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ABSTRACT

Titanium is a fairly abundant minor element and while some silicates can contain relatively
large amounts of Ti (titanite, Ca-rich amphiboles), the most common Ti bearing phases are Ti
oxides, such as ilmenite and rutile. Titanium is incompatible in most silicate minerals and is
enriched in the melt during fractional crystallisation of a magma. The increasing Ti content in
the melts eventually leads to fractional crystallisation of Ti-oxides. The lower spatial
coordination of Ti in a melt relative to a higher spatial coordination of Ti in crystallising Ti
oxides, leads to preferential partitioning of lighter Ti isotopes into the Ti-bearing oxides.
Consequently, the Ti isotope composition of the residual melt gets increasingly heavier during
fractional crystallisation of Ti oxides and Ti isotopes can trace the evolution of a magmatic
system. High-precision analysis of Ti isotopes are performed with the so-called double spike
technique. The double spike is a synthetic solution in which the abundances of two isotopes are
synthetically enriched. Once the isotope composition of the double spike is very well-known,
it is added to a sample and after chemical separation and mass spectrometric analysis, iterative
calculations constrain the deviation of the Ti isotope composition of the analysed sample from

a given reference material.

This monograph reports the process of implementation the Ti double spike isotope dilution
technique at the University of Cologne’s Geo- and Cosmochemistry group is (CHAPTER 2). The
double spike tracer solution and an additional synthetic reference material similar to the
established Origins Lab Ti reference material are calibrated. Furthermore, chemical and mass
spectrometric protocols are developed and refined to ensure best possible chemical separation
of Ti from other elements as well as high precision and accuracy of Ti isotope measurements
on a Neptune Plus Multi-Collector Inductively Coupled Plasma Mass Spectrometer.. After the
successful implementation of this technique, Ti isotope compositions of lunar and terrestrial

samples are determined.




The results from CHAPTER 3 expand available Ti isotope data for lunar samples and help to
further constