus) at 1100°C could indicate increasing concentration of cation interstitials
with decreasing temperature (ao(1100) > ap(1300) at Xysp~0.8), which would be
in contradiction to Aggarwal & Dieckmann| (2002).

By interpreting the observed Aag versus Xys), for different temperatures, it has to
be considered that for different Xy, the same Aag might correspond to different 6.
The distribution of ferric and ferrous iron between octahedral and tetrahedral sites
changes during quenching by transfer of electrons between the iron cations. In con-
trast, the distribution of Ti and cation vacancies (both are essentially considered to
be on the octahedral sites) probably cannot change during the rapid quenching pro-
cess. Consequently, it is conceivable that at low Xysp (i.e. high Fe-content, vacancy
formation probably by substitution 3Fe>* « 2Fe3* 4 [0), the cation distribution
might easily adapt to the decreased temperature in order to minimize the effect of
cation vacancies on cell dimension. At high Xyg, however, only small amounts of
Fe3* are left and thus the capability of the cation distribution to balance the effect
of cation vacancies might be limited. This might possibly result in higher Aag for
given § at high Xysp.

For the derivation of an empiric, quantitative correlation between ag and 8, both
0 (e.g. from annealing method or EELS) and ag have to be known for sufficient
data points. Up to now, this is not possible. An expansion of the data set would be
required (determination of non-stoichiometry for Tmt of known aq by alternative
methods).
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

5.5 Estimation of Tmt non-stoichiometry (0) by a combination of
EELS and EMP analyses

5.5.1 Principles and measurement

8 can be calculated from Fe3+ /XFe and Ti/(Ti+Fe) of titanomagnetite (described in

section[3.2] see formula and equation [5.13).

<Fe3+ Fe2+

-4
f(1-x) (l—f)(l—x)T1x+> U504 (5.12)

(3-9)

8
0=3 fl—x)+2(1+x) (5-13)

Ti/(Ti+Fe) of Tmt is known for all samples from EMP analysis. For selected
samples, Fe’* /XFe was determined by electron energy-loss spectroscopy (EELS)
at a TEM. The EELS measurements were carried out at the Technische Universitét
Darmstadt in cooperation with Peter van Aken.

Electron energy-loss spectroscopy (EELS) evaluates the energy-loss of a highly
focussed electron beam that has passed through the investigated sample. The
energy-loss is due to inelastic scattering of electrons. Electron energy-loss spec-
tra carry information on chemical composition, the chemical bond, coordination
and valence state (van Aken et al.,[1998; [van Aken, 2002).

The Fe L, 3-edges of minerals are characterised by two white-line features and
exhibit electron energy-loss near-edge structure (ELNES), characteristic of the Fe
valence state. For divalent iron, the Fe L3-edge is dominated by a sharp peak (white
line) at about 707.8eV, followed by a broader maximum at about 710.5eV with
smaller intensity. The Fe L3;-ELNES spectra of trivalent iron consist of a white line
with an absolute maximum at about 709.5eV and a preceding maximum of smaller
intensity at about 708.0eV. The ratio of the white line intensities for ferric and
ferrous iron can be used to estimate Fe3* /XFe (van Aken ef al.,|1998; |van Aken &
Liebscher, [2002).

EELS measurements have been carried out on a Philips CM12 transmission elec-
tron microscope (operating at 120 kV), using a Gatan DigiPEELS 766 parallel elec-
tron spectrometer. The TEM is equipped with a LaBg cathode with an energy spread
defined as full width at half maximum height of the zero-loss peak of about 0.7eV.

On each investigated sample, three to four EEL spectra were recorded. Spectra
were corrected for dark current and channel-to-channel gain variation of the detec-
tor. The background intensity, extrapolated from the pre-edge region by an inverse
power law relationship, was subtracted. To describe the spectral features, Gaussian
functions have been fitted to the acquired spectra.
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5.5 Non-stoichiometry from EELS

Fe3* /LFe was determined by comparing the acquired spectra to standard spectra
of samples of known Fe* /LFe and by applying the intensity ratio I(L3)/I(L;) to
a universal curve (integral intensity ratio versus Fe3t /XFe,|van Aken et al., |1998)).
The uncertainty on Fe3* /Fe is about +0.04.

5.5.2 Sample selection and preparation

Samples with various Xy, and different expected 0 (i.e. with Tmt in different as-
semblages: Tmt, Tmt+IImg, Tmt+Wus, Tmt+Fe®) have been examined by EELS
analysis at the transmission electron microscope. Because the results of the an-
nealing experiments and lattice parameter determination suggested higher vacancy
concentrations in Tmt with Xy, >0.7, we have focussed EELS examination on Ti-
rich compositions (at Xysp>0.7). TEM samples have been prepared by

* crushing sample fragments between glass plates, or
* ion thinning of cuts of thin sections, or
* cutting a thin foil with the FIB technique (see chapter [2)).

The FIB technique provides the best samples, as one specific grain can be selected
for analysis, and its position within the sample pellet is known. Further, the FIB
foils are of constant thickness (<100nm), which is adequate for EELS analysis.

5.5.3 Pitfalls

We observed significant differences between measured Fe** /XFe ratios (and con-
sequently calculated &) for different analysis points within sample 6F80x66 that
has been prepared by crushing a sample pellet fragment between glass plates (Ta-
ble . Such differences in measured Fe3* /ZFe have also been observed for two
analysed fragments of sample 6F57x18D.

Different Fe>* /XFe values may point to different non-stoichiometry or to an in-
homogeneity in Ti/(Ti+Fe). Assuming constant non-stoichiometry (i.e. 8), higher
Fe3* /LFe corresponds to lower Ti/(Ti+Fe) and vice versa.

Sample 6F80x66 displays a monomineralic Tmt rim around a central Tmt+Wus
assemblage. Tmt in the rim might potentially be richer in Ti compared to Tmt in
the central Tmt+Waus region. As Tmt in the rim is considered to be single-phase, it
may also display higher oxygen/cation ratios (i.e. higher ) compared to the central
Tmt(+Wus) (compare chapter 1] section[I.2).
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

Table 5.7 Fe3* /Fe determined by EELS analysis on four crushed fragments (1-4) and one
analysis point on a FIB foil (5), on sample 6F80x66 (Xys,=0.80, according to EMP). 0 calculated
according to equation [5.13|from Ti/(Ti+Fe) and Fe’* /ZFe.

no Fe’t/IFe AFet/fFe@ §x102 A8 102

% %
1 13 4 -4.4 3.6
2 19 4 0.6 34
3 20 4 1.4 34
4 30 4 94 3.2
5 18 3 -0.2 3.5 FIB foil

a) uncertainty on Fe** /ZFe
b) uncertainty on & * 102, calculated by error propagation

Assuming Tmt stoichiometry, Xygp=0.80 (measured by EMP in central
Tmt+Wus) region correlates to Fe>* /EFe of about 18%. This is in agreement
with the results on fragments 2 and 3 (Table[5.7).

Sample fragment 1 however, yields Fe** /XFe=13%. Assuming Tmt stoichiom-
etry, this corresponds to Xysp about 0.86. Fragment 1 might originate from the
monomineralic sample rim and be Ti-richer than Tmt in the central sample region.
Alternatively, the low Fe?* /XFe ratio of 13 % in sample fragment 1 could also be
explained by Tmt with about 1.5 % cation interstitials (based on Xys,=0.80, accord-
ing to EMP analysis).

The high Fe3* /LFe of 30% determined for fragment 4 could potentially corre-
spond to a stoichiometric Tmt with low Xy, of about 0.65. EMP analysis does
not provide any evidence for Tmt with Xyg,=0.65 in sample 6F80x66. Further, a
Fe3* /XFe ratio of 30% can be due to Tmt with Xusp=0.80 and about 3 % cation
vacancies, or to a Ti-rich and non-stoichiometric Tmt rim, e.g. Xysp=0.86 and >4 %
cation vacancies.

To summarise, EELS analysis on crushed sample fragments yielded different
Fe3* /LFe within one samples but for different fragments. The cause for these
differenced could not be conclusively determined, as the original position of the
fragments within the samples is unknown.

For this reason, FIB foils (exact selection of the analysed crystal) or at least ion
thinned samples (selection of the analysed sample region) have to be preferred over
crushed sample fragments. On the FIB foils, three to four electron energy-loss
spectra have been acquired on each foil and indicate a homogenous composition of
the grains.
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5.5 Non-stoichiometry from EELS

5.5.4 Results

Comparison of electron energy-loss spectra Spectra of Tmt with identi-
cal Ti/(Ti+Fe) but in different assemblages (Tmt+Ilmg versus Tmt+Wus, and
Tmt+Ilmgg versus Tmt+Fe®) show significant differences in intensities at the abso-
lute maxima for ferrous and ferric iron (Fig. [5.I8). The spectra for Tmt coexisting
with Ilmgs show lower intensities at the Fe?* maximum and slightly higher intensi-
ties at the Fe3* maximum compared to the spectra for Tmt(+Wus) and Tmt(+Fe®).
This indicates higher Fe3t /XFe ratio for Tmt(+Ilmgs), which at identical Ti/(Ti+Fe)
corresponds to higher 8.

The difference between Tmt(+IImgs) and Tmt(+Wus) or Tmt(+Fe®) can be clearly
observed in the spectra, but calculated Fe*>* /XFe ratios differ by only about 1%
absolute. Absolute values for Fe’* /ZFe thus agree within the uncertainties (about
+4%).

Fe LELNES

—— Tmt+Fe® Fe3+/ZFe=0.09
—— Tmt+limss Fe3+/ZFe=0.10
—— Tmt+Wus Fe3+/ZFe=0.18
—— Tmt+limss Fe3+/ZFe=0.19

normalised intensity (arbitrary units)

o
|

Fe? Fe**

o

vl b by b b )y

704 706 708 710 712 714
enerly-loss AE (eV)

Fig. 5.18 Fe L; ELNES-spectra from two pairs of samples with comparable Ti/(Ti+Fe) (upper
pair: Xygp=0.91, lower pair: Xysp=0.80-0.81) but Tmt in different assemblages (Tmt+IImygs: blue;
Tmt+Wus: pink, Tmt+Fe°: red). Arrows indicate positions of absolute maxima of Fe3t (red arrow)
and Fe?* (green arrow).
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

8 calculated from Fe’* /“Fe and Ti/(Ti+Fe) Fig. shows & values derived
from Fe’* /LFe ratios (see Table . The uncertainty bars on § arise from er-
ror propagation of uncertainties on Fe3t /EFe (£0.04, i.e. 4%), and Ti/(Ti+Fe)
(£0.005, 1.e. 0.5%; from EMP analysis).

Tmt in coexistence with Ilmg show clearly higher 6 than those in coexistence
with Wus or metallic iron, pointing to vacancy concentrations of about 1 to 2cat%
at 1300°C for Tmt(+Ilmg). However, the values agree within the uncertainties
calculated for 6. The & values for Tmt in coexistence with Wus or Fe® suggest
stoichiometric compositions, but are also in agreement with slight cation excess,
i.e. cation interstitials (especially Tmt+Wus 6F80x66, §*10°=-0.2).

1300°C
¢ FIB A FIB, Tmt(+Wus)
&> ion thinned Tmt(+limss) m FIB, Tmt(+Fe°)
¢ crushed fragments QO ion thinned, Tmt
10 5 °
' a) b) 1300°C FIB
3 L
5 L
N N
=) =] *
| SINARN *
%=} | ’ o)
N SRR IR R R e e .-
[ 1
'5 _3 L
0.0 0.5 1.0 0.75 0.85 0.95
XUsp XUsp

Fig. 5.19 a) 6 from EELS versus Xygp, b) close-up on samples prepared with the FIB technique.
Dashed horizontal lines represent Tmt stoichiometry.

136



LET

Table 5.8 Fe’* /YFe and resulting 8 for Tmt in different assemblages, synthesised at 1300°C.

sample assemblage sample Tmt Ti/(Ti+Fe) [at%] Xusp Fe3t AFSt  §x102 A8 *10%@
preparation mean (O) YFe YFe
Tmt+Wus
6F80x66  Tmt+Wus FIB 26.62 (24) 0.80 0.18 0.04 -0.2 3.5
Tmt+Fe°
6F80x81  Tmt+Fe® FIB 30.17 (25) 091 0.09 0.04 0.0 33
single-phase Tmt
6F92x1.6 Tmt ion thinned  7.60 (24) 0.23 0.56 0.04 0.3 4.2
Tmt+Ilmgg
6F63x8 Tmt+Imgg crushed 27.01 (22) 0.81 0.20 0.04 2.2 34
6F63x8 Tmt+Imgg FIB 27.01 (22) 0.81 0.19 0.04 1.4 34
6F57x18  Tmt+Ilmg FIB 30.20 (20) 091 0.10 0.04 0.8 3.3
6F57x66  Tmt+Ilmg  ion thinned 34.39 (17) 1.03  0.00 0.04 2.4 3.1

a) uncertainty on & * 102, calculated by error propagation
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

5.6 Discussion

5.6.1 Summary of annealing method results, lattice parameter data and EELS
data from the present study

For Xysp= 0.7, the different approaches applied within this study concordantly indi-
cate an increasing amount of non-stoichiometry (cation vacancies) with increasing
Xusp and temperature for Tmt coexisting with Ilmygg.

Based on our investigations, Tmt(+Ilmyg;) is stoichiometric within uncertainties at
Xuysp<0.7 for all examined temperatures (Fig. . However, small concentrations
of cation vacancies cannot be excluded (compare sections[5.3.3|and [5.4.2)).

From lattice parameter data it follows that Tmt in equilibrium with wiistite at
1300°C probably has cation excess (Fig.[5.20). The results from EEL spectroscopy
support only small concentrations of cation interstitials.

Fig. schematically shows the trend for non-stoichiometry vs. Xysgp for
1100°C and 1300°C, summarised from the annealing method, lattice parameter
determination and EELS. The 1200°C data have been omitted but describe a trend
intermediate between the 1100 °C and 1300 °C data. At 1200°C and 1300 °C a max-
imum vacancy concentration of 1 resp. 2cat% is expected near Usp endmember.

- === 1300°C Tmt(+Wus)
- mmm 1300°C Tmt(+limgg)

1100°C Tmt(+limss)

cation
vacancies

r — - stoichiometry
L cation
-2 I 1 1 1 1 I 1 ! ) ) interstitials

Fig. 5.20 6 versus Xysp for 1100°C (grey) and 1300°C (black), for Tmt in coexistence with Tlmg,
(thick solid lines) and 1300°C Tmt(+Wus) (black dashed line). The thin black dashed line indicates
the composition of stoichiometric Tmt.
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5.6 Discussion

5.6.2 Comparison with literature

Comparison to Senderov et al.| (1993) The results by Senderov et al.| (1993)
from EMP oxygen analysis could partly be reproduced by alternative methods (an-
nealing method, EELS) within the present study: For 1300 °C both studies suggest
nearly stoichiometric Tmt compositions at low Xysp, and up to about 2 % cation
vacancies near ulvospinel endmember (Fig. [5.21). However, based on the data by
Senderov et al.| (1993) no clear 5—XUsp trend can be derived for intermediate Tmt
compositions, as there are no & values for Tmt in coexistence with ilmeniteg for
0.06<Xysp<0.72. Further, the single-phase Tmt data by Senderov et al.| (1993) are
inconsistent with their Tmt(+Ilmg) data, and as they suggest significant vacancy
concentration also at intermediate Xygp contradict our data.

Aggarwal & Dieckmann| (2002)) have argued that the large uncertainties of oxy-
gen measurement with electron microprobe are the reason for the contradictions
between [Senderov ef al| (1993)) and |Aggarwal & Dieckmann| (2002)) (chapter [}
section @) However this has to be doubted, as there is basic agreement between
our data - which is not based on EMP oxygen analysis - and that of Senderov et al.
(1993)). Nevertheless, the large uncertainties of EMP oxygen analysis might cause
the inconsistencies within the work of Senderov et al.|(1993).

- 1300°C & i

cation
vacancies

&> $93 Tmt
O S93 Tmt(+limgs)

r — - stoichiometry
cation

interstitials

0.0 0.5 1.0
XUsp

Fig. 5.21 Comparison of this study’s data (summarised by dashed and solid lines) to the data of
Senderov et al.|(1993) (symbols, S93) in a plot of & versus Xy, for quenched products of runs at
1300°C.

Comparison to|Aggarwal & Dieckmann (2002) Comparing our data to the work
of Aggarwal & Dieckmann| (2002), we have to be aware that |Aggarwal & Dieck-
mann| (2002) have carried out thermogravimetric in-situ examinations, whereas
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

within this study, we exclusively investigated guenched samples. We observe severe
discrepancies, concerning both trend and absolute values. In contradiction to our re-
sults, |Aggarwal & Dieckmann! (2002) report slightly decreasing non-stoichiometry
with increasing Xusp (Fig. [5.22). At 1100°C and Xysp=0.3 and 0.6, [Aggarwal &
Dieckmann| (2002) give about & 102=1.2, whereas at 1100°C and Xusp<0.7, the
data points available from the present study do not provide any clear evidence for
significant non-stoichiometry. Nevertheless, there is good agreement for single data
points, e.g. 1300°C, Xygp=0.75.

: 1300°C _ === Tmt(+Wus) this
) study

m Tmit(+lImgg

< A&DO2 Smax
A A&DO2 Smin

cation
vacancies

r — - stoichiometry
o - cation
2 IR R T TR NN NN N R N interstitials

0.0 0.5 1.0
XUsp

Fig. 5.22 Comparison of this study’s data at 1300°C (summarised by dashed and solid lines) to the
data of Aggarwal & Dieckmann| (2002) (symbols, A&D02) in a plot of & versus Xysp.

Concerning titanomagnetite in coexistence with wiistite, Aggarwal & Dieck-
mann| (2002) report only negligible cation excess (8 * 10> = —0.02 at Xusp=0.75,
1300°C), which is in agreement with the amount of non-stoichiometry we suggest
from EEL spectroscopy (8 * 10> = —0.2042.4 at Xusp=0.80, 1300°C).

Aggarwal & Dieckmann (2002) state that on crossing the upper fO, stability
limit of Tmt, they record a large mass change due to the oxidation of Tmt to
Ilmg. However, the authors do not report a check for phase purity (for example
by X-ray diffraction) in situ or after the experiment. At 1300°C and Xyg,=0.33
and Xysp=0.67 the phase boundary according to |Aggarwal & Dieckmann| (2002)
is shifted towards higher fO, compared to our data (chapter [d)). Therefore, alleged
single-phase Tmt according to Aggarwal & Dieckmann| (2002)) might actually con-
sist of Tmt plus small amounts of Ilmg. As the oxygen content of Ilmgg is signifi-
cantly higher than that of Tmt, neglecting Ilmgs should result in an overestimation
of Tmt non-stoichiometry.
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5.7 Conclusion

While |Aggarwal & Dieckmann| (2002)) have applied in-situ measurements to
quantify Tmt non-stoichiometry, the examinations of the present study (and also the
investigation of [Senderov et al.| (1993)) are carried out on quenched samples. The
concentration of cation interstitials or cation vacancies might potentially change
during the quenching procedure, i.e. high-T cation vacancy concentration might
not be quenchable.

In fact, the high-T cation distribution of Tmt cannot be quenched to room tem-
perature (e.g. O’Neill & Navrotsky, |1984). However, whereas the change of cation
distribution during quenching is basically the transfer of electrons between ferric
and ferrous iron (section [[.2) at constant Ti/(Ti+Fe) and cation/oxygen ratios of
the Tmt, a change in non-stoichiometry involves a change in Tmt composition (i.e.
oxygen content).

Cation vacant Tmt might become unstable during quenching in favour of the
paragenesis stoichiometric Tmt+Ilmg. This should result in the formation of Ilmgg
exsolution features over the complete sample due to an increase of the amount of
IImgs. However, this has not been observed.

Theoretically it could also be assumed that upon quenching non-stoichiometric
Tmt transforms into stoichiometric Tmt at constant Ti/(Ti+Fe) by releasing oxy-
gen ((Fe(;_y)Tix)(3-5)04 — (Fe(;_y)Tix)304 +y0). However, from our knowledge
of phase relations in the system Fe-Ti-O we would rather expect the formation of
stoichiometric Tmt + ilmeniteg (see above).

5.7 Conclusion

According to the results of the present study Tmt can incorporate up to 2cat% va-
cancies at high T (i.e. 1300°C) and Ti-rich compositions. At temperatures relevant
for nature (<1100°C), Tmt can be assumed to be stoichiometric.

Tmt non-stoichiometry in the simple system Fe-Ti-O was assumed to be respon-
sible for the deviation between experimental Tmt compositions according to this
study, and Tmt compositions estimated from thermo-oxybarometer models at low
fO7 and high T (chapter ). In fact, significant cation vacancy concentrations could
be verified within the present chapter. Thus, based on our results we recommend
to incorporate Tmt non-stoichiometry into new versions of the Tmt-Ilmg thermo-
oxybarometer.

However, the data set provided within this study is focussed on high Ti contents
and is contradictory to literature data. The fact that we work on quenched sam-
ples while other authors (e.g. Aggarwal & Dieckmann, [2002)) have worked in situ,
limits the comparability between the results. Yet we do not see how this could ex-
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5 High-T non-stoichiometry in magnetite-ulvospinel solid solution

plain the observed discrepancies. Nevertheless, an in-situ investigation (e.g. in-situ
thermogravimetry) using our samples and involving careful (X-ray and SEM) inves-
tigations after and as far as possible during the experiment could help to understand
and desirably to finally resolve the remaining contradictions.

To complete the knowledge on Tmt non-stoichiometry a more detailed investi-
gation at Xysp<0.7 and the application of further methods would be worthwhile.
Lattice parameter determination with synchrotron radiation can potentially provide
information on Tmt cation site occupancy. Cation site occupancy and Fe3* /ZFe
ratio can also be investigated by Mossbauer spectroscopy. Further EELS examina-
tions on our samples covering a broader range in temperature and composition are
expected to be enlightening (i.e. EELS on Tmt(+Ilmg) and Tmt(+Wus) FIB sam-
ples with identical Xysp). Another approach is the simultaneous determination of
Fe3* /LFe and Ti/(Ti+Fe) by the electron microprobe. However, all these spectro-
scopic methods might be spoiled by electron hopping, especially for Fe-rich Tmts.

Oxygen analysis with the electron microprobe remains a promising method to
investigate Tmt non-stoichiometry. The absolute value of the oxygen concentration
of Tmt, or the difference in oxygen content between two selected samples can be
determined.

With respect to thermo-oxybarometry, it is of major interest, how the small
amounts of Al, Mg, Mn, etc contained in natural Tmt influence non-stoichiometry.
The effect of minor elements can be significant (for Cr: [Lattard, |1995). The fol-
lowing chapter will consider the effect of minor elements of Fe-Ti oxide phase
relations, and - for few selected samples - attempt to investigate the effect on Tmt
non-stoichiometry.
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6 Influence of minor element contents of Mg and Al
on Fe-Ti oxide phase compositions, phase relations
and non-stoichiometry

6.1 Introduction: minor element contents in Fe-Ti oxides

Fe-Ti oxides are important accessory minerals in many igneous and metamorphic
rocks of the Earth’s crust, in the Earth’s mantle, as well as in lunar and martian rocks
(see chapter [I] section [I.T] and chapter ). In these natural occurrences, the Fe-Ti
oxides usually incorporate small amounts (up to some weight per cent) of magne-
sium (Mg) and aluminium (Al) and < 1 wt% of minor elements, such as manganese
(Mn), chromium (Cr), niobium (Nb), and vanadium (V).

To investigate phase relations and non-stoichiometry of Fe-Ti oxides, we have in
a first stage carried out experiments in the simple system Fe-Ti-O (chapters [4] and
). The simplicity of this three-component system allows a straightforward inves-
tigation of the principle properties of the Fe-Ti oxides. However, even the small
amounts of minor elements that occur in natural rocks can influence Fe-Ti oxide
behaviour. Therefore, additional experiments have been carried out in the systems
Fe-Ti-Mg-O, Fe-Ti-Al-O and Fe-Ti-Mg-AlI-O to approach natural compositions.

Coexisting Tmt and Ilmg (both natural and synthetic) from selected publica-
tions (Table [6.I) have been examined regarding their MgO and Al,O3 contents
(Fig. [6.1). The data selection comprises volcanic and intrusive rocks of the Earth,
as well as martian meterorites (martian basalts), equilibrated at different tempera-
tures (Table [6.1). The Mg and Al contents observed in the literature data range up
to 6wt% MgO in Ilmg and 4 wt% MgO in Tmt. The Al,O3 content in Ilmgg is usu-
ally <0.8wt%. In Tmt, the Al,O3 content usually ranges between 1 and 3.5 wt%.
Though equilibration temperatures are generally significantly lower (cf. Table [6.]]
and Table [6.2)) than the experimental temperatures applied in the present study (see
below), the literature data can serve as a basis to select reasonable MgO and Al,O3
contents in the synthetic starting mixtures.
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Fig. 6.1 a) Al,0O3 and b) MgO contents (in weight percent) in Ilmgg versus coexisting Tmt, in natural
and synthetic samples from literature (Table[6.T)).

Table 6.1 Selected literature on Mg-Al bearing Tmt+I1mgg.

authors origin composition, rock T! [°C] ANNO!
Toplis & Carroll| (1995)  synthetic ferrobasalt? 1050-1100 -1.6 to +0.3
Scaillet & Evans|(1999) synthetic dacite? 770-870 0.0 to +2.7
Carmichael (1967) various origins salic volcanic rocks ~ 800-1000

Anderson| (1968 Quebec magnetite deposit 750-850

Herd ef al.|(2001 martian meteorites  basalt 700-800 -4.0to-1.0
McEnroe et al.|(2001 Norway norite 500-550  -2.7to +5.0

1) experimental or estimated equilibration conditions
2) synthetic glass powder of ferrobasaltic composition
3) from Mt. Pinatubo
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6.2 Experimental and analytical approach

6.2 Experimental and analytical approach

To synthesise Mg-Al bearing Fe-Ti oxide assemblages, which resemble nat-
ural compositions, TiO,+Fe,03+Fe°+MgO, TiO;+Fe,03+Fe°+Al,O3 and
TiO,+Fe 03 +Fe°+MgO+Al, O3 starting mixtures have been prepared and equi-
librated following the procedures described in chapter 2] The majority of the
mixtures have been prepared with about 2wt% of minor element oxides, i.e. either
2wt% MgO or Al,O3 for the systems Fe-Ti-Al-O and Fe-Ti-Mg-O, and about
1wt% MgO plus 1wt% Al,O3 for the system Fe-Ti-Mg-Al-O. Further, two start-
ing mixtures with higher contents have been prepared (3.1 wt% MgO for system
Fe-Ti-Mg-0, 4.3 wt% Al,0O3 for system Fe-Ti-Al-O).

The experiments have been restricted to temperatures of 1100°C and above
(1100 — 1300°C), and intermediate to low fO, (NNO-5 to NNO+1). The syntheses
were essentially intended to produce Tmt+Ilmg, assemblages, but other parageneses
(mainly Ilmg+Psbgs and the ternary paragenesis Tmt+Ilmg+Psbgs) have also been
synthesised. The run products have been characterised by X-ray powder diffraction
and the SEM, and analysed with the EMP.

To investigate non-stoichiometry of Mg-Al bearing Tmt, three selected 1300°C
Tmt+Ilmgs samples have been annealed under oxygen conserving conditions at
950°C in order to induce vacancy relaxation (see chapter [2| and especially chapter
B). The phase proportions of Tmt and Ilmg in annealed and corresponding high-T
synthesis samples have been determined by image analysis.

6.3 Phase relations in the system Fe-Ti-Mg-AIl-O

The phase relations in the simple system Fe-Ti-O have been discussed in chapters|I]
(section and ] The amounts of Mg and Al added to the starting materials are
small (about 1.0 —3.1wt% MgO, 1.0 —4.3wt% Al>,O3 in bulk), and just like for
the Fe-Ti-O system, we mainly obtained binary Tmt+Ilmgs and [lmg+Psbgg assem-
blages.

In the simple system Fe-Ti-O, Tmt and Ilmgg can be treated as binary solid solu-
tions between the endmembers magnetite and ulvospinel, and hematite and ilmenite,
respectively. The incorporation of minor amounts of Mg and Al creates supplemen-
tary endmembers (e.g. in case of Ilmg: MgTiO3 and Al,O3).

It is well-known that Mg-titanates form continuous solid solution towards ferrous
titanates at high T (Johnson et al., |1971, review in [Lindsley, [1991), for example
between MgTiO3 and FeTiO3. Between MgTiO3 and Fe,Os3 there is a miscibility
gap, but at temperatures relevant for the present study, Fe;O3 can incorporate more
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6 Influence of minor element contents of Mg and Al

than 40mol% MgTiO3 (Woermann et al.l 1969, |1970; [Pownceby & Fisher-White),
1999).

In contrast, there are broad miscibility gaps between the Al-bearing endmem-
bers and the Fe-Ti oxide phases (Muan & Gee, 1956; [Turnock & Eugster, 1962
Muan et al., |1972), especially between Al;O3 and Fe;O3, and Al,O3 and FeTiO3
(Fig.[6.2). This results in the formation of the ternary paragenesis Tmt+IImg+Psbgs,
and the binary assemblage Tmt+Psbg for sufficiently high bulk Al contents.

TiO2

a b .
) ) FeTi,O5
wi% limgg+Psbgg
FeTizOs 1300°C
FeTiO,
FeTiO3
Tmt+
Al,TiOs limgs+Psbgs
Fe,TiOy
Fe,TiO Tmts
Hcgs+Psbgg
FeO FeAl,O,4 Al>O3 after Muan et al. 1972

Fig. 6.2 a) Phase relations in the system FeO-Al,O3-TiO, at 1300°C in contact with metallic iron
according toMuan et al.|(1972), Fig. 1. Single-phase fields are black, two-phase fields grey, ternary
fields white. b) Enlargement of the Al-poor part of the system.

Within this study, a ternary paragenesis Tmt+Ilmgg+Psbgg has been synthesised in
the system Fe-Ti-Al-O at 1200°C and 1300°C (Fig. [6.3). The phase compositions
presented in Fig. [6.3] are projected from the Fe,O3 apex onto the FeO-Al,03-TiO;
plane, whereby FeO and Fe;Os3 are derived from mineral formula calculation as-
suming stoichiometry of the phases.

At 1100°C we have only produced two data points in the system Fe-Ti-Al-O,
both yielding Tmt+Ilmg assemblages. In the system Fe-Ti-Al-Mg-O, only binary
assemblages (Tmt+Ilmgg, Ilmg+Psbgs) have been observed. This can be ascribed to
the small amounts of Mg and Al present in the sample bulk.

In the ternary paragenesis Tmt+Ilmg+Psbgg, the concentration of Al in Ilmg cor-
responds to the maximum solubility at synthesis conditions (compare Fig.[6.2). For
other parageneses and concerning Mg, maximum solubilities for Mg and Al at syn-
thesis conditions were not reached.
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6.3 Phase relations

TiO2 ,

FeO

Fe-O3

TiO2

FeO

Al>O3

Fig. 6.3 Phase compositions in samples synthesised within this study at 1200°C in the system
Fe-Ti-Al-O, projected onto the FeO-Al,03-TiO; triangle. a) Enlargement of the triangle near the
FeO-TiO; join. Small empty circles represent phase compositions, connected by solid tie-lines.
Sample names are denoted next to the tie-lines. b) Compositions of the phases (exemplified by black
circle) are projected from the Fe, O3 apex onto the FeO-Al,03-TiO, plane as schematised.
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6 Influence of minor element contents of Mg and Al

6.4 Phase compositions in the system Fe-Ti-Mg-Al-O

As in the simple system Fe-Ti-O, the distribution of Fe and Ti in coexisting phases
in the system Fe-Ti-Mg-Al-O is a function of oxygen fugacity and temperature. In
both phases, the Ti content increases with decreasing fO;. In Tmt, a slight increase
of the Ti content with increasing temperature can be observed. The phase composi-
tions of the synthesised phases are listed in appendix |A.3

6.4.1 Mg- and Al-contents of the Fe-Ti oxide phases

Al-content In accordance with the phase relations established by Muan et al.
(1972, Fig. [6.2)), in the run products synthesised in the present study, aluminium
partitions preferentially into Tmt, followed by Psbg and Ilmg.

In the system Fe-Ti-Al-O at 1200°C and 1300°C, Ilmgg in the ternary assemblage
Tmt+IImgs+Psbgs has a maximum Al,O3 content of about 1.0 — 1.3 wt% (Fig.[6.4p).
This maximum solubility is within the examined conditions (NNO-4 to +1) inde-
pendent of the oxygen fugacity (Fig.[6.4b). At 1100°C the highest observed Al,O3
content in IImg is about 0.6 wt% (Ilmgg in equilibrium with Tmt). The low Al;O3
content of Ilmg in the synthetic samples comes along with relatively high Al,O3
contents in coexisting Tmt (about 8 — 12 wt% Al,03), and Psbgs (3 —5Swt% Al,O3).

The Al,O3 contents in the phases in the system Fe-Ti-Mg-Al-O are lower, due to
lower Al,O3 content in the starting material.

Fig.[6.5]shows the distribution of Al (in wt% Al,O3) between Tmt and coexisting
[lmgg in Tmt+1Imgg and also Tmt+IImg+Psbgg assemblages. As stated above, Al par-
titions preferably in Tmt, a feature which is enhanced with decreasing temperature
(increasingly flat trends with decreasing temperature in Fig. [6.5)).

Mg-content At the investigated temperatures and oxygen fugacities, Mg parti-
tions preferably in Ilmgg (up to 3.4wt%), followed by Tmt (up to 2.7 — 3.1 wt%)
and Psbgs (up to 1.4wt%) (Fig. [6.6). The MgO content of both Ilmgs and Psbg is
practically independent of temperature. With increasing temperature, the highest
observed MgO content in Tmt increases only very slightly.

The experimental data for Tmt+Ilmg, derived in the present study show a roughly
linear correlation between MgO [wt%] in Tmt and MgO [wt%] in Ilmg. The
gradient MgO(Tmt)/MgO(Ilmgs) slightly decreases with increasing temperature
(Fig.[6.7).

The trends for the different temperature series strongly overlap. At given tem-
perature (e.g. 1300°C), the distribution of MgO between Tmt and Ilmg, varies,
probably as a function of oxygen fugacity. The experimental data suggest that with
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Fig. 6.4 a) Maximum Al,O3 solubility (black symbols) and highest observed Al,O3 content
(empty symbols) versus temperature (1100 —1300°C) for Fe-Ti oxide phases Tmt (diamonds),
Ilmgs (squares) and Psbgg (circles). b) Maximum Al,O3 contents in Ilmgg (in ternary assemblage
Ilmg+Tmt+Psbgg) in system Fe-Ti-Al-O as a function of oxygen fugacity at 1200°C (grey triangle)
and 1300°C (black rhombs). The reason for the different Al contents at 1300°C and NNO-2.5 is

unknown.
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Fig. 6.5 Al,O3-contents [wt%] in Ilmg versus those in coexisting Tmt. Symbols represent exper-
imental data of this thesis for different systems or assemblages, colours indicate different synthesis
temperatures. Light coloured regions span this study’s experimental data at 1100°C (light blue),
1200°C (lilac) and 1300°C (light pink). Dashed line represents equal Al,O3 contents in Tmt and

TImg,.
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6 Influence of minor element contents of Mg and Al
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Fig. 6.6 Highest observed MgO content versus temperature (1100 — 1300 °C) for Fe-Ti oxide phases
Tmt (diamonds), Ilmgs (squares) and Psbgg (circles). Tmt, Ilmgg: system Fe-Ti-Mg-O; Psbgg: system
Fe-Ti-Mg-Al-O (no Psbgs bearing samples synthesised in the system Fe-Ti-Mg-O).

increasing fO, the MgO content in Tmt increases while the MgO content in Ilmgg
decreases (Fig.[6.7p).

A linear relation between the MgO contents in Tmt and coexisting Ilmg can also
be observed in part of the literature data presented above in Table [6.1] (Herd ef al.|
2001} [Toplis & Carroll, |1995; Anderson, |1968)).

The trend of increasing gradient MgO(Tmt)/MgO(Ilmgg) with decreasing temper-
ature is also confirmed in many cases (e.g. McEnroe et al.,|2001; |Anderson, 1968,
see Fig. [6.7). Comparing the gradients observed in the data by /Anderson| (1968))
and Herd et al.| (2001), we would expect higher equilibration temperatures in the
latter. However, the authors give similar equilibration temperatures in both cases
(750 — 850°C and 700 — 800 °C, respectively; see Table . It has to be stated that
Anderson|(1968) could only use the version of the Tmt+Ilmgs thermo-oxybarometer
by Buddington & Lindsley|(1964). Estimates with the QUILF model (Andersen &
Lindsleyl |1988)) and the model by |Ghiorso & Sack| (1991)) give temperatures which
are significantly lower than those given in/Anderson| (1968, Table[6.2), and thus in-
deed lower than those given for the data of Herd ez al.|(2001). The experimental data
by Toplis & Carroll|(1995)), which reflect synthesis temperatures of 1050 — 1100°C,
is in good agreement with our 1100°C data. The experimental data by Scaillet &
Evans| (1999) do not show a pronounced linear correlation between the MgO con-
tents in Tmt and [lmg. Although these samples were equilibrated at relatively low
T (i.e. 770 —870°C), the corresponding data points plot to the right, i.e. on the
presumed high-T side of our experimental 1300°C data. The reason is unclear. A
relation to the equilibration oxygen fugacity could not be found.
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Fig. 6.7 a) MgO-contents [wt%] in Ilmg versus those in Tmt. Symbols represent literature data
(black) and experimental data of this thesis (coloured). Dashed line represents equal MgO contents
in both phases. Grey lines are linear fits to the literature data by black filled circles)
and [Herd et al.| (2001} black empty circles). Equilibration temperatures (see Table[6.1)) are annotated
for the data by [McEnroe ef al (2001) and [Toplis & Carroll| (1995). b) Enlargement of rectangle

shown in picture (a). Coloured shaded areas span this study’s experimental data at 1100°C (light
blue), 1200°C (lilac) and 1100°C (light pink). Italic numbers next to experimental 1300°C data
points indicate oxygen fugacity (expressed as ANNO). Numbers next to the grey lines for linear fits
represent slopes.
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6 Influence of minor element contents of Mg and Al

Table 6.2 Selected literature data on Mg-Al bearing Tmt+I1mg.

authors

Carmichael (1967) 22
Carmichael| (1967)) 32
Carmichael| (1967) 42
Anderson|(1968), A3
Anderson| (1968), B3

QUILF! Ghiorso & Sack|(1991)
T [°C] ANNO T[°C| ANNO
780-920  +0.4 to +2.1 820-1070  +0.2to +1.9
780-880  -0.3 to +0.7 780-980  -0.7 to +0.5
730-880 -2.1t0-0.9 710-860  -2.6to-1.1
550-660 -7.2t0-2.9 560-620  -4.3t0-3.6
400-470  +1.7 to +5.6 300-340 1.3t0-3.8

1)|Andersen & Lindsley|(1988)
2) number refers to table number in|Anderson| (1968)), for Fe-Ti oxides in
paragenesis with different silicate phases. Table 2: Al,O3 and MgO contents
<1.2 wt% in both phases. Tables 3 and 4: higher Mg and Al contents.

3) divided into two groups according to phase compositions and T-fO, estimates,
group B has MgO contents < 0.2 wt% in both phases, group A has

0.9 —2.8wt% MgO in Tmt and 1.9 — 5.6 wt% in IImg;.
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6.4 Phase compositions in the system Fe-Ti-Mg-Al-O

6.4.2 Projection of Mg-Al bearing compositions into the lim-Hem and
Mag-Usp binaries

The Tmt-Ilmg thermo-oxybarometer is based on the Fe-Ti distribution between
Ilmgs and Tmt. In the simple system Fe-Ti-O, Ilmg and Tmt are binary solid so-
lutions. The mole fractions of the endmembers, Xysp and Xy, can be very easily
derived (equations and [ ]: cations pfu) from the cation concentrations ob-
tained through EMP analysis.

5,
Xysp =3 * T4 [Fer] (6.1)
_y, M
= 2 e @2

In multi-component systems, additional endmembers are necessary to describe
Tmt and Ilmgg compositions. For the system Fe-Ti-Mg-Al-O, the possible endmem-
ber components are given in Table A projection into the simple system Fe-Ti-O
is necessary to compare the phase compositions with the results in the simple sys-
tem Fe-Ti-O. The projection to the Fe-Ti oxide binaries is achieved by equations
@ and @, yielding projected fractions of endmembers X’ ygp and Xyip.

Xy
! sp
= 6.3
Usp XUsp +XMag ( )
Xllm
X, =—" (6.4)
Iim Xllm +XHem

Since the 1960ties, several schemes have been proposed to calculate the mole-
fractions of the endmembers and subsequently derive X'ysp and X'py (e.g.
Carmichael, [1967; |Anderson, 1968; Lindsley & Spencer, |1982; Stormer, [1983)).
The Fe-Ti oxide thermo-oxybarometer formulations (QUILF|Andersen & Lindsley,
1988}, |Ghiorso & Sack,|1991) also comprise schemes to calculate the molefractions
of the endmembers of Ilmg, and Tmt.

For the present study, a projection scheme was chosen in agreement with Bernard
Evans (Seattle) and Mark Ghiorso (Seattle). The ratio of Ti**/Al3*/Fe** per for-
mula unit determines the ratio of titanates, aluminates and ferrites. Further the ratio
Fe?*/Mg?T is assumed to be the same in all three groups. With this background, the
molefractions of all Tmt and Ilmgs endmembers can be calculated (Table [6.3)). For
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6 Influence of minor element contents of Mg and Al

Table 6.3 Spinel endmember components (upper part of the table) and endmember components of
the rhombohedral phase (lower part), for Mg- and Al-bearing Tmt and Ilmgg, respectively

154

component name abbr. X!
titanomagnetite
Fe?* components
Dt rredt e . 44 Fe2+
Fe; " Ti" " O4 ulvospinel Usp titanate le *Feﬂiw
243+ . : Fe3t Fe2t
Fe"Fe;7O4  magnetite Mag ferrite e% Feﬂfrw
. . 3+ +
Fe’*A3"04  hercynite Hc aluminate 45— ]‘%ZET’W
Mg+ components
. . . . 2+
Mg Ti*t 04 qandilite Qan titanate  Ti*" « Fezi/lfng“
. . . 3+ 2+
Mg?*Fe3"Os magnesioferrite MgF  ferrite e Feﬁfw
. . 3+ 2+
Mg?*Al3"04  spinel Spl  aluminate 25— m
ilmeniteg
. 3+
Feg+03 hematite Hem F°2
Fe’tTi*tO;  ilmenite IIm Fe2t
Mg2tTi*t 05  geikielite Gk Mgt
3+
Al%JrOg corundum Crn %

1) molefraction of endmembers, calculated from cations pfu




6.4 Phase compositions in the system Fe-Ti-Mg-Al-O

the system Fe-Ti+=Mg+Al-O, the calculation given in /Ghiorso & Sack|(1991) yields
identical values for the endmember components. X’ygp and X’pj, can subsequently
be derived.

The spinel endmembers, i.e. ferrous and magnesian ferrites, titanates and alumi-
nates, can be illustrated in a triangular prism (Table [6.3] Fig. [6.8). X’ysp can be
derived from cations pfu according to equation[6.5] For a more detailed description
of Tmt projection see appendix [A.5]

Mg2+Al,04

b)

(Fe2tMg2+)Al,04

F93+2(Fe12_EMg(2:+)O4 (Fe12_"(':Mgi+)2TIO4

¢ PN
1 1
XUsp XMag

Fe3+,Fe2+Qy Fe2+,TiO4

Fig. 6.8 a) Endmember components of Mg- and Al-bearing Tmt solid solution in a triangular prism.
The black circle indicates the composition of Mg-Al bearing Tmt. The ratio of Fe?* and Mg>*
components of titanates, aluminates and ferrites is assumed to be identical. b) Focus on the shaded
triangle in picture (a). Tmt composition is projected to the titanate-ferrite join from the aluminate
apex.

Xup [Ti*"]

XUsp +XMag B [Ti4+] + [F623+]

Xusp = (6.5)

The projection of the Ilmg, compositions can be illustrated in a tetrahedron with
the four Ilmy, endmember components at its apices (Fig. [0.9). The composition of
a Mg-Al-bearing Ilmg, is projected onto the plane Fe;O3 — FeTiO3 —MgTiO3 from
the opposite Al,O3 apex and subsequently onto the Fe,O3 — FeTiO3 binary from the
MgTiO3 apex. The order of projection from Al,O3 or MgTiO3 is arbitrary. X'y
can be derived according to equation [6.6|from the cation numbers pfu.

2+
X'1im = Xim L (6.6)

Xiim + XHem [Fe2+] + [Fe; ']
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Crn
AloO3
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FeTiO3

’Hem’—\

Fey0s3,
\,/X’Ilm —’/*"X

Fig. 6.9 Schematic illustration of the projection of Ilmy composition onto the Hem-Ilm binary in
the tetrahedron Al,O3 — FeyO3 — FeTiO3 — MgTiO3. The dashed lines represent projection lines
of the Mg-Al bearing Ilmgs composition (sphere) onto a face of the tetrahedron (circle, Ilm’s) and
finally on the Fe-Ti binary.

6.4.3 Comparison of the projection schemes

The projection schemes available in literature (Carmichael, 1967; Anderson, 1968}
Stormer, |1983), the calculation schemes within the thermo-oxybarometric formula-
tions, and the calculation scheme presented within the present study, yield broadly
different values for X" ygp and X’py. This has already been shown by Stormer (1983,
Tab. 1) and is exemplified for two samples from the present study (Table @) X Usp
and X'y, have been calculated with equations [6.5] and [6.6] and with the [Stormer
(1983) and QUILF projections (Andersen & Lindsley, |1988; Andersen ef al., 1993,
see also Fig. [6.15).

X’1im derived with the Stormer (1983) projection and the projection according to
equation [0.6| for the experimental Ilmgs data provided within this study are in good
agreement or only slightly deviate (Fig.[6.10p). For Tmt, the observed deviations
are larger. Especially for the system Fe-Ti-Al-O, the Stormer| (1983)) projection
yields significantly higher X’ysp than equation [6.5] These deviations can be ex-
plained by comparing equations [6.5] and [6.6] to the equations provided by [Stormer
(1983}, equation [6.7)for Tmt, equation [6.8]for IImy).

i)« 1F]
X'usp = [Fe3+[]Mz+] [Fe2t] ©7)
0.5 [Fe**]x mt +[Ti] sy
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6.4 Phase compositions in the system Fe-Ti-Mg-Al-O

Table 6.4 Comparison of projections, exemplarily for two AlI:=Mg bearing samples from the

present study.

6IT70M1A1x6a 6F59.5A5.5x34a

EMP [wt%] Tmt TImgg Tmt TImgg
Fe;,: O 68.45 51.81 62.14 47.19
TiO, 27.38 4491 32.04 51.59
AlLO3 1.13 0.39 5.97 1.24
MgO 1.04 0.89 0.00 0.01
Total 98.09 98.05 100.23 100.08
X’Usp X’Ilm X,Usp X’Ilm

this study 0.785 0.856 0.996 0.991
Stormer|(1983) 0.663 0.859 1.000 0.991
QUILF! 0.784 0.857 0.996 0.991
NTi 1-Xhem NTi 1-Xhem

QUILF? 0.765 0.862 0.870 0.991

1) Values for geothermometry as given in QUILF

2) NTi and 1-Xhem, which are used for QUILF calculation

a) <> Mg Tmt(+lImss) b) & Mg limes(+Tmt)
- OMOATmIHIme) o o0 [ ~ Mglimes
X Mg Al Tmt i
0.95 | . SSE <> Mg Al limss(+Tmt) ép
|+ Mg Al Tmt(+Wus+Fe®) & O Mg Al limes+(Psbes) <,
085 | /\ Mg Al Tmt(+Wus) = >
o 7 [ @ ATm(+HImss) O & @ Allimss(+Tmi)
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Fig. 6.10 Comparison between a) X’ ysp and b) X'y, derived with equations versus Stormer
(T983) projection, both applied to the experimental data provided in this chapter (appendix [A.3]
Table [A-T8). Systems Fe-Ti-Mg-O (Mg, grey symbols), Fe-Ti-Al-O (Al, black symbols) and Fe-Ti-
Mg-Al-O (Mg Al, empty symbols) at 1300°C. Dashed lines represent X(Stormer)=X(equations|[6.5]

[6.6).
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6 Influence of minor element contents of Mg and Al

B [Fe2t| *|Ti]
0.5[Fe3t]++/[Fe*t]|* [Tl
The [Stormer (1983)) equation for Tmt deviates from equation [6.5 by the factors

Fe?t /M?* and Fe** /M**, which in the simple system Fe-Ti-O are 1 (and equation

can be simplified to equation . For the present purpose, only Mg?* and AI**
have to be considered and equation[6.7)can be modified to equation [6.9]

’ IIm

(6.8)

[Fe*']
[Fez+] + [Mg2+]
[F 3t ] [F o2t ]

] I e

[Ti] *
(6.9)

X,Usp =
0.5 [Fe3t]

For Mg bearing compositions, X’ ysp(Stormer)<X’ysp(equation @ In contrast,
in the system Fe-Ti-Al-O, X" ygp(Stormer) becomes larger than X ygp(equation @
When both Al and Mg are present, the relative amounts of both cations determine
the deviation of X’ygp(Stormer) from X’ygp(equation @ The relatively high Al
contents of Tmt in some samples explain the significant deviations between the re-
calculation schemes (Fig. [6.10a).

For the system Fe-Ti-Al-Mg-O, the Stormer (1983) equation for ilmenitegs can
be transformed to equation

’ [F e2+} * —[Fe2 P]Vi [;/]I 7]
Xim = ] (6.10)
0.5 [F€3+] + [Fe2+] * W

In Mg-free systems (Fe-Ti-O, Fe-Ti-Al-0), Fe?* /(Fe?* 4-Mg?")=1 and equation
6.10] equals equation [6.6] In Mg-bearing systems within this study the amounts of
Mg?* are usually small and thus Fe?* /(Fe?* 4-Mg?*) is close to - but smaller than
- one. Therefore, at low Mg”* contents, there are only slight deviations between the
calculation schemes.

6.4.4 Comparison of X’ysp and X'y derived with equations [6.5/and [6.6} with
the data from the simple system Fe-Ti-O and with the existing
thermodynamic thermo-oxybarometer models

For the majority of samples in the system Fe-Ti=Mg+AI-O there is reasonable
agreement between X’ ysp and X’y (derived with equations [6.5/and [6.6)), and Xusp,
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6.4 Phase compositions in the system Fe-Ti-Mg-Al-O

Xnm derived from our experimental data in the system Fe-Ti-O. For a given oxygen
fugacity, X ysp is in agreement with Xy, within £0.03, X', and Xy, agree within
+0.02 (Fig. @) In most cases, X’ysp and X'y, for Mg-Al bearing systems are
slightly higher compared to those in the simple system. This deviation is especially
pronounced for one data point at 1100°C and NNO~ +0.5.

Comparing data in the Fe-Ti+Mg+Al-O system and those in the simple system
Fe-Ti-O, we have to be aware of the strong influence of the projection scheme.
For example, for the system Fe-Ti-Al-O, the use of the Stormer (1983) projection
scheme would lead to higher X’y and thus enhance the deviation between the data
in the Mg-Al bearing systems and the system Fe-Ti-O.

At low fO; (<NNO-3) and high T, Fe-Mg data deviate towards lower X’ysp and
X’1m- As an artefact of the calculations, equations @] and@ cannot yield X’ ygp>1
and X’py>1. The calculation of Xysp and Xy, for simple system Fe-Ti-O data
however (equations [6.1), can very well give values greater than 1 (which are
probably related to non-stoichiometry, see chapters [I] {).

In a Roozeboom diagram (X’y, vs. X’ysp) @ comparison of the projected Mg-
Al bearing data with the isotherms derived from the simple system Fe-Ti-O data
shows good agreement for most data points (Fig. . At X'ygp>0.8, 1300°C
data in the system Fe-Ti-Mg-O shows an offset compared to the Fe-Ti-O isotherm
(towards increased X'y, or decreased X’ysp). This may also be true for 1200°C
and 1100°C, however at these temperatures we have not enough data points at high
Xusp to draw a safe conclusion.

Summarised, the Mg-Al bearing data is in reasonable agreement with isotherms
derived for the simple system Fe-Ti-O in both Roozeboom diagrams and diagrams
of ANNO vs. phase composition. Consequently, our experimental data in the Fe-
Ti-Mg-Al-O system also deviate significantly from the isotherms predicted by the
thermo-oxybarometer models of |(Ghiorso & Sack|(1991)) and |Andersen & Lindsley
(1988, QUILF). In a diagram ANNO versus X’ys), (or Xysp) our Tmt data points for
the system Fe-Ti-O plot at higher Xys than the model of (Ghiorso & Sack! (1991).
At 1300°C they also plot at higher Xy, than the QUILF model. For Mg-Al bearing
Tmt projected with equations [6.5]and [6.6] the deviation to the models is even larger
(see above).
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6 Influence of minor element contents of Mg and Al
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Fig. 6.11 Compositional variations of coexisting Tmt (diagrams on the left) and Ilmg (right) as a
function of oxygen fugacity (in term of ANNO) at a), b) 1100°C, c), d) 1200°C, and e), f) 1300°C
in the systems Fe-Ti-Mg-O (grey filled symbols), Fe-Ti-Al-Mg-O (black filled symbols), and Fe-Ti-
Al-O (empty symbols). X’ysp and X'y, were derived by equations @] and @ Solid black lines
represent polynomial fits to this study’s experimental Fe-Ti-O data. Vertical dashed lines indicate

ulvospinel and ilmenite endmember compositions.
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Fig. 6.12 Roozeboom plot of X'y, versus X’ygp. a) Solid lines represent isotherms derived from
the simple system Fe-Ti-O data (3rd order fits, 2nd and 3rd order fits for 1000°C at high Xy;p).
Dashed lines are graphical interpolations between the fit curves. Symbols represent the Mg-Al data
for different systems and parageneses, and temperatures (black filled symbols: 1300°C, grey filled
symbols: 1200°C, empty symbols: 1100°C). X’ysp and X’ny have been derived according to
equations |B;5| and @ b) Enlargement for high X’yg, and X'y, (rectangle in picture (a)). Dotted
line connects 1300°C Fe-Ti-Mg-O data at X’ ygp> 0.8.
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6 Influence of minor element contents of Mg and Al

6.5 Non-stoichiometry in Mg-Al bearing Tmt - results from
annealing experiments

According to the experimental procedure described in chapter[2] three Mg+Al bear-
ing samples have been annealed under oxygen conserving conditions at 950°C.
These samples were first equilibrated at 1300°C and NNO-0.5 and consisted of
Tmt+IImg, assemblages (Table[6.5).

Table 6.5 Annealed Mg-Al bearing Tmt+Ilmgg assemblages.

sample 6IT60M2x6aD  6IT70M1A1x6aD  6IT60M1A1x6aD
system Fe-Ti-Mg-O Fe-Ti-Al-Mg-O Fe-Ti-Al-Mg-O
ANNO (synthesis) -0.5 -0.5 -0.5
assemblage Tmt+1Imgg Tmt+1Imgg Tmt+IImg
bulk Ti/(Ti+Fe) [at%] 40 30 40

X’ysp (synthesis) 0.794 0.785 0.783

After annealing, the samples display frequent Ilmg lamellae in Tmt, but also
Tmt lamellae and rims in or around Ilmg, (Fig.[6.13]). However, the Tmt exsolution
features are less common than Ilmgg exsolution features. Image analysis reveals that
the modal proportion of ilmenitegg significantly increases during annealing, which
points to significant amounts of cation vacancies in the original high-T Mg+Al
bearing Tmt (cf. Table[6.7).

The formation of Tmt exsolution lamellae in Ilmg may be related to the signif-
icant decrease of the Al content of Ilmgs during annealing. The Al content of Tmt
increases (Table [6.6) during annealing. It may be suggested that Tmt forms at the
place where Al is released from Ilmg upon annealing.

Table 6.6 MgO contents (upper part of the table) and Al,O3 contents (lower part) in wt% in high-T
(left) and annealed (right) Tmt and coexisting Ilmgg

MgO content [wt%]

high-T annealed
sample Tmt?T  TmfT Tmt®  Tm?,
6IT60M2x6aD 2.08 2.00 1.47  2.19
6IT70M1A1x6aD 1.04 0.89 092 131
6IT60M1A1x6aD 1.09 0.94 0.76  1.06

Al,O3 content [wt%]

61T60M2x6aD - - - -
6IT7T0M1A1x6aD 1.13 0.39 1.22 0.00
6IT60M1A1x6aD 1.97 0.64 3.17 0.10
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6.5 Non-stoichiometry in Mg-Al bearing Tmt - results from annealing experiments

The vacancy concentration (&) in the high-T (1300°C) Tmts was estimated from
the change of modal proportions upon annealing (see Table [6.7), according to
method A (chapter [5). The results point to slightly higher vacancy concentrations
than in the simple system Fe-Ti-O. Especially the high temperature Tmt with the
highest Al content shows high & (8 * 10> = 7.8, i.e. 2.6cat%, at moderate X Usp)-
This suggests that Al in Tmt promotes the formation of cation vacancies in Tmt.

Table 6.7 § of high-T Tmit, calculated according to method A, and modal proportions of Tmt and
Ilmg in high-T and annealed samples.

sample high-T Tmt modal proportions M [vol%]
§x102 high-T run product annealed sample
mean Al Tmt?T [mfT" Tmt” Im?,
61T60M2x6aD 41 95 31.9 68.1 28.4 71.6
6IT70M1A1x6aD 43 32 79.3 20.7 71.7 28.3
6IT60M1A1x6aD 7.8 119 24.5 75.5 19.3 80.7

1) uncertainty on & * 102, calculated by error propagation

To calculate 6 from the shift of phase compositions during annealing according to
method B (chapter [3)), the calculation has to be carried out in a three- or four dimen-
sional system (due the increased number of components). However, whereas two
non-parallel lines have always an intersecting point in two dimensions, they may
be skew in three (or more) dimensions and no intersecting point can be determined.
This was the case for the annealed Mg(+Al) bearing samples, probably due to the
underestimation of MgO content by electron microprobe (chapter[2). Consequently,
method B (chapter [5) could not be used for Mg-Al bearing annealed samples.
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6 Influence of minor element contents of Mg and Al

Fig. 6.13 BSE pictures of annealed samples a) 61T70M1A1x6aD, b) 6IT60M1A1x6aD, and c)
61T60M2x6aD, displaying frequent Ilmgs lamellae in Tmt and also few Tmt lamellae in Ilmg.
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6.5 Non-stoichiometry in Mg-Al bearing Tmt - results from annealing experiments
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Fig. 6.14 a) § in 1300°C synthesis Tmt as a function of X'y, as calculated from the increase
of Ilmg proportion during annealing (Table [6.7} calculated after method A, chapter [5). For the
simple system (small circles) the increase of Ilmg proportion is derived from image analysis (empty
rhombs) or Rietveld analysis (filled thombs). Large symbols represent data points from systems
Fe-Ti-Mg-O (black square) and Fe-Ti-Mg-Al-O (empty circles), both derived from image analysis.
b) Enlargement of the shaded area in picture (a). Numbers next to data points give the Al,O3 content
in wt%.
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6 Influence of minor element contents of Mg and Al

6.6 Discussion and conclusion

Test of a provisional version of the Tmt-limss thermo-oxybarometer Fig. [6.15]
provides a comparison of the Toplis & Carroll (1995) data projected with different
schemes (QUILF, [Stormer, [1983] equations [6.5] and [6.6)) to the isotherms derived
from the experimental Fe-Ti-O data (chapter ). The latter are in reasonable agree-
ment with this study’s experimental Mg-Al data.

Equilibration temperature and oxygen fugacity of Tmt+Ilmgs assemblages can
be graphically estimated from X’ysp and X' based on Fig. [6.15] and Fig. [6.16]
At first, the temperature is estimated from the isotherm spacing in the Rooze-
boom diagram (Fig. [6.15). The oxygen fugacity is subsequently estimated using
the isotherms in the ANNO vs. X’ysp or X', diagrams (Fig. [6.16).

Applied to the data by Toplis & Carroll (1995), the QUILF projection yields tem-
perature estimates which are clearly too low compared to the experimental temper-
atures (Fig. [6.15). In contrast, the [Stormer| (1983)) projection scheme gives higher
X’ysp and in most cases slightly overestimated temperatures. For the projection ac-
cording to equations [6.5] [6.6] estimated and experimental temperatures are usually
in good agreement (AT<50°C, Table [6.8). Estimated and experimental fO, agree
within < 0.5 log units (for most samples even < 0.2). fO; estimated based on X’ ygp
and X', (Fig.[6.16k or b) are in agreement within <0.2 log units.

Compared to the estimates derived with the models by Andersen & Lindsley
(1988) and Ghiorso & Sack| (1991), our graphical estimation brings a significant
improvement, especially concerning the temperature estimates (Fig. [6.17). While
the thermodynamic models - in particular the QUILF model - yielded temperatures
which were up to 150°C too low, temperatures read off from Fig. agree with
the experimental T within < 50°C.

The most significant improvement of the T-fO, estimates was achieved for the
data points at NNO< -1.5. While both thermodynamic models yielded much too
low temperatures (up to 150°C) and also too low oxygen fugacity (up to 0.5 log
units), experimental conditions, and T and fO, estimated graphically within this
study are in very good agreement. For the data points at NNO-1 to -0.5 the tem-
perature estimates are only slightly improved compared to the model by (Ghiorso &
Sackl (1991). The poorest agreement is found for two data points at NNO+0.2 and

-1.0 for both T and fO, (Fig.[6.17).

Consideration of non-stoichiometry In chapter [5| we have stressed that non-
stoichiometry of Tmt should be considered for the thermo-oxybarometer modelling,
though Tmt is probably stoichiometric at naturally relevant temperatures. Investiga-
tions on selected Mg-Al bearing Tmt+Ilmg samples indicate > 2 cat% vacancies in
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Data by Toplis & Carroll (1995)
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L A Stormer (1983) projection
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Fig. 6.15 Roozeboom plot of Xy, versus X’ysp. Symbols represent experimental data by [Toplis
& Carroll| (1995)), projected with the QUILF software package (empty squares), the Stormer| (1983)
projection (grey triangles), and according to equations [6.5] [6.6] (black diamonds). Projected com-
positions of the same sample are connected by thin lines. Labels next to the data points comprise
sample number and experimental temperature. The curves represent the isotherms derived from ex-
perimental Fe-Ti-O data (this study). Note that the 1000°C data can be fitted by a 2nd or a 3rd
order polynomial. The shaded regions are based on the experimental data in the system Fe-Ti-O and
connect compositions of identical or similar ANNO between the different temperature series.
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Fig. 6.16 Graphical estimation of oxygen fugacity (expressed as ANNO) on the basis of ANNO vs.
a) X’ygp or b) X’ diagrams. Solid lines are experimental isotherms at 1000°C (black), 1100°C
(dark grey) and 1200°C (medium grey). Grey vertical bars mark X’ysp and X’pj, of an exemplary
sample by [Toplis & Carroll| (1995| sample fe 47). Horizontal bars mark estimated oxygen fugacities.

Table 6.8 Data by Toplis & Carroll| (1995): X’ysp and X1, derived with equations and
and comparison of experimental and estimated temperature and oxygen fugacity.

sample Xusp X’ llm equilibration conditions
name equation equation experimental, TC95' estimated”

T[°C] ANNO T[°C]? T[°C]* ANNO
fe 95 0.611 0.892 1072 0.2 1020 993 -0.3
fe 43 0.653 0.896 1096 -0.8 1060 1048 -0.4
fe 21 0.723 0.898 1095 -1.0 1147 = -0.6
fe 47 0.707 0.916 1087 -0.8 1083 1077 -0.7
fe 51 0.698 0.910 1078 -0.7 1087 1082 -0.7
fe 49 0.675 0.900 1068 -0.7 1081 1075 -0.5
fe 52 0.715 0.910 1057 -0.8 1110 2 -0.6
fe 136 0.787 0.951 1072 -1.5 1067 1067 -1.5
fe 70 0.808 0.956 1061 -1.8 1067 1075 -1.7

1) TC95: [Toplis & Carroll|(1995)

2) estimated according to Fig. and Fig.

3) based on 3rd order fit for experimental 1000 °C isotherm

4) based on 2nd order fit for experimental 1000 °C isotherm

5) T estimate according to spacing between 1100°C and 1200 °C isotherms,
fit to 1000 °C data not considered
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6.6 Discussion and conclusion

Fig. 6.17 Comparison of experimental (filled symbols) and calculated values (open symbols) of
temperature and oxygen fugacity (expressed as ANNO) for Tmt-Ilmg parageneses synthesised by
Toplis & Carroll| (1995). a) Values calculated from the QUILF model, b) values calculated from the
model by (Ghiorso & Sack!(1991)), and c) values estimated from Fig. @ (3rd order fits of isotherms:

black open squares, 2nd order fit of 1000°C isotherm: grey open squares) and Fig. [6.16]

Tmt at intermediate X ysp. This suggests that the presence of Mg and particularly
Al might result in higher vacancy concentrations than in the simple system Fe-Ti-O.
Therefore, for solid solution models that involve additional elements like Mg and
Al, it becomes even more important to account for Tmt non-stoichiometry.
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7 Outlook

Within the frame of this study, a large data set on equilibrium Fe-Ti distribution
between Fe-Ti oxide minerals has been provided, mainly in the system Fe-Ti-O,
but also in the systems Fe-Ti-Mg-O, Fe-Ti-Al-O and Fe-Ti-Mg-Al-O, at 1 bar pres-
sure, 1000 — 1300°C, and a large range of oxygen fugacities (NNO-5 to NNO+5).
Together with data by Evans et al|(in press) for 800 —900°C, our results provide
the basis for a re-calibration of the Tmt+Ilmg thermo-oxybarometer by Mark S.
Ghiorso (Seattle).

The experimental data provided here represent an extensive enlargement of the
pre-existing dataset towards high temperatures and over a larger range of oxygen
fugacities. For the system Fe-Ti-O, new experimental isotherms have been deter-
mined, which for both titanomagnetite (Tmt) and ilmenite-hematite solid solution
(Ilmgs) deviate from those retrieved from the thermo-oxybarometer models of |An-
dersen & Lindsley (1988) and \Ghiorso & Sack] (1991)).

In Roozeboom or ANNO-composition diagrams, the experimental isotherms dis-
play pronounced discontinuities at Xy, values marking the transition from the R3
to the R3c structure in the ilmenite-hematite solid solution (Harrison et al., 2000).
As the thermo-oxybarometer models of | Andersen & Lindsley (1988)) and Ghiorso &
Sack! (1991) do not adequately account for this transition, experimental and model
isotherms strongly deviate.

Tmt compositions are generally Ti-richer than predicted from the models. At high
SO this is probably related to errors in the standard state properties used for the Tmt
endmember. At low fO, and high T, the discrepancies between the compositions of
synthetic Tmt and those calculated with the models are especially pronounced, and
probably reflect the non-stoichiometry of these titanomagnetites.

Compositions of Mg-Al bearing Tmt+Ilmgs have been projected to the Hem-Ilm
and Mag-Usp binaries. The data for Mg-Al bearing phases are in reasonable agree-
ment with the isotherms in the system Fe-Ti-O.

On the basis of the new experimental isotherms, we have established a prelim-
inary, graphical version of the Fe-Ti oxide thermo-oxybarometer. We have tested
this preliminary version with the data of [Toplis & Carroll (1995), i.e. by using
the compositions of their synthetic Mg and Al-bearing Tmt and Ilmg, equilibrated
at known T-fO, conditions. Our T-fO, estimates agree with experimental values
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within < 50°C and <0.5 log units. This represents a significant improvement com-
pared to the estimates with the previous thermo-oxybarometer models (AT up to
170°C, AfO, up to 0.7 log units), especially regarding temperature.

Our new data set for Mg-Al bearing Tmt+IImg assemblages is restricted to inter-
mediate and low oxygen fugacities, and at 1100°C only few data points are avail-
able. For a more accurate description of the experimental isotherms more experi-
mental data at high oxygen fugacities (>NNO+1) and low temperatures (1000 and
1100°C) should prove useful.

As stated above, for Tmt the major discrepancy between the existent thermo-
oxybarometer models and our experimental data is observed at low fO, and high T
and is probably related to Tmt non-stoichiometry. We have investigated Tmt non-
stoichiometry in the simple system Fe-Ti-O and for three selected samples in the
systems Fe-Ti-Mg-O and Fe-Ti-Mg-Al-O at 1100°C to 1300 °C. The investigations
were focussed on Ti-rich Tmt (Xygp>0.7), although some data were also obtained
for Xysp<0.7. The results show that Tmt is close to stoichiometry at T< 1100°C
over the complete solid solution series. At T> 1200°C and Xysp>0.7 Tmt non-
stoichiometry increases with increasing T and Xys,, to about 2 cat% at 1300°C, and
1 cat% at 1200°C, both for compositions near the ulvospinel endmember. For the
system Fe-Ti-Mg=+Al-O, our results suggest that the presence of Al in Tmt might
favour the formation of cation vacancies.

The results on Tmt non-stoichiometry obtained in the present study show discrep-
ancies to some literature data. In particular, whereas we found no clear indication
for non-stoichiometry at Xysp<0.7, Aggarwal & Dieckmann|(2002) reported signif-
icant vacancy concentration (about 0.7 cat% at 1300 °C) at Xysp < 0.6, and|Senderov
et al.| (1993) also suggested significant non-stoichiometry at Xygp<0.7. Careful
EMP oxygen analyses and thermogravimetric measurements with long equilibra-
tion times may help to resolve the existing contradictions. Such examinations in the
system Fe-Ti-Mg-Al-O should also cover Ti-poor Tmts, as only relatively few data
points are up to now available for Xygp<0.7.

As magmatic crystallisation temperatures for Tmt in terrestrial basic rocks rarely
exceed 1100°C, significant vacancy concentrations are not expected in basaltic Tmt.
Yet, the non-stoichiometry in the synthetic high-temperature Tmt used to calibrate
the solid solution model has to be accounted for.

In the course of this study, the textures of the synthetic Fe-Ti oxides have been
examined carefully and evaluated with respect of their meaning for the attainment
of equilibrium, the processes taking place during synthesis, and their kinetics. The
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synthetic run products essentially consist of polycrystalline, equigranular aggre-
gates with idiomorphic, homogeneous and evenly distributed grains, which suggests
that they reflect or at least are close to an equilibrium state.

Many of the synthetic run products produced from binary starting mixtures
(Feo,03+TiO; or Fe°+TiO, mixtures) display concentric features. Single-phase Tmt
samples display concentric compositional zoning. In binary run products concen-
tric variations in the modal proportions are common, in particular monomineralic
rims at the sample surface. If the starting material contained metallic iron, the run
products show a decrease of Ti/(Ti+Fe) towards the pellet surface. If the starting
mixture contained Fe;Os3, the run products have increasing Ti/(Ti+Fe) towards the
pellet surface. Samples synthesised from ternary Fe,O3+Fe°+TiO, mixtures in gas
mixing or solid-state buffer experiments do not show a pronounced rim formation.

The different behaviour of Fe,O3+TiO, and Fe°+TiO, mixtures is probably re-
lated to their different original oxygen contents, which lead to different redox
processes during the synthesis of the Fe-Ti oxide assemblages (oxidation of the
Fe°+TiO, starting mixtures but reduction of the Fe,O3+TiO, mixtures). The forma-
tion of the concentric features involves significant element migration of both Fe and
Ti. However, we could not fully resolve the mechanisms responsible for the forma-
tion of concentric textures and inhomogeneities, especially regarding Fe,O3+TiO;
mixtures. Time-dependent experiments may shed more light on these mechanisms.

The textural investigations also revealed that the Fe-Ti oxide samples are very
sensitive to oxidation. Exposure of a reduced assemblage to a high oxygen fu-
gacity at high temperature during only few seconds produces oxy-exsolution fea-
tures, which may extend several tens of micrometers into the pellet. Although
oxy-exsolution affects the phase compositions only near the surface of the pellet,
it changes the bulk oxygen content of the sample. Because Fe-Ti oxide phases are
so sensitive to oxidation, quenching as well as any measurement at elevated tem-
perature must be performed in controlled atmosphere.
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A Appendix

A.1 Table of abbreviations

Table A.1: Table of abbreviations

symbol / explanation
abbreviation
physical values and measures
T temperature
P pressure
fO2 oxygen fugacity
aop lattice dimension of a cubic unit cell
e.m.f. electromotive force
M modal proportion of a phase in a sample
Mpimex modal proportion of Ilmgy exsolved from Tmt in annealed sample
mineral names and compositional parameters
Fe’ metallic iron
Wus wiistite
Tmt titanomagnetite, see Table|1.1|in chapter
Mag magnetite
Usp ulvospinel
Hc hercynite, FeAl,O4
IImgg ilmenitegs, see Table in chapter
Hem hematite
Ilm ilmenite
Psby pseudobrookiteg, see Table in chapter
Psb pseudobrookite Fe, TiOs
Rt rutile
Ti® metallic titanium
X composition
Xusp molefraction of ulvdspinel endmember in titanomagnetite
XMag molefraction of magnetite endmember in titanomagnetite
Xiim molefraction of ilmenite endmember in ilmeniteg
XHem molefraction of hematite endmember in ilmeniteg
IIm& ilmeniteg in annealed sample
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A Appendix

Table A.1: Table of abbreviations

symbol / explanation

abbreviation

ImfT ilmeniteg in high-T sample
Tmt? Tmt in annealed sample
TmtHT Tmt in high-T sample

instruments and methods

EELS electron energy-loss spectroscopy
EMP electron microprobe
SEM scanning electron microscope

solid-state oxygen buffer equilibria

NNO nickel-nickeloxide (O’Neill & Pownceby}|1993a)

WM wiistite-magnetite (O’ Neill, |1988))

FMQ fayalite-magnetite-quartz (O’ Neill, |1987)

W iron-wiistite (O’Neill, |1988))

CCO Co-CoO (O’Neill & Pownceby,|1993a)

Man/H MnO-Mn30;4 (O’Neill & Pownceby,|1993b)

IQF iron-quartz-fayalite

MH magnetite-hematite

ANNO logf O, (experimental)-logf O, (NNO)

AFMQ logf O, (experimental)-logf O, (FMQ)
experimenters

AU Angela Ullrich, student assistant

HH Heike Holtzen, laboratory assistant

MB Mark Bornefeld, student assistant

MF Meike Fleischhammer, diploma thesis

MK Martin Késemann, diploma thesis

RE Ralf Engelmann, Ph.D. student

RL Ramona Langner, student assistant

SP Sandra Panienka, student assistant

UsS Ursula Sauerzapf, author

VG Verena Gastner, student assistant
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A.2 Starting mixtures

A.2 Starting mixtures

In the following tables the starting materials are listed. They are summarised in
different groups based on the reagents used, and are arranged in order of increasing
Ti/(Ti+Fe). For nomenclature see Fig.[A.T]

cationic ratio
indicates afproximate Ti/(Ti+Fe)

F91 MB-a

T

starting material
letter usually gives information about
reagents used for preparation of the
starting material

experimenter
see Tab.A1
-a, -b indicates first
or second
batch of a mixture

4—

Fig. A.1 Nomenclature of starting materials

Table A.2: Oxide starting mixtures in the system Fe-Ti-O

name

F92Q HH-a
P76 MK-a
F76Q HH-a
F72Q HH-a
F69Q HH-a
P63 MK-a
IT60 AU-a
F57K67 US
IP41 AU-a

[Wt%] Ti/(Ti+Fe)
Fe,O3 TiO,  Fe° [at%]
ternary Fe, O3 — Fe® — TiO;, mixtures

85.5 82 62 8.0
654 245 10.1 23.5
64.7 25.1 10.2 24.0
594 294 11.3 28.0
554 326 12.0 31.0
49.0 389 12.1 37.0
432 425 14.3 40.0
446 449 105 43.0
28.0 61.6 104 59.0
253 63.8 109 50.9

F39 MF-a!

continued on next page
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A Appendix

Table A.2: Oxide starting mixtures in the system Fe-Ti-O

name [Wt%] Ti/(Ti+Fe)
Fe,O3 TiO, Fe° [at%]

binary Fe; O3 — TiO, mixtures

F97 HH-a 97.0 3.0 3.0
F92 HH-a 920 8.0 8.0
F90 MB-a 90.0 10.0 10.0
F90 AU-a 90.0 10.0 10.0
F87 HH-a 87.0 13.0 13.0
F87 MK-a 86.8 13.2 13.2
F87 MK-b 86.7 133 13.3
F83 MB-a 83.0 17.0 17.0
F82 MB-a 82.0 18.0 18.0
F80 HH-a 80.0 20.0 20.0
F76 MK-a 76.5 235 235
F72 MK-a 724 27.6 27.6
F72 MK-b 72.0 28.0 28.0
F69 MK-a 69.0 31.0 31.0
F68 MB-a 68.0 32.0 32.0
F67 MB-a 67.0 33.0 33.0
F63 MK-a 63.0 37.0 37.0
F60 AU-a 60.0 40.0 40.0
F57 VG-a 57.0 43.0 43.0
F57 MK-a 56.7 433 433
F54.5 RE-a 545 455 45.5
F50 HH-a 50.0 50.0 50.0
F47 MK-a 472 528 52.7
F42 MK-a 425 575 57.5
binary Fe® — TiO; mixtures
F65 RE-a 435 56.5 35.0
F470 RESP-a 61.7 383 53.0
F44 RE-a 64.5 355 56.0

1) formerly named 1.56Ti
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Table A.3 Starting mixtures in the systems Fe-Ti-Al-O, Fe-Ti-Mg-O and Fe-Ti-Al-Mg-O

name [wt%] [at%] Ti/(Ti+Fe) M/O%!'
Fe;O03 TiO, Fe® MgO ALO3 Fe Ti Mg Al o [at%]
system Fe-Ti-Al-O
F90A10 AU-a 84.6 9.4 6.0 321 3.6 3.6 60.7 10.0 64.7
F70A2 IG-a 68.6 294 2.0 25.6 11.0 12 622 30.0 60.8
IT60A2 1G-a 47.0 409 10.0 2.1 233 15.6 1.2 598 40.0 67.1
F59.5A5.5US-a 569  38.8 43 20.7 141 24 628 40.6 59.2
system Fe-Ti-Mg-O
F/0M2 IG-a 68.6 294 2.0 256 11.0 15 61.9 30.0 61.5
IT60M2 IG-a 470 409 100 2.1 233 156 1.6 59.5 40.0 68.0
F57.4M10 AU-a 556 41.2 3.1 202 150 22 62.5 42.6 59.9
system Fe-Ti-Al-Mg-O
FOOM1A1 RL-a  88.2 9.8 1.0 1.0 342 38 08 06 606 10.0 65.0
F85M1A1 RL-a  83.3 14.7 1.0 1.0 320 56 08 06 610 15.0 64.0
IT70OM1A11G-a 552 309 11.8 1.1 1.0 282 121 0.8 0.6 583 30.0 71.5
IT6OM1A1 IG-a 470 409 100 1.0 1.0 233 156 0.8 06 59.7 40.0 67.5
IPA6M1A11G-a 3577 547 7.6 1.0 1.0 171 20.1 08 0.6 615 54.0 62.7

1) M/O %: cation / oxygen ratio in percent

sarmyxmu Junael§ 7'y



A Appendix

A.3 Tables of experimental conditions and analysis results

Nomenclature The sample names contain information on the starting material,
equilibration temperature and oxygen fugacity (Fig.[A.2). In most cases, the tem-
perature is indicated by the number at the beginning of the samples name, or some-
times as a number at the end. Details of the starting material composition can be
derived from tables and A capital D at the end of the sample name indi-
cates an annealing experiment. A capital R indicates a re-equilibration experiment.

oxygen fugacity
x18: gas mixture experiment,18vol% CO

equilibration temperature: NNO, WM, IW, etc.:

6: 1300°C solid state buffer experiments
5:1200°C

3:1100°C /

Hert BF57X18

starting material
number after e.g. F, IT, P indicates Fe/(Fe+Ti) ratio
M and A indicate Mg- and Al bearing mixtures, respectively

Fig. A.2 Nomenclature of synthesis and re-equilibration samples

Additional information The tables contain the most important information on run
conditions and analysis results. More detailed and additional information, e.g. EMP
single analyses, results of X-ray diffraction and BSE pictures, are available from the
author.

Additional to the information contained in the following tables, this thesis com-
prises a number of tables within chapters [[.2]to [0 that present analytical results and
experimental details. These are listed in Table[A.4]
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A.3 Tables of experimental conditions and analysis results

Table A.4 Tables of results and experimental details in chapters|1.2|to El

chapter table no. contents
2 2.1 composition of single-phase Tmt compared to Ti/(Ti+Fe) of starting
mixture
2.2 composition of Ilmgg in single-phase sample 6IT60M2x1.5a
3 3.1 compositions of Ilmg and Psbg in sample rim vs. sample core
32 phase compositions in sample 5F72x1.25 and compared to other
samples equilibrated at 1200°C and NNO+0.7
33 phase compositions in central sample regions for samples with
and without oxy-exsolutions
34 selected analyses of Fe-Al spinel grains
4 4.1 re-equilibration experiments: Comparison of phase compositions to
synthesis experiments
4.2 re-equilibration experiments and preceding synthesis runs:
experimental conditions
4.3 phase compositions in products of synthesis runs and subsequent
re-equilibration runs
5 5.1 0 calculated for samples with and without oxy-exsolution
52 EMP analyses of Ilmgg grains vs. Ilmg lamellae
5.3 modal proportions from image analysis and Rietveld analysis
54 0 from annealing method A and B
5.5 lattice parameter ag at 1100 — 1300°C
5.6 lattice parameter ag at 950°C
5.7 Fe3* /YFe determined by EELS on different fragments of
sample 6F80x66
5.8 Fe* /ZFe and resulting &
6 6.4 comparison of projection for two Mg-Al bearing samples of
the present study
6.5 annealed Mg-Al bearing Tmt+IImg, samples
6.6 MgO and Al;O3 contents in high-T and annealed samples
6.7 0 of high-T Mg-Al bearing Tmt, calculated according to method A
6.8 data by Toplis & Carroll| (1995): experimental and estimated T

and ANNO
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Table A.5: Experimental conditions of 1000 °C synthesis and re-equilibration runs, system Fe-Ti-O

run no date! by?  ref? bulk T[°C] t[h] buffer/ oxygen fugacity* quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -log fO, AFMQ* ANNO*
1F87x0.25 HH>  LO5 13.0 999 264 0.25 8.8 23 15 »
1F80x0.25 HH LO05 20.0 999 264 0.25 8.8 2.3 1.5 ?
F72(X)1 MK?  LO5 28.0 1000 120 0.50 9.3 1.8 1.0 ?
1F80x0.5 HH L05 20.0 1001 192 0.50 9.3 1.8 1.0 ?
1F72x1 26.03.03 US> LOS 28.0 1001 285 1.00 10.0 1.1 03 EQ°
1F69x1 26.03.03 US L05 31.0 1001 285 1.00 10.0 1.1 0.3 EQ
1F92Qc HH  LO05 8.0 999 240 Man/H* 6.8 43 36 AQ
1F72Qe HH LO5 28.0 999 192 NNO* 10.3 0.8 0.0 AQ
F72(e)1 MK  LO5 28.0 1000 120 NNO 10.3 0.8 0.0 AQ
F63(g)1 MK  LO05 37.0 1000 120 Co/CoO* 11.8 -0.7 -1.5  AQ
1P63WM 26.08.03 US LO5 37.0 1000 357 WM* 12.8 -1.7 25 AQ
1IT60WM 26.08.04 US L05 40.0 1000 357 WM 12.8 -1.7 25 AQ
1P63IW 24.07.03 US L05 37.0 1001 331 IwW* 14.9 -3.8 4.6 AQ
1FS7TK67IW  24.07.03 US LO5 43.0 1001 331 IW 14.9 -3.8 46 AQ
1F57x0.25 HH LO5 43.3 999 264 0.25 8.8 2.3 1.5 ?
1F57x0.5 HH L05 433 1001 192 0.50 9.3 1.8 1.0 ?
1F47x1 26.03.03 US LO05 52.7 1001 285 1.00 10.0 1.1 0.3 EQ
1IP41WM 26.08.03 US LO05 59.0 1000 357 WM 12.8 -1.7 25 AQ
1F39IW 24.07.03 US LO5 60.9 1001 331 IW 14.9 -3.8 4.6 AQ

1) first day of experiment (i.e. synthesis or re-equilibration run).
2) experimenters: see Table A.1.

3) reference: LO5: Lattard et al. (2005).
4) from e.m.f. measurements, or for solid-state buffer experiments according to literature (Table A.1).
5) quenching procedures: ?) not documented or uncertain, EQ) external quench, AQ) quenching of ampoules, DQ) drop quench.
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Table A.6: Phase compositions of synthesis and re-equilibration run products at 1000 °C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt IImgg Psbg
n Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xim n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
1F87x0.25 1.5 Tmt+Ilmgg 10 8.81 (10) 0.26 10 28.65 (14) 0.57
1F80x0.25 1.5 Tmt+Ilmgg 10 8.36 (14) 0.25 10 28.00 (26) 0.56
F72(X)1 1.0 Tmt+IImg 10 12.36 27 0.37 8 3243 “41) 0.65
1F80x0.5 1.0  Tmt+Ilmg 10 1222 (13) 0.37 10 32.38 (16) 0.65
1F72x1 0.3 Tmt+IImgg 10 16.57 (18) 0.50 10 4043 (26) 0.81
1F69x1 0.3 Tmt+IImgg 10 16.49 (11) 049 10 40.22 (17) 0.80
1F92Qc¢ 3.6  Tmt+Ilmg 5 1.59 09) 0.05 10 12.72 (53) 0.25
1F72Qe 0.0 Tmt+IImgg 13 1798 (26) 0.54 9 42.77 1) 0.86
F72(e)l 0.0 Tmt+IImg 10 17.89 22) 0.54 10 42.57 (14) 0.85
F63(g)1 -1.5  Tmt+Img 10 24.66 24) 0.74 11 47.20 77 094
1P63WM -2.5  Tmt+Img 10 28.09 (10) 0.84 10 4893 (12) 0.98
1IT60OWM -2.5 Tmt+Img 10 27.99 (12) 0.84 10 48.90 (15) 0.98
1P63IW -4.6  Tmt+Img 9 31.89 (13) 0.96 10 49.79 1) 1.00
1F57K67IW -4.6  Tmt+Img 10 31.92 08) 0.96 10 49.78 (16) 1.00
1F57x0.25 1.5 TIlmg+Psbg 10 32.82 (25) 0.66 10 50.77 (68)
1F57x0.5 1.0 Ilmg+Psbgg 10 38.62 21 0.77 10 53.37 (62)
1F47x1 0.3 Ilmg+Psbg 10 45.60 (21) 091 10 57.54 (25)
rutile
1IP41WM -2.5 Ilmg+Rt 10 50.40 23) 1.01 10 99.50 (10)
1F391IW -4.6  Ilmg+Rt 10 50.99 29) 1.02 10 9948 (10)
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Table A.7: Experimental conditions of 1100 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5

xipuaddy v

run no date! by’ ref. bulk T[°C] t[h] buffer/ oxygen fugacity® quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -logfO, AFMQ* ANNO*
3F80IW 26.02.04 US - 20.0 1100 332 1W* 13.3 -3.6 44 AQ’
3F80x0.4 09.02.01 HH L05 20.0 1099 116 0.40 7.5 22 15 »
3F76x0.9 27.02.01 HH LO05 23.5 1100 144 0.90 8.2 1.4 0.7 ?
3F72x1.25 26.03.03 US LO5 28.0 1101 144 1.25 8.4 1.2 05 ?
3F69x1.25 26.03.03 US LO5 31.0 1101 144 1.25 8.4 1.2 05 ?
F57 (X) 3 13.04.00 MK L05 433 1100 93 5.50 9.8 -0.1 -0.8 ?
F72 (X) 3 17.03.00 MK L05 28.0 1104 72 5.0 9.8 -0.1 09 ?
F69 (X) 3 17.03.00 MK LO05 31.0 1104 72 5.50 9.8 -0.1 -09 ?
3F69x16.5 05.05.03 US L05 31.0 1100 135 16.51 10.9 -1.2 20 DQ’
3F63x16.5 05.05.03 US LO05 37.0 1100 135 16.51 10.9 -1.2 20 DQ
3F65x30 07.07.03 RE/US?> 105 35.0 1100 96 30.00 11.5 -1.8 2.6 DQ
3F63x30 07.07.03 RE/US  LO5 37.0 1100 96 30.00 11.5 -1.8 2.6 DQ
3F76Qe 25.05.01 HH LO05 24.0 1098 120 NNO* 8.9 0.8 0.0 AQ
3F72QNNORa 10.02.05 US LO5 28.0 1100 143 NNO 8.9 0.8 0.0 AQ
3F69Qe 25.05.01 HH L05 31.0 1098 120 NNO 8.9 0.8 0.0 AQ
F69 (e) 3 28.04.00 MK L05 31.0 1100 93 NNO 8.9 0.7 0.0 AQ
F63 (f) 3 28.04.00 MK LO05 37.0 1100 93 FMQ* 9.7 0.0 -0.7  AQ
F63 (g) 3 28.04.00 MK L05 37.0 1100 93  Co/CoO* 10.4 -0.8 -1.5 AQ
3F69QWMR 17.09.03 US LO05 31.0 1100 217 wMm* 10.9 -1.3 20 AQ
3IT60WMa 02.10.03 US LO05 40.0 1101 138 WM 10.9 -1.3 20 AQ
3F57TWMRc 10.02.05 US L05 433 1100 143 WM 10.9 -1.3 220 AQ
3IT60IW 15.08.03 US L05 40.0 1100 153 IW 13.3 -3.6 44 AQ
3F57K671Wa  02.10.03 US - 43.0 1101 138 IW 13.3 -3.6 44 AQ
3F57TWR 17.09.03 US LO05 43.3 1100 217 IW 13.3 -3.6 44 AQ
3F97a 23.03.01 HH LO5 3.0 1099 260 0.00 3.7 6.0 53 ?
3P76x0 07.05.03 US LO5 23.5 1100 165 0.00 33 6.4 5.7 DQ




L6l

Table A.7: Experimental conditions of 1100 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5

run no date!  by? ref.? bulk T[°C] t[h] buffer/ oxygen fugacity® quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -logfO, AFMQ* ANNO*
3F72x0 07.05.03 US LO05 28.0 1100 165 0.00 33 6.4 57 DQ
3F69x0 07.05.03 US LO5 31.0 1100 165 0.00 33 6.4 5.7 DQ
3F57x0.4 09.02.01 HH L05 433 1099 116 0.40 7.5 22 1.5 ?
3F57x0.9 27.02.01 HH L05 433 1100 144 0.90 8.2 1.4 07 ?
3F50x1.25 26.03.03 US L05 50.0 1101 144 1.25 8.4 1.2 05 ?
F47 (X) 3 13.04.00 MK LO05 52.7 1100 93 5.50 9.8 -0.1 -08 ?
3F47x16.5 05.05.03 US LO05 52.7 1100 135 16.51 10.9 -1.2 20 DQ
3F47x30 07.07.03 RE/US LO5 52.7 1100 96 30.00 11.5 -1.8 2.6 DQ
3F44x30 07.07.03 RE/US  LO5 56.0 1100 96 30.00 11.5 -1.8 2.6 DQ
F42 (g) 3 28.04.00 MK L05 57.5 1100 93 Co/CoO 10.4 -0.8 -1.5  AQ
31P411W 15.08.03 US LO05 59.0 1100 153 IW 13.3 -3.6 44 AQ

SI[NSAI SISA[EUR puR SUONIPUOD [RIUSWLIdAXD JO SI[QRL, €'V



861

Table A.8: Phase compositions of synthesis and re-equilibration run products at 1100 °C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt IImgg Psbgg
n  Ti/(Ti+Fe) [at%] Xusp n Ti/(Ti+Fe) [at%] Xym n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
3F80IW -44  Tmt+Wus 10 25.97 (16) 0.78
3F80x0.4 1.5 Tmt+Ilmg 13 1043 21) 0.31 14 29.58 31 0.59
3F76x0.9 0.7  Tmt+Ilmgg 11 1595 25) 0.48 9 34.84 “40) 0.70
3F72x1.25 0.5 Tmt+Ilmgg 10 18.56 (15) 0.56 10 38.41 (16) 0.77
3F69x1.25 0.5 Tmt+Ilmgg 10 18.52 (10) 0.56 10 38.23 25 0.76
F57 (X) 3 -0.8  Tmt+IImgg 10 24.73 24) 0.74 10 46.22 28) 092
F72 (X) 3 -0.9 Tmt+IImg 10 24.87 (18) 0.75 10 46.02 30) 0.92
F69 (X) 3 -0.9 Tmt+IImg 10 24.69 21 0.74 10 45.89 25) 0.92
3F69x16.5 -2.0  Tmt+Img 10 28.35 (15) 0.85 9 48.06 (19) 0.96
3F63x16.5 -2.0 Tmt+IImgg 10 28.52 (18) 0.86 10 48.07 (15) 0.96
3F65x30 -2.6  Tmt+IImgg 10 30.07 (18)  0.90 10 48.76 29) 0.98
3F63x30 -2.6  Tmt+IImgg 10 29.81 26) 0.89 10 48.75 (34) 0.98
3F76Qe 0.0 Tmt+IImgg 10 20.22 (19) 0.61 10 41.76 (17 0.84
3F72QNNORa 0.0 Tmt+Ilmgg 10 20.54 (19) 0.62 10 42.00 20) 0.84
3F69Qe 0.0 Tmt+Ilmgg 10 20.14 (15) 0.60 10 41.76 (15) 0.84
F69 (e) 3 0.0 Tmt+Ilmgg 10 19.99 21) 0.60 10 41.85 40) 0.84
F63 (f) 3 -0.7 Tmt+IImgg 10 23.26 19) 0.70 10 45.24 26) 0.90
F63 (g) 3 -1.5  Tmt+IImg 10 26.36 25 0.79 10 47.40 19) 0.95
3F69QWMR 2.0 Tmt+Img 10 2797 (13) 0.84 10 48.06 (14) 0.96
3IT60WMa -2.0  Tmt+Img 10 27.81 (18) 0.83 10 48.08 (16) 0.96
3F57TWMRc -2.0  Tmt+Img 10 28.29 (12) 0.85 10 48.37 09) 0.97
3IT60IW -4.4  Tmt+IImgg 10 3246 (16) 0.97 10 49.78 (10) 1.00
3F57K67IWa -4.4  Tmt+IImg 10 32.55 (13) 0.98 10 50.03 23) 1.00
3F57TWR -4.4  Tmt+Img 10 3294 (18) 0.99 10 50.16 (20) 1.00
3F97a 5.3  Ilmg 13 3.02 (10) 0.06
3P76x0 5.7 Tlmg+Psbgg 10 12.31 08) 0.25 10 35.84 39)
3F72x0 5.7 Tlmg+Psbg 10 12.39 (11 0.25 10 35.83 49)
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Table A.8: Phase compositions of synthesis and re-equilibration run products at 1100 °C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt TImgg Psbgg
n  Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xum n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
3F69x0 5.7 Tlmg+Psbg 10 12.59 17) 0.25 10 35.93 (42)
3F57x0.4 1.5 Ilmg+Psbg 11 3297 27) 0.66 10 51.40 30)
3F57x0.9 0.7  Ilmgg+Psbg 9 38.05 28) 0.76 11 55.11 (18)
3F50x1.25 0.5 Ilmgs+Psbg 10 43.69 (16) 0.87 10 57.54 17
F47 (X) 3 -0.8  Ilmg+Psbg+Rt0 10 48.74 63) 0.97 10 63.23 32)

rutile

3F47x16.5 -2.0 Ilmg+Rt 10 49.88 17y 1.00 10 98.94 (13)
3F47x30 -2.6  Ilmg+Rt 10 5041 (38) 1.01 10 99.44 (11
3F44x30 -2.6  Ilmg+Rt 10 50.16 17) 1.00 10 99.21 (15)
F42 (g) 3 -1.5  Ilmg+Rt 10 49.61 a7 0.9 10 99.22 (12)
31P411W -4.4  Tlmg+Rt 10 51.10 17 1.02 10 9945 (08)

6) F47(X)3, Rt: Ti/(Ti+Fe)=99.04 at%
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Table A.9: Experimental conditions of 1200 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5.

xipuaddy v

run no date' by? ref. bulk T[°C] t[h] buffer/ oxygen fugacity® quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -log fO, AFMQ* ANNO*
5F92x0.5 26.01.01 HH L05 8.0 1202 76 0.50 6.2 22 1.6 EQ’
5F92x0.257  26.02.01 HH - 8.0 1201 99 0.25 5.4 3.0 23 EQ’
F87 (f) 5 27.12.99 MK L05 13.3 1194 48 5.41 8.5 0.0 0.7 DQ?
F87 (g) 5 29.12.99 MK LO05 13.3 1194 48 12.50 9.3 -0.8 -1.4  DQ?
F72(g) 5 29.12.99 MK LO05 27.6 1194 48 12.50 9.3 -0.8 -14  DQ?
5F97a 19.12.00 HH LO5 3.0 1201 99 0.00 35 4.9 42 P
5F87x0.25 26.02.01 HH LO5 13.0 1201 99 0.25 54 3.0 23 EQ
5F87x0.5 26.01.01 HH L05 13.3 1202 76 0.50 6.2 2.2 1.6 EQ?
5F76x0.5 26.01.01 HH L05 235 1202 76 0.50 6.2 22 1.6 EQ?
S5F72x0.5 26.01.01 HH LO05 28.0 1202 76 0.50 6.2 2.2 1.6 EQ?
5F76x0.65 18.01.01 HH LO5 23.5 1201 93 0.65 6.4 2.0 1.3 EQ
5F72x0.65 18.01.01 HH LO5 28.0 1201 93 0.65 6.4 2.0 1.3 EQ
5F72x1.25 30.04.03 US L05 28.0 1200 68 1.25 7.0 1.4 0.7 DQ?
5F69x1.25 30.04.03 US L05 31.0 1200 68 1.25 7.0 1.4 0.7 DQ?
5F69Qx2.8  04.07.03 RE/US LO5 31.0 1200 1200 2.81 7.8 0.6 -0.1 EQ
SF69Qx2.8a 01.08.03 US LO05 31.0 1200 >24 2.8l 7.8 0.6 -0.1 DQ
5F69x2.8a 01.08.03 US LO5 31.0 1200 >24 2.8l 7.8 0.6 -0.1 DQ
5F65x2.8a%  01.08.03 US - 31.0 1200 >24 2381 7.8 0.6 -0.1 DQ
5F63x2.8 04.07.03 RE/US LO5 37.0 1200 1200 2.81 7.8 0.6 -0.1 EQ
SF63x2.8a 01.08.03 US LO05 37.0 1200 >24 2.8l 7.8 0.6 -0.1 DQ
F72 (f) 5 27.1299 MK LO5 27.6 1194 48 541 8.5 0.0 -0.7 DQ?
F69 (g) 5 20.03.00 MK L05 31.0 1200 48 12.50 9.3 -0.8 -1.5 2
5F63x33.5 02.05.03 US L05 37.0 1201 52 33.50 10.3 -1.9 2.6 DQ?
5F57x33.5 02.05.03 US L05 433 1201 52 33.50 10.3 -1.9 2.6 DQ?
5F60x61.5 13.05.03 AU? LO5 40.0 1200 48 61.50 11.3 -2.9 -3.6 DQ?

S5F54.5x61.5 13.05.03 AU LO5 45.5 1200 48 61.50 11.3 -2.9 -3.6  DQ?
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Table A.9: Experimental conditions of 1200 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5.

run no date!  by? ref.? bulk T[°C] t[h] buffer/ oxygen fugacity? quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -log fO, AFMQ* ANNO*
5F60x83.5 29.04.03 AU LO05 40.0 1200 27 83.50 12.3 -39 -4.6 DQ?
5F54.5x83.5 29.04.03 AU LO5 45.5 1200 27 83.50 12.3 -39 -4.6 DQ?
5F92a 19.12.00 HH L05 8.0 1201 99 0.00 3.5 4.9 42 ?
5F90a 25.03.02 MB? L05 10.0 1201 53 0.00 3.5 49 42 DQ?
F87(a)5 06.12.99 MK LO5 13.2 1194 44 0.00 3.5 5.0 43 EQ
5F76a 09.01.01 HH LO5 23.5 1201 68 0.00 3.5 4.9 42 ?
5F72a 09.01.01 HH L05 28.0 1201 68 0.00 3.5 4.9 42 ?
5F57x0.25 26.02.01 HH L05 433 1201 99 0.25 5.4 3.0 23 7
5F57x0.5 26.01.01 HH L05 433 1202 76  0.50 6.2 2.2 1.6 EQ?
5F57x0.65 18.01.01 HH LO05 43.3 1201 93 0.65 6.4 2.0 1.3 EQ
5F50x0.65 18.01.01 HH LO5 50.0 1201 93 0.65 6.4 2.0 1.3 EQ
5F50x1.25 30.04.03 US L05 50.0 1200 68 1.25 7.0 1.4 0.7 DQ?
5F47x2.8 04.07.03 RE/US LO5 52.7 1200 1200 2.81 7.8 0.6 -0.1 EQ
5F47x2.8a 01.08.03 US L05 52.7 1200 >24 2381 7.8 0.6 -0.1 DQ
F47 (£) 5 26.03.00 MK LO05 52.7 1200 48 4.50 8.2 0.2 -0.5 DQ?
F42 (g) 5 23.03.00 MK LO5 57.5 1200 69 12.50 9.3 -0.8 -1.5 7
5F42x33.5 02.05.03 US LO5 57.5 1201 52 33.50 10.3 -1.9 -2.6  DQ?
5F42x61.5 13.05.03 AU L05 57.5 1200 48 61.50 11.3 2.9 3.6 DQ?
5F42x83.5 29.04.03 AU L05 57.5 1200 27 83.50 12.3 -39 4.6 DQ?
5F44x2.8 04.07.03 RE/US - 56.0 1200 1200 2.81 7.8 0.6 -0.1 EQ

7) exclusively used to document Ilmg, oxy-exsolution features in Tmt (chapter 3).
8) exclusively used to document Fe-rich rims (chapter 3). No two-phase sample region.
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Table A.10: Phase compositions of synthesis and re-equilibration run products at 1200°C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt Ilmgg Psbyg
n  Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xym n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)

5F92x0.5 1.6 Tmt 42 7.84 (11) 0.24

5F92x0.257 2.3 Tmt 8 7.50 17) 023

F87 (f) 5 -0.7 Tmt 16 1340 (186) 0.40

F87(g) 5 -1.4 Tmt 14 13.86 (175) 042

F72(g) 5 -1.4 Tmt 15 27.72 (39) 0.83

5F97a 4.2 Tmt+Ilmg 10 0.66 (03) 0.02 9 6.86 21) 0.14

5F87x0.25 2.3 Tmt+llmgg 10 7.51 (14) 0.23 10 24.92 (14) 0.50

5F87x0.5 1.6 Tmt+Ilmgg 12 11.70 (09) 0.35 11 30.06 (18) 0.60

5F76x0.5 1.6  Tmt+Ilmg 10 11.83 (11) 0.35 10 30.14 (18) 0.60

5F72x0.5 1.6 Tmt+Ilmg 11 11.66 17) 0.35 10 30.12 (26) 0.60

5F76x0.65 1.3  Tmt+Img 11 13.40 (11) 040 12 31.79 (13) 0.64

5F72x0.65 1.3 Tmt+Imgg 14 13.75 (16) 041 13 32.16 (16) 0.64

5F72x1.25 0.7  Tmt+Ilmg 10 18.03 (15) 0.54 10 36.34 (16) 0.73

5F69x1.25 0.7 Tmt+IImg 10 18.22 (10) 0.55 10 36.57 20) 0.73

5F69Qx2.8 -0.1 Tmt+Img 10 22.12 (13) 0.66 10 40.08 (12) 0.80

5F69Qx2.8a -0.1 Tmt+Img 10 22.10 (15) 0.66 10 40.03 (16) 0.80

5F69x2.8a -0.1  Tmt+IImgg 10 21.66 (11)  0.65 11 39.42 (18) 0.79

5F65x2.8a® -0.1  Tmt, Iimg - - - - - - - -

5F63x2.8 -0.1 Tmt+Img 10 22.01 (11) 0.66 10 40.20 (22) 0.80

5F63x2.8a -0.1 Tmt+Img 10 2227 (14) 0.67 10 40.21 (19) 0.80

F72 (f) 5 -0.7  Tmt+IImgg 11 24.85 21) 0.75 14 44.55 (32) 0.89

F69 (g) 5 -1.5  Tmt+IImgg 10 28.22 (17) 0.85 10 47.05 32) 094

5F63x33.5 -2.6  Tmt+Ilmg 10 31.12 (12) 093 10 49.02 (26) 0.98

5F57x33.5 -2.6  Tmt+Ilmg 9 31.21 (13) 0.94 10 4891 (12) 0.98

5F60x61.5 -3.6  Tmt+Ilmg 10 32.64 (15) 0.98 10 49.55 (19) 0.99

5F54.5x61.5 -3.6  Tmt+IImgg 10 32.52 (14) 0.98 10 49.50 17y 0.9

5F60x83.5 -4.6  Tmt+IImgg 10 34.15 09) 1.02 10 50.40 21) 1.01
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Table A.10: Phase compositions of synthesis and re-equilibration run products at 1200°C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt IImgg Psbg
n Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xim n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
5F54.5x83.5 -4.6  Tmt+Img 10 34.46 23) 1.03 10 50.20 (18) 1.00
5F92a 4.2  Ilmgg 64 7.85 (10) 0.16
5F90a 4.2  Ilmgg 43 8.99 (84) 0.18
F87(a)5 4.3  Ilmgg 10 13.11 94) 0.26
5F76a 4.2  Ilmg+Psbg 12 14.06 (20) 0.28 12 36.66 (38)
5F72a 4.2  Ilmg+Psbg 11 14.17 (19) 0.28 10 37.20 (13)
5F57x0.25 2.3 Ilmg+Psbgg 10 28.39 29) 0.57 10 47.33 24)
5F57x0.5 1.6  Ilmgs+Psbgg 10 32.86 42) 0.66 10 51.04 (22)
5F57x0.65 1.3 Ilmg+Psbg 10 34.81 24) 0.70 10 52.55 21
5F50x0.65 1.3 Ilmg+Psbg 12 34.84 (16) 0.70 12 52.61 (18)
5F50x1.25 0.7 Ilmg+Psbg 10 39.10 (18) 0.78 10 56.42 (11
5F47x2.8 -0.1  Ilmg+Psbgg 10 43.49 (11) 0.87 10 58.96 (22)
5F47x2.8a -0.1  Ilmg+Psbgg 10 4321 (13) 0.86 10 58.40 )
F47 () 5 -0.5 Ilmg+Psbgg 10 46.82 (32) 094 10 60.92 24)
F42 (g) 5 -1.5 Ilmgs+Psbgg 10 49.07 (20) 0.98 10 63.90 (34)
5F42x33.5 -2.6  Ilmg+Psbgg 10 49.92 (13) 1.00 10  65.77 (14)
5F42x61.5 -3.6  Ilmg+Psbgg 10 50.82 (30) 1.02 10 67.51 20
5F42x83.5 -4.6  Ilmg+Psbgg 10 51.64 17) 1.03 10 69.49 07
5F44x2.8 -0.1 Psbg+R¢t’ 10 61.82 a7

7) exclusively used to document Ilmg, oxy-exsolution features in Tmt (chapter 3).
8) exclusively used to document Fe-rich rims (chapter 3). No two-phase sample region.
9) 5F44x2.8, Rt: Ti/(Ti+Fe)=99.14 at%
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E Table A.11: Experimental conditions of 1300 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5.
run no date! by? ref.’? bulk T[°C] t[h] buffer/ oxygen fugacity* quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -log fO, AFMQ* ANNO*
6F80x81 03.03.04 RE - 20.0 1300 25 81.00 10.9 -3.6 -4.2
6F87x18 26.01.04 RE - 13.0 1299 24 18.00 8.3 -1.0 -1.6
6F80x34 10.01.04 RE - 20.0 1300 20 34.00 9.1 -1.8 24
6F83x66 09.01.04 RE - 17.0 1300 25 66.00 10.2 -2.9 -3.5
6F80x066 09.01.04 RE - 20.0 1300 25 66.00 10.2 -2.9 -3.5
6F100x0 13.04.04 RE - 0.0 1300 25 0.00 3.4 3.9 33
6F97x0.15 05.02.01 HH LO5 3.0 1303 24 0.15 39 3.4 28 EQ’
6F97x1.6  30.01.01 HH LO5 3.0 1303 23 1.58 6.0 1.3 0.7 EQ
6F92x1.6  30.01.01 HH LO5 8.0 1303 23 1.58 6.0 1.3 0.7 EQ
6F87x1.6  30.01.01 HH LO5 133 1303 23 1.58 6.0 1.3 0.7 EQ
6F100x2.4 04.03.04 RE - 0.0 1300 45 240 6.4 0.9 0.3
6F97x2.4  04.03.04 RE - 3.0 1300 45 240 6.4 0.9 0.3
6F92x2.4  04.03.04 RE - 8.0 1300 45 240 6.4 0.9 0.3
6F87x2.4  04.03.04 RE - 13.0 1300 45 240 6.4 0.9 0.3
6F80x2.4  04.03.04 RE - 20.0 1300 45 240 6.4 0.9 0.3
F87 (f) 6 07.01.00 MK LO5 13.2 1300 >22 5.76 7.1 0.2 04 DQ?P
6F92x12 13.10.04 RE - 8.0 1300 23 12.00 7.9 -0.6 -1.3
6F83ax18  26.01.04 RE LO05 17.0 1299 24 18.00 8.3 -1.0 -1.6
6F80x18 26.01.04 RE LO5 20.0 1299 24 18.00 8.3 -1.0 -1.6
6F76x34 10.01.04 RE LO5 23.5 1300 20 34.00 9.1 -1.8 24
6F72x49 29.02.04 RE - 28.0 1300 24 49.00 9.7 2.4 -3.0
6F69x81 03.03.04 RE - 31.0 1300 25 81.00 10.9 -3.6 -4.2
6F68x81 03.03.04 RE - 32.0 1300 25 81.00 10.9 -3.6 -4.2
6F67x81 03.03.04 RE - 33.0 1300 25 81.00 10.9 -3.6 -4.2
6F97x0 13.04.04 RE - 3.0 1300 25 0.00 3.4 3.9 33
6F92x0 13.04.04 RE - 8.0 1300 25 0.00 3.4 3.9 33
6F90x0 05.01.04 US - 10.0 1300 43 0.00 33 4.0 34 EQ
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Table A.11: Experimental conditions of 1300 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5.

run no date!  by? ref.3 bulk T[°C] t[h] buffer/ oxygen fugacity® quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -logfO, AFMQ* ANNO*
6F92a 18.02.01 HH L05 8.0 1302 22 0.00 33 4.0 34 P
6F92x0.15 05.02.01 HH LO0S 8.0 1303 24 0.15 3.9 34 2.8 EQ
6F87x0.15 05.02.01 HH LO05 13.3 1303 24 0.15 3.9 34 2.8 EQ
F716 (d)6  19.0200 MK L05 23.5 1300 42 0.25 4.4 2.9 23 EQ
6F80x0.5  17.01.01 HH L05 20.0 1301 25 0.0 4.8 2.5 1.9 EQ
6F76x0.5  16.01.01 HH L05 23.5 1301 42 0.50 4.8 2.5 1.9 DQ
6F80x0.75 17.01.01 HH LO0S5 20.0 1301 40 0.75 5.2 2.1 1.4 DQ
6F76x0.75 17.01.01 HH LO05 23.5 1301 40 0.75 5.2 2.1 1.4 DQ
6F72x1.5  08.02.01 HH L05 28.0 1302 24 1.50 5.9 1.4 0.8 EQ
6F69x1.5  08.02.01 HH L05 31.0 1302 24 150 5.9 1.4 0.8 EQ
6F69x1.5a 12.10.04 RE - 31.0 1300 24 1.50 6.0 1.3 0.7
6F76x1.6 31.01.01 HH LO05 23.5 1303 23 1.58 6.0 1.3 0.7 EQ
6F72x1.6 31.01.01 HH LO0S 28.0 1303 23 1.58 6.0 1.3 0.7 EQ
6F69x1.6 31.01.01 HH LO05 31.0 1303 23 1.58 6.0 1.3 0.7 EQ
6F72x2.4  05.12.03 RE L05 28.0 1299 25 240 6.4 0.9 0.3
6F67x2.4  05.12.03 RE L05 33.0 1299 25 240 6.4 0.9 0.3
6F76x3.4  01.12.04 RE - 24.0 1299 47 3.35 6.7 0.6 0.0
6F72x3.4 02.12.04 RE LO0S 28.0 1299 47 3.35 6.7 0.6 0.0
6F69x3.4 04.12.04 RE LO05 31.0 1299 47 3.35 6.7 0.6 0.0
6F67x3.4  03.12.04 RE - 33.0 1299 47 335 6.7 0.6 0.0
6F60x3.4  05.12.04 RE - 40.0 1299 47 335 6.7 0.6 0.0
6F72x4.4  11.12.03 RE L05 28.0 1300 20 4.40 7.0 0.3 -0.3
6IT60x4.4 11.12.03 RE LOS 40.0 1300 20 4.40 7.0 0.3 -0.3
F72 (f) 6 07.01.00 MK LO0S 27.6 1300 >24 5.76 7.1 0.2 -04 DQ
6F67x7'0  26.11.02 US - 33.0 1299 50 7.00 7.2 0.1 -0.5 EQ
6F72x8R  10.01.05 US L05 28.0 1300 26 8.00 7.5 -0.2 -0.8 DQ
6F69x8R  10.01.05 US L05 31.0 1300 26 8.00 7.5 -0.2 -0.8 DQ
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Table A.11: Experimental conditions of 1300 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5.

run no date! by? ref.’? bulk T[°C] t[h] buffer/ oxygen fugacity* quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -log fO, AFMQ* ANNO*
6F67x8 10.03.03 US/AU LO05 33.0 1300 44 8.00 7.4 -0.1 -0.7 EQ
6F63x8 10.03.03 US/AU LO05 37.0 1300 44 8.00 7.4 -0.1 -0.7 EQ
6F63x8R 10.01.05 US LO05 37.0 1300 26 8.00 7.5 -0.2 -0.8 DQ
6F57x18R  10.04.03 US L05 433 1301 24 18.00 8.3 -1.0 -1.6  DQ
6F57x18 10.04.03 US L05 433 1301 24 18.00 8.3 -1.0 -1.6  DQ
6F63x34 07.04.03 US L05 37.0 1300 >28 34.00 9.1 -1.8 24 DQ
6F57x34 07.04.03 US LO0S 43.3 1300 >28 34.00 9.1 -1.8 24 DQ
6F63x34a  09.04.03 US LO05 37.0 1301 22 34.00 9.1 -1.8 24 DQ
6F57x34a  09.04.03 US L05 433 1301 22 34.00 9.1 -1.8 24 DQ
6IT60x49  29.02.04 RE - 40.0 1300 24 49.00 9.7 24 -3.0
6F63x66 15.04.03 US L05 37.0 1299 18 66.00 10.2 2.9 35 DQ?
6F57x66 15.04.03 US LO05 433 1299 18 66.00 10.2 -2.9 -3.5 DQ?
6F57x66R  15.04.03 US LO05 43.3 1299 18  66.00 10.2 -2.9 -3.5 DQ?
6IT60x81  03.03.04 RE - 40.0 1300 25 81.00 10.9 -3.6 4.2
6IT60x85  14.07.04 RE - 40.0 1300 30 85.00 11.1 -3.8 4.4
6F83a 21.02.02 MB L05 17.0 1303 46 0.00 33 4.0 34 DQ?
6F82a 28.01.02 MB LO05 18.0 1300 51 0.00 33 4.0 34 EQ
6F72a 18.02.01 HH LO05 28.0 1302 22 0.00 33 4.0 34
6F63a 18.02.01 HH LO05 37.0 1302 22 0.00 33 4.0 34
6F72x0.15 06.02.01 HH L05 28.0 1303 24 0.15 3.9 34 2.8 DQ?
F57(d)6  22.03.00 MK L05 433 1300 24 0.25 44 2.9 23 EQ
6F57x0.5  16.01.01 HH L05 433 1301 42 0.50 4.8 2.5 1.9
6F57x0.75 17.01.01 HH LO05 43.3 1301 40 0.75 5.2 2.1 1.4 DQ
6F50x0.75 17.01.01 HH LO05 50.0 1301 40 0.75 5.2 2.1 1.4 DQ
6F50x1.5  08.02.01 HH L05 50.0 1302 24 1.50 5.9 1.4 0.8 EQ
6F47x1.5  08.02.01 HH LO05 52.7 1302 24 150 5.9 1.4 0.8 EQ
6F50x2.4  05.12.03 RE L05 50.0 1299 25 240 6.4 0.9 0.3
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Table A.11: Experimental conditions of 1300 °C synthesis and re-equilibration runs, system Fe-Ti-O. For footnotes see Table A.5.

run no date!  by? ref.3 bulk T[°C] t[h] buffer/ oxygen fugacity® quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -logfO, AFMQ* ANNO*
6F47x2.4 05.12.03 RE LO05 53.0 1299 25 240 6.4 0.9 0.3
6F50x4.4 11.12.03 RE LO05 50.0 1300 20 4.40 7.0 0.3 -0.3
6F42x44  11.12.03 RE L05 58.0 1300 20 4.40 7.0 0.3 -0.3
F47 (f) 6 21.03.00 MK L05 52.7 1300 24 5.76 7.1 0.2 -0.4
6F47x7 27.11.02 US L05 52.7 1300 60 7.00 7.2 0.1 -0.6 DQ
6F47x8 10.03.03 US/AU LOS5 52.7 1300 44 8.00 7.4 -0.1 -0.7 EQ
F47 (g) 6 20.03.00 MK LO0S 52.7 1300 25 10.28 7.6 -0.3 -0.9
F42 (g)6  20.03.00 MK L05 57.5 1300 25 10.28 7.6 -0.3 -0.9
6F42x18 10.04.03 US L05 57.5 1301 24 18.00 8.3 -1.0 -1.6  DQ
6F42x34  07.04.03 US L05 57.5 1300 >28 34.00 9.1 -1.8 24 DQ
6F42x34a  09.04.03 US LO0S5 57.5 1301 22 34.00 9.1 -1.8 24 DQ
6F42x49 29.02.04 RE - 58.0 1300 24 49.00 9.7 -24 -3.0
6F42x66 15.04.03 US LO05 57.5 1299 18  66.00 10.2 -2.9 -3.5 DQ?
6F42x81 03.03.04 RE - 58.0 1300 25 81.00 10.9 -3.6 4.2
6F42x85 14.07.04 RE - 58.0 1300 30 85.00 11.1 -3.8 -4.4

10) exclusively used for documentation and analysis of oxy-exsolution textures (chapter 3).
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Table A.12: Phase compositions of synthesis and re-equilibration run products at 1300°C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt IImgg Psbgg
n Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xum n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)

6F80x81 -4.2  Tmt+Fe® 10 30.17 25) 0091

6F87x18 -1.6 Tmt+Wus 10 12.78 (50) 0.38

6F80x34 24  Tmt+Wus 10 21.09 (15) 0.63

6F83x66 -3.5 Tmt+Wus 10 26.79 (12) 0.80

6F80x66 -3.5 Tmt+Wus 10 26.62 24) 0.80

6F100x0 33 Tmt 10  0.01 02) 0.00

6F97x0.15 2.8 Tmt 10 2091 05) 0.09

6F97x1.6 0.7 Tmt 10 2.82 (13) 0.08

6F92x1.6 0.7 Tmt 10  7.60 24) 023

6F87x1.6 0.7 Tmt 10 12.92 52) 0.39

6F100x2.4 0.3 Tmt 10  0.00 (00) 0.00

6F97x2.4 0.3 Tmt 10 2.78 (05) 0.08

6F92x2.4 0.3 Tmt 10 7.52 23) 0.23

6F87x2.4 0.3 Tmt 10 13.04 20) 0.39

6F80x2.4 0.3 Tmt 10 20.22 (14) 0.61

F87 (f) 6 -04 Tmt 12 13.33 (73) 0.40

6F92x12 -1.3 Tmt 10 7.87 (10) 0.24

6F83ax18 -1.6  Tmt 10 16.75 21) 0.50

6F80x18 -1.6  Tmt 10 20.04 (18) 0.60

6F76x34 24 Tmt 10 23.70 71)  0.71

6F72x49 3.0 Tmt 10 2843 29 0.85

6F69x81 -4.2  Tmt 10 30.94 (20) 0.93

6F68x81 -42 Tmt 10 31.95 (11) 0.96

6F67x81 -42 Tmt 10 3295 (11 0.99

6F97x0 3.3  Tmt+IImgg 10 2.65 (05) 0.08 2 15.15 18.00 0.30

6F92x0 3.3  Tmt+IImgg 10 2.80 (10) 0.08 10 15.22 23.00 0.30

6F90x0 34 Tmt+IImgg 10 2.78 06) 0.08 10 15.35 07) 0.31
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Table A.12: Phase compositions of synthesis and re-equilibration run products at 1300°C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt Tlmgg Psbyg
n Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xpm n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
6F92a 34 Tmt+IImgg 10  2.86 06) 0.09 12 15.19 (12) 0.30
6F92x0.15 2.8 Tmt+Ilmg 10 5.38 05) 0.16 10 20.96 08) 0.42
6F87x0.15 2.8 Tmt+Ilmgg 10  5.38 09) 0.16 10 20.96 24) 042
F76 (d) 6 2.3 Tmt+lmgg 10  7.61 (13) 0.23 10 24.98 37 0.50
6F80x0.5 1.9  Tmt+Imgg 14 11.00 (16) 0.33 10 28.49 (18) 0.57
6F76x0.5 1.9  Tmt+Img 10 11.32 (19) 0.34 11 29.35 20) 0.59
6F80x0.75 1.4 Tmt+Img 12 13.80 25) 041 10 31.49 24) 0.63
6F76x0.75 1.4  Tmt+Ilmgg 12 13.81 (11) 041 12 31.77 (14) 0.64
6F72x1.5 0.8 Tmt+Ilmgg 11 18.36 (13) 0.55 11 36.20 21 0.72
6F69x1.5 0.8 Tmt+Ilmgg 11 18.36 (14) 0.55 14 36.18 19) 0.72
6F69x1.5a 0.7 Tmt+Img 5 18.55 09) 0.56 5 36.29 (21) 0.73
6F76x1.6 0.7 Tmt+Img 10 18.53 09) 0.56 10 36.28 (28) 0.73
6F72x1.6 0.7  Tmt+Ilmg 10 18.55 (11)  0.56 10 36.21 a7 0.72
6F69x1.6 0.7 Tmt+Ilmgg 10 18.60 25) 0.56 10 36.24 (16) 0.72
6F72x2.4 0.3 Tmt+lmgg 10 20.92 (11) 0.63 10 38.19 (14) 0.76
6F67x2.4 0.3 Tmt+Ilmg 10 2091 (15) 0.63 10 38.31 13y 0.77
6F76x3.4 0.0 Tmt+Img 10 22.73 a7 0.68 10 40.32 17  0.81
6F72x3.4 0.0 Tmt+Ilmgg 10 22.82 (13) 0.68 10 39.99 (15) 0.80
6F69x3.4 0.0 Tmt+Ilmgg 10 22.84 (12) 0.69 10 39.96 a7y 0.80
6F67x3.4 0.0 Tmt+Ilmgg 10 23.00 a7 0.69 10 4043 (16) 0.81
6F60x3.4 0.0 Tmt+Ilmg 10 23.02 (13) 0.69 10 40.24 a7 0.80
6F72x4.4 -0.3  Tmt+IlImg 10 24.42 (13) 0.73 10 41.21 21) 0.82
6IT60x4.4 -0.3  Tmt+Img 10 24.46 (14) 0.73 10 41.52 (14) 0.83
F72 (f) 6 -0.4 Tmt+Img 10 25.32 (18) 0.76 10 42.61 (16) 0.85
6F67x7'0 -0.5 Tmt+IlImg 3 25.11 27 0.5 3 4274 (21) 0.85
6F72x8R -0.8  Tmt+IlImg 10 27.34 a7 0.82 10 44.19 (16) 0.88
6F69x8R -0.8  Tmt+IlImg 10 27.36 (12) 0.82 10 44.11 (15) 0.88
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Table A.12: Phase compositions of synthesis and re-equilibration run products at 1300°C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt IImgg Psbgg
n Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xum n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
6F67x8 -0.7 Tmt+Img 10 26.88 (12) 0.81 10 4348 a7 0.87
6F63x8 -0.7 Tmt+Ilmgg 10 27.01 22) 0.81 10 43.75 21) 0.88
6F63x8R -0.8  Tmt+IlImg 10 27.57 (11) 0.83 10 44.26 (18) 0.89
6F57x18R -1.6  Tmt+IlImg 10 3041 (13) 091 10 47.58 20) 0.95
6F57x18 -1.6  Tmt+Img 10 30.20 (13) 091 10 4745 25) 0.95
6F63x34 2.4 Tmt+Img 10 32.09 (10) 0.96 10 48.77 (13) 0.98
6F57x34 -2.4  Tmt+Ilmgg 10 32.16 09) 0.96 10 4895 (16) 0.98
6F63x34a 2.4 Tmt+Ilmgg 10 31.89 (19) 0.96 10 48.81 (20) 0.98
6F57x34a 2.4 Tmt+Ilmgg 10 31.89 (18) 0.96 10 48.89 17 0.98
6IT60x49 -3.0 Tmt+IlImg 10 33.60 (14) 1.01 10 50.24 29) 1.00
6F63x66 -3.5  Tmt+Img 11  34.31 (16) 1.03 8 50.17 24) 1.00
6F57x66 -3.5  Tmt+lmg 10 34.39 (17) 1.03 10 50.40 (19) 1.01
6F57x66R -3.5  Tmt+lmg 10 34.52 26) 1.04 10  50.65 17 1.01
6IT60x81 -4.2  Tmt+Ilmgg 10 3545 (13) 1.06 10 51.19 24) 1.02
6IT60x85 -4.4  Tmt+IImgg 10 36.25 21) 1.09 10 51.08 17.00 1.02
6F83a 34  Ilmg 52 16.59 (12) 0.33
6F82a 34  Ilmg 30 17.64 22) 0.35
6F72a 34 Ilmg+Psbg 12 20.50 (15) 041 11 41.26 (26)
6F63a 34 Ilmg+Psbg 12 20.92 (14) 042 9 41.39 (15)
6F72x0.15 2.8 Ilmgs+Psbg 10 26.12 17  0.52 16 45.13 29)
F57 (d) 6 2.3 Ilmg+Psbg 10 27.12 24) 0.54 10 46.20 24)
6F57x0.5 1.9 Ilmg+Psbg 12 3140 (13) 0.63 13 49.59 17
6F57x0.75 1.4 Tlmg+Psbgg 10 34.49 09) 0.69 10 52.20 (20)
6F50x0.75 1.4 Tlmg+Psbgg 10 34.76 (12) 0.70 10 52.44 (20)
6F50x1.5 0.8  Ilmgs+Psbg 10 38.35 (18) 0.77 10 55.47 24)
6F47x1.5 0.8 Ilmg+Psbgg 10 38.54 (12) 0.77 10 55.70 (15)
6F50x2.4 0.3  Ilmg+Psbg 10 40.58 (16) 0.81 10 57.18 (11
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Table A.12: Phase compositions of synthesis and re-equilibration run products at 1300°C, system Fe-Ti-O, derived by EMP analysis

run no ANNO assemblage Tmt Tlmgg Psbyg
n Ti/(Ti+Fe) [at%] Xuysp n Ti/(Ti+Fe) [at%] Xpm n Ti/(Ti+Fe) [at%]
mean (o) mean (o) mean (o)
6F47x2.4 0.3  Ilmg+Psbgg 10 40.44 (18) 0.81 10 57.28 (13)
6F50x4.4 -0.3  IImg+Psbgg 10 43.35 (28) 0.87 10 59.76 (15)
6F42x4.4 -0.3  IImg+Psbgg 10 4341 21) 0.87 10 59.80 (14)
F47 (f) 6 -0.4  Ilmg+Psbgg 10 44.54 23) 0.89 10 60.64 23)
6F47x7 -0.6  Ilmg+Psbgg 10 45.71 (14) 091 10 61.63 21
6F47x8 -0.7  Tlmgs+Psbgg 10 46.02 (15) 0.92 9 61.81 a7
F47 (g) 6 -0.9  Ilmg+Psbgg 11 47.29 7)) 0.95 13 62.51 (18)
F42 (g) 6 -0.9  Ilmg+Psbgg 10 47.31 (30) 0.95 10  62.55 (22)
6F42x18 -1.6  Ilmg+Psbgg 10 48.96 (19) 0.98 10 64.21 (19)
6F42x34 -2.4  Tlmg+Psbgg 10 50.25 (200 1.01 10 65.87 (14)
6F42x34a -2.4  Tlmgg+Psbgg 10 50.14 17y 1.00 10 65.64 (25)
6F42x49 -3.0 IImg+Psbgg 10 51.29 (19) 1.03 10 67.25 (25)
6F42x66 -3.5  Ilmg+Psbgg 10 51.80 29) 1.04 10 68.23 (13)
6F42x81 -4.2  Ilmg+Psbgg 10 52.60 37) 1.05 10 69.53 (26)
6F42x85 -4.4  Tlmg+Psbgg 10 53.30 17.00 1.07 10 70.38 (18)

10) exclusively used for documentation and analysis of oxy-exsolution textures (chapter 3).
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Table A.13: Experimental conditions of 1100°C synthesis runs with Mg-Al bearing starting mixtures. For footnotes see Table A.5.

run no date! by? ref? bulk T[°C] t[h] buffer/ oxygen fugacity* quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -log fO, AFMQ* ANNO*
3F59.5A5.5x16.5 05.05.03 US? - 40.6 1100 135 16.51 -10.9 -1.2 2.0 DQ’
3IT60A2IW 26.02.04 US - 40.0 1100 332 1W* -13.3 -3.6 44 AQ’
3F57.4M10x1.25 26.03.03 US - 42.6 1101 144 1.25 -8.4 1.2 05 P
3F57.4M10x16.5 05.05.03 US - 42.6 1100 135 16.51 -10.9 -1.2 20 DQ
3IT60M2IW 26.02.04 US - 40.0 1100 332 IW -13.3 -3.6 44 AQ
3ITOOMIATWM  09.02.04 US - 40.0 1100 330 WM3 -10.9 -1.3 20 AQ
3ITOOMIATIW 09.02.04 US - 40.0 1100 330 IW -13.3 -3.6 44 AQ
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Table A.14: Phase compositions of Mg-Al bearing synthesis run products at 1100°C, derived by EMP analysis.

run no ass.!! Tmt TImgg Psbg
[wt%)] [wt%] [wt%]
n ALO; MgO X'ysp'? n AI® Mg® X'um n TiO, Fe,,;O AP Mgh
3F59.5A5.5x16.5 TI 10 9.61 0.00 0.88 10 058 0.00 0.97
3IT60A2IW TI 10 3.19  0.00 0.98 9 0.13 000 099

3F57.4M10x1.25 TI 10 0.00 2.63 0.59 10 0.00 3.17 0.83
3F57.4M10x16.5 TI 11 0.00 270 0.86 10 0.00 339 097
3IT6OM2IW TI 10 0.00 1.87 0.98 10 0.00 227 1.00

3ITOOMIAIWM  TI 15 1.61 0.86 0.83 15 005 1.08 097
3IT6OOMIATTW TI 15 1.29  0.89 0.98 14 000 1.07 1.00

11) assemblage: TI: Tmt+IImgg; IP: Ilmg+Psbgg; TIP: Tmt+IImgg+Psbgs, WT: Wus+Tmt, FT: Fe°+Tmt, FWT: Fe°+Wus+Tmt, I: Ilmgg
12) X’ysp and X’y derived according to equations 6.5, 6.6, chapter 6.
13) Al: Al,O3 Mg: MgO
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Table A.15: Experimental conditions of 1200 °C synthesis runs with Mg-Al bearing starting mixtures. For footnotes see Table A.5.

run no date' by?  ref? bulk T[°C] t[h] buffer/ oxygen fugacity® quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -logfO, AFMQ* ANNO*
5IT60A2x5.5a 24.11.03 US? - 40.0 1200  >75 5.0 -8.5 -0.1 08 DQ’
SIT60A2x66 18.12.03 US - 40.0 1200 71 66.00 -11.5 -3.1 -3.7 DQ
5F59.5A5.5x1.25 30.04.03 US - 40.6 1200 68 1.25 -7.0 1.4 07 »
5F59.5A5.5x33.5'%  02.03.03 US - 40.6 1201 52 335 -10.3 -1.9 26 ?
5F59.5A5.5x61.5'%  13.05.03 AU - 40.6 1200 475 615 -11.3 2.9 36 ?
5F59.5A5.5x83.5'% 29.04.03 AU - 40.6 1200 27 835 -12.3 -3.9 46 ?
5F70M2x1.25a 24.11.03 US - 30.0 1200 >100 1.25 -7.1 1.3 0.6 DQ
5IT60M2x5.5a 24.11.03 US - 40.0 1200 >75 5.0 -8.5 -0.1 -08 ?
5F57.4M10x33.5 22.04.03 US - 42.6 1201 52 33.50 -10.3 -1.9 26 DQ
5F57.4M10x61.5 13.05.03 AU? - 42.6 1200 48 61.50 -11.3 2.9 3.6 DQ
5IT60M2x66 18.12.03 US - 40.0 1200 71 66.00 -11.5 -3.1 37 DQ
5F57.4M10x83.5 29.04.03 AU - 42.6 1200 27 83.50 -12.3 -39 4.6 DQ
SIT7T0M1A1x1.25a 24.11.03 US - 30.0 1200 >100 1.25 -7.1 1.3 0.6 ?
5IT7T0M1A1x5.5a  24.11.03 US - 30.0 1200 >75 5.0 -8.5 -0.1 -0.8 DQ
5IT6OOMI1AIx5.5a  24.11.03 US - 40.0 1200 >75 5.50 -8.5 -0.1 -0.8 DQ
5IT60M1A1x66 18.12.03 US - 40.0 1200 71 66.00 -11.5 -3.1 37 DQ
SIT6OOM1A1x1.25a 24.11.03 US - 40.0 1200 >100 1.25 -7.1 1.3 0.6 ?
5IP46M1A1x1.25a 24.11.03 US - 54.0 1200 >100 1.25 -7.1 1.3 0.0 ?
5TP46M1A1x5.5a 24.11.03 US - 54.0 1200 >75  5.50 -8.5 -0.1 -0.8 DQ
5IP46M1A1x66 18.12.03 US - 54.0 1200 71  66.00 -11.5 -3.1 37 DQ

14) Run products contain Fe-Al spinel. Exclusively used to document texture and inhomogeneity (chapter 3).
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Table A.16: Phase compositions of Mg-Al bearing synthesis run products at 1200 °C, derived by EMP analysis. For footnotes see Table A.14.

run no ass. ! Tmt TImyg, Psby
[Wt%] [Wt%] [wt%]

n ALO; MgO X'ysp!'? n AI® MgP® Xum n TiO, Fe,,,O Al Mg
5IT60A2x5.5a TI 10 455 0.00 0.79 10 0.75 0.00 091
S5IT60A2x66 TI 10 2.92  0.00 1.00 10 028 0.00 1.00
5F59.5A5.5x1.25 TIP 6 7.93  0.01 0.55 10 1.06 0.00 0.75 5 5489 3846 3.05 0.00
5F70M2x1.25a TI 10 0.00 2.14 0.57 10 0.00 1.85 0.72
5IT60M2x5.5a TI 10 0.00 1.83 0.77 10 0.00 212 091
5F57.4M10x33.5 TI 10 0.00 290 0.94 10 0.00 338 0.99
5F57.4M10x61.5 TI 10 0.00 2.86 0.98 10 0.00 3.35 1.00
S5IT60M2x66 TI 10 0.00 192 0.99 15 000 226 1.00
5F57.4M10x83.5 TI 10 0.00 294 1.00 10 0.00 341 1.00
SIT7T0M1A1x1.25a TI 10 122 1.09 0.56 10 030 091 073
S5IT70M1A1x5.5a  TI 10 1.12  0.99 0.77 10 0.13 1.14 0091
S5IT6OOM1A1x5.5a  TI 10 1.37 0091 0.77 10 0.17 1.03  0.90
S5IT6OM1A1x66 TI 5 1.29 094 1.00 10 0.07 1.10  1.00
5IT60OM1A1x1.25a IP 10 050 095 0.74 10 56.76 37.07 1.74 1.40
5IP46M1A1x1.25a 1P 10 033 0.69 0.76 10 57.36  38.16 0.87 1.04
5IP46M1A1x5.5a 1P 10 033 093 094 10 62.87 32.89 1.66 1.07
5IP46M1A1x66 1P 10 046 098 1.00 15 69.04 26.78 2.80 1.12
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Table A.17: Experimental conditions of 1300 °C synthesis runs with Mg-Al bearing starting mixtures. For footnotes see Table A.5.

xipuaddy v

run no date!  by? ref.’? bulk T[°C] t[h] buffer/ oxygen fugacity* quenching
Ti/(Ti+Fe) CO [vol%)]

[at%] logfO, AFMQ* ANNO*
6F90A10x28 27.09.04 VG? - 10.0 1300 48 28.00 8.8 -1.5 2.1 DQ’
6F90A10x55 16.09.04 VG - 10.0 1300 46 55.00 9.8 2.5 3.1 DQ
6F70A2x1.5 27.02.04 US - 30.0 1300 53 1.50 6.0 1.3 0.7 EQ
6F60A2x28 27.09.04 VG - 40.0 1300 48 28.00 8.8 -1.5 -2.1 DQ
6F60A2x55 16.09.04 VG - 40.0 1300 46 55.00 9.8 -2.5 -3.1 DQ
6IT60A2x66 09.02.04 US - 40.0 1300 53 66.00 10.2 2.9 -35 EQ
6IT60A2x1.5a 18.12.03 US - 40.0 1300 53 1.50 6.0 1.3 0.7 DQ
6IT60A2x6a 27.11.03 US - 40.0 1299 <61 6.00 7.2 0.1 05 P
6F59.5A5.5x18 10.04.03 US - 40.6 1301 24 18.00 8.3 -1.0 -1.6  DQ
6F59.5A5.5x34 07.04.03 US - 40.6 1300 >28 34.00 9.1 -1.8 24 DQ
6F59.5A5.5x34a 09.04.03 US - 40.6 1301 22 34.00 9.1 -1.8 24 DQ
6F59.5A5.5x66 15.04.03 US - 40.6 1299 18 66.00 10.2 2.9 -35 DQ
6F59.5A5.5x8 10.03.03 US/AU - 40.6 1300 44 8.00 7.4 -0.1 -0.7 EQ
6IT60M2x1.5a 18.12.03 US - 40.0 1300 53 1.50 6.0 1.3 0.7 DQ
6F70M2x1.5 27.02.04 US - 30.0 1300 53 1.50 6.0 1.3 0.7 EQ
6IT60M2x6a 27.11.03 US - 40.0 1299 <61 6.00 7.2 0.1 -05 ?
6F57.4M10x8 10.03.03 US/AU - 42.6 1300 44 8.00 7.4 -0.1 -0.7 EQ
6F57.4M10x18 10.04.03 US - 42.6 1301 24 18.00 8.3 -1.0 -1.6  DQ
6F57.4M10x34 07.04.03 US - 42.6 1300 >28 34.00 9.1 -1.8 24 DQ
6F57.4M10x34a 09.04.03 US - 42.6 1301 22 34.00 9.1 -1.8 24 DQ
61T60M2x55 16.09.04 VG - 40.0 1300 46 55.00 9.8 -2.5 -3.1 DQ
6IT60M2x66 09.02.04 US - 40.0 1300 53 66.00 10.2 2.9 -35 EQ
6F57.4M10x66 15.04.03 US - 42.6 1299 18 66.00 10.2 2.9 35 DQ
6F90M1A1x28 27.09.04 VG - 10.0 1300 48 28.00 8.8 -1.5 -2.1 DQ
6F90M1A1x55 16.09.04 VG - 10.0 1300 46 55.00 9.8 -2.5 -3.1 DQ
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Table A.17: Experimental conditions of 1300 °C synthesis runs with Mg-Al bearing starting mixtures. For footnotes see Table A.5.

run no date!  by? ref.3 bulk T[°C] t[h] buffer/ oxygen fugacity® quenching
Ti/(Ti+Fe) CO [vol%]

[at%] -log fO, AFMQ* ANNO*
6F85SM1A1x55 16.09.04 VG - 15.0 1300 46 55.00 9.8 -2.5 -3.1 DQ
6F90M1A1x79 23.09.04 VG - 10.0 1300 >28 79.50 10.8 -3.5 -4.1 DQ
6F85M1A1x79 23.09.04 VG - 15.0 1300 >28 79.50 10.8 35 4.1 DQ
6IT70M1A1x55 16.09.04 VG - 40.0 1300 46 55.00 9.8 2.5 3.1 DQ
6IT70M1A1x28  27.09.04 VG - 30.0 1300 48 28.00 8.8 -1.5 2.1 DQ
6IT70M1A1x66  09.02.04 US - 30.0 1300 53 66.00 10.2 2.9 -35 EQ
6IT70M1A1x79 23.09.04 VG - 30.0 1300 >28 79.50 10.8 -3.5 -4.1 DQ
6IT7T0M1A1x1.5 27.02.04 US - 30.0 1300 53 1.50 6.0 1.3 0.7 EQ
6IT70M1Alx6a  27.11.03 US - 30.0 1299 <61 6.00 7.2 0.1 -05 ?
6IT6OM1AlIx6a  27.11.03 US - 40.0 1299 <61 6.00 7.2 0.1 -05 ?
6IT6OOM1AIx66  09.02.04 US - 40.0 1300 53 66.00 10.2 2.9 -35 EQ
6IT60M1A1x1.5a 18.12.03 US - 40.0 1300 53 1.50 6.0 1.3 0.7 DQ
6IP46M1Al1x1.5a 18.12.03 US - 54.0 1300 53 1.50 6.0 1.3 0.7 DQ
6IP46M1A1x6a 27.11.03 US - 54.0 1299 <61 6.00 7.2 0.1 -05 ?
6IP46M1A1x55 16.09.04 VG - 54.0 1300 46 55.00 9.8 2.5 3.1 DQ
6IP46M1A1x66  09.02.04 US - 54.0 1300 53  66.00 10.2 2.9 -35 EQ
6IP46M1A1x79 23.09.04 VG - 54.0 1300 >28 79.50 10.8 -3.5 -4.1 DQ
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Table A.18: Phase compositions of Mg-Al bearing synthesis run products at 1300 °C, derived by EMP analysis. For footnotes see Table A.14.

11

run no ass. Tmt IImgg Psbg
[wt%] [Wt%] [Wt%]

n ALO; MgO X'ysp!'? n AI® MgP X'um n TiO, Fe, 0 Al Mgh
6F90A10x28 WT 10 743  0.01 0.38
6F90A10x55 WT 10 1194 0.04 0.59
6F70A2x1.5 TI 10 3.42  0.00 0.57 10 1.13 0.00 0.74
6F60A2x28 TI 10 3.01 0.00 0.96 10 059 0.00 0098
6F60A2x55 TI 10 2.75  0.00 1.00 10 049 000 1.00
6IT60A2x66 TI 10 2.74  0.01 1.00 10 059 0.00 1.00
6IT60A2x1.5a TIP 10 3.82  0.01 0.58 10 128 0.00 0.75 10 5431 3946 2.89 0.00
6IT60A2x6a TIP 10 3.98 0.01 0.80 10 125 0.01 0.87 10 60.02 3497 295 0.00
6F59.5A5.5x18 TIP 3 543  0.00 0.93 3 1.17 0.00 0096 3 6362 3142 376 0.00
6F59.5A5.5x34 TIP 10 5.85 0.00 0.99 10 1.08 0.00 0.99 10 6526 2991 4.07 0.00
6F59.5A5.5x34a TIP 10 5.95 0.01 1.00 10 124 0.01 0.99 10 65.72 29.77 426 0.00
6F59.5A5.5x66 TIP 10 6.51 0.00 1.00 5 122 0.00 1.00 5 67.28 27776 4.61 0.00
6F59.5A5.5x8 TP 15 479  0.00 0.83 15 61.16 34.15 333 0.00
6IT60M2x1.5a IImgg 10 0.00 200 0.75
6F70M2x1.5 TI 10 0.03 2.17 0.58 10 0.01 1.83  0.72
6IT60M2x6a TI 10 0.02 2.08 0.79 10 0.00 2.00 0.87
6F57.4M10x8 TI 10 0.00 3.08 0.83 10 000 321 0091
6F57.4M10x18 TI 16 0.00 294 0.90 15 000 324 0095
6F57.4M10x34 TI 10 0.00 3.00 0.96 10 0.00 333 0098
6F57.4M10x34a TI 10 0.02 2.97 0.97 10 0.00 326 0.99
6IT60M2x55 TI 10 0.00 1.95 1.00 10 0.00 2.17 1.00
6IT60M2x66 TI 10 0.00 1.94 1.00 10 0.00 2.19 1.00
6F57.4M10x66 TI 10 0.00 2.99 1.00 10 0.00 334 1.00
6F90M1A1x28 WT 10 1.69 1.02 0.52
6F90M1A1x55 WT 10 2,52 1.07 0.71
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Table A.18: Phase compositions of Mg-Al bearing synthesis run products at 1300 °C, derived by EMP analysis. For footnotes see Table A.14.

run no ass. ! Tmt TImgg Psbgg
[wt%] [Wt%] [wt%]
n ALO; MgO X'ysp'? n AI® Mg® Xym n TiO, Fe,, O Al MgP

6F85M1A1x55 WT 10 1.56  1.05 0.72
6F90M1A1x79 FwWTH 5 1.86  1.79 0.87
6F85M1A1x79 FWT 5 299 249 0.86
6IT7TOM1A1x55  Tmt 10 121 101 0.89
6IT7TOM1A1x28  Tmt 10 083 1.01 0.89
6IT70M1A1x66  Tmt 15 086 1.0l 0.89
6IT70M1A1x79  Tmt 10 0.65 0.99 0.90

6IT7T0M1A1x1.5 TI 10 .51  1.12 0.57 10 052 092 0.73
6IT7T0M1A1x6a TI 10 .13 1.04 0.79 10 039 089 0.86
6IT60M1A1x6a TI 10 1.97  1.09 0.78 10 064 094 086
6IT60M1A1x66 TI 10 1.31 097 1.00 10 027 1.06 1.00
6IT60OM1A1x1.5a IP 10 090 094 0.75 10 5593 3766 189 1.29
6IP46M1Al1x1.5a 1IP 10 052 074 0.76 10 5646 3825 1.05 1.02
6IP46M1A1x6a 1P 10 053 082 0.88 10 61.85 33.60 1.21 1.12
6IP46M1A1x55 1P 10 048 096 1.00 15 6804 2768 197 1.10
6IPA6M1A1x66 Ip 10 0.66 097 1.00 10 68.60 2730 233 1.10
6IPA6M1A1x79 1P 10 066 097 1.00 10 7047 2558 255 1.13
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Table A.19: Experimental conditions and phase compositions (EMP analysis) of samples annealed at 950°C, system Fe-Ti+=Mg+Al-O.

annealing bulk T [°C] run assemblage Tmt TImg
run no Ti/(Ti+Fe) duration n  Ti/(Ti+Fe) [at% ] Xusp n Ti/(Ti+Fe) [at%] X’1m
[at%] [d] mean (o) mean (o)
samples without oxy-exsolutions annealed at 950 °C after 1300 °C synthesis
6F92aD 8.0 950 120 Tmt+IImg 10 215 24)  0.06 10 1592 (08) 0.32
6F72x2.4D 28.0 951 32.7 Tmt+lImg 10 17.85 11 054 10 43.84 (16) 0.88
6F72x4.4D 28.0 951 327 Tmt+lmgg 10 2233 a1 0.67 10 46.90 (18) 0.94
6F57x18D 43.3 948 14.0 Tmt+Imgg 4 2580 10y  0.77 10 48.16 (23) 0.96
6F63x34D 37.0 950 7.0 Tmt+IImgg 5 3037 (12) 091 5 4955 (16)  0.99
6F57x34D 433 950 21.0 Tmt+lImg 5 2937 17)  0.88 5 4944 (17)  0.99
61T60x49D 40.0 951 327 Tmt+lmg 9 3090 (14) 093 10 49.79 (19) 1.00
6F63x66D 37.0 950 7.6 Tmt+llmg+Fe® 5 32.59 s 098 5 49.99 (26) 1.00
6F57x66D 43.3 950 21.0 Tmt+lmg+Fe® 5 32.38 (10)  0.97 5 50.04 (15) 1.00
61T60M2x6aD 40.0 950 21.0 Tmt+IImg 10 0.61 10 0.91
6IT70M1A1x6aD 30.0 950 21.0 Tmt+lImg 10 0.71 10 0.95
6IT60M1A1x6aD 40.0 950 21.0  Tmt+Img 10 0.57 10 0.91
samples with oxy-exsolutions annealed at 950°C after 1300°C synthesis
6F92x0.15D 8.0 948 14.0 Tmt+IImg 10 4.02 38 0.12 5 19.87 (90) 040
6F76x0.5D 235 951 327 Tmt+lmg 10 8.80 09) 026 10 29.29 (19)  0.59
6F80x0.5D 20.0 950 13.9  Tmt+mg 5 859 06) 026 7 28.25 (16)  0.57
6F80x0.75D 20.0 951 327 Tmt+lmgg 10 10.90 (12) 033 10 31.74 (20)  0.63
6F72x1.5D 28.0 948 14.0 Tmt+Imgg 10 12.83 (12)  0.38 10 3747 (28) 0.75
6F63x8D 37.0 948 14.0 Tmt+Imgg 5 1897 (14) 057 10 44.87 (15)  0.90
samples annealed at 950°C after 1200°C synthesis
5F63x2.8aD 37.0 950 21.0 Tmt+IImgg 10 15.61 (16) 047 10 41.61 31) 0.83
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Table A.19: Experimental conditions and phase compositions (EMP analysis) of samples annealed at 950°C, system Fe-Ti+Mg+Al-O.

annealing bulk T [°C] run assemblage Tmt Img

run no Ti/(Ti+Fe) duration n Ti/(Ti+Fe) [at% ] X usp n Ti/(Ti+Fe) [at%] X’ym
[at%] [d] mean (o) mean (0)

F72(f)5D 27.6 950 21.0 Tmt+IImgg 10 23.27 (13)  0.70 10 47.35 (34) 095

F69(g)5D 31.0 950 21.0 Tmt+IImgg 10 26.73 (12)  0.80 10 48.02 (22) 0.96

5F63x33.5D 37.0 950 7.1  Tmt+Ilmgg 10 29.57 (19) 0.89 10 4941 21) 0.99

5F54.5Fex83.5D 45.5 950 21.0 Tmt+llmg+Fe® 10 32.20 (18) 0.97 10 49.55 (20)  0.99

samples annealed at 950°C after 1100 °C synthesis

3F80x0.4D 20.0 950 120 Tmt+IImg 10 9.66 09) 029 10 30.42 (14) 0.61
3F69QeD 31.0 950 12.0  Tmt+Img 10 18.31 (18) 055 10 44.45 (20) 0.89
3F63x16.5D 37.0 950 7.0 Tmt+IImg 10 26.71 a7 0.80 10 48.51 2n 097
3F63x30D 37.0 950 13.9 Tmt+lmg 10 29.05 14)  0.87 10 48.98 (12) 098
3IT60IWD 40.0 948 14.0  Tmt+IImg 10 31.56 (16) 095 10 49.89 (12)  1.00

1T¢
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A Appendix

A.4 Conversion of wt% and vol% into mol%

For the system Fe-Ti-O, wt% (from Rietveld analysis) and vol% (from image anal-
ysis) have been translated into mol% by equations [A.T|and [A.2]

vol%(phase A)
molar volume (phase A)
vol%(phase A) + vol%(phase B)
molar volume (phase A) molar volume (phase B)

mol%(phase A) = (A.1)

wt%(phase A)
molar weight (phase A)
wt%(phase A) wt%(phase B)
molar weight (phase A) + molar weight (phase B)

mol%(phase A) = (A.2)

The molar volume is calculated according to equation[A.3]

molar v&feight (A3)
density

The molar weight is calculated from the Ti/(Ti+Fe) ratio (according to EMP anal-
ysis) and assuming stoichiometry of the phases, based on the atomic weights given
in Table [A.20

Table A.20 Fe-Ti oxide solid solution series
element atomic weight [g/mol]

o 15.9994
Fe 55.8470
Ti 47.9000

The density along Tmt and Ilmg solid solution is interpolated from the endmem-
ber densities given in Deer et al.|(1992) and the JCPDS-ICDD data base (Fig.|A.3).
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A.4 Conversion of wt% and vol% into mol%
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Fig. A.3 Linear interpolation for density along a) Tmt and b) Ilmg solution between endmember

values.
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A Appendix

A.5 Tmt projection

To compare Mg-Al bearing Tmt with Tmt in the simple system Fe-Ti-O, the com-
position of the former has to be projected into the system Mag-Usp binary. There
are several calculation schemes in literature (e.g. Stormer, | 1983). Within this study,
the calculation according to equation 6.5 has been applied (chapter [6)).

For calculation of X’ygp according to equation @, the basic assumption is that
Fe?T and Mg?* are equally distributed between aluminates, ferrites, and titanates.
Accordingly, the molefractions of the endmember components (Table [6.3] chapter
[6) in Tmt can be calculated.

For the projection of the molefractions of the endmembers to the magnetite-
ulvdspinel binary, we can use one of the following two approaches.

(1) Mg?* titanate (gandilite) is ignored for the calculation of X Usp-

(2) Fe’" and Mgt (i.e. molefractions of qandilite and ulvdspinel, Xq,, and
Xusp) are summarised for the calculation.

As is shown below, both approaches yield the same formula.

Approach 1
A+ [Fe*]
5 Xusp [Tl ] * [Fe?]+[Mg>*]
Xusp = Xusp + XM - iy [Fe?*] [Fe3+] [Fe?t] (A4)
P T ] ¢ e =7+ * TRt X
[Fe**]+[Me*] =2 " [Fet |4 [Me?]
-4
X’Usp — [Tl +}F 3+ (AS)
mit+] 4 057
Approach 2
. Xusp +Xqan _ ]
X ng = = 3t (A.6)
Xusp + XQan + XMag + XMgF [Ti4+} n [Fez ]

Approach 1 can be visualised as a sequence of projections in tetrahedra
(Fig.[A.4). Approach 2 can be thought of as folding up the top and bottom triangles
of a triangular prism (Fig.[6.8] chapter [6)).
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Fig. A.4 Re-calculation according to approach 1, visualised as subsequent projections in tetrahe-
dra. a) Tetrahedron with the apices ferrite "Fer", aluminate "Al" (both Mg?*+Fe?"), gandilite and
ulvospinel. Projection from qandilite onto the Fer-Al-Usp plane. b) Tetrahedron with the apices
ulvospinel, aluminate "Al" (Mg?*+Fe?"), magnetite and magnesioferrite. Projection from magne-
sioferrite onto the Usp-Al-Mag plane, and subsequently from "Al" to the Mag-Usp binary.
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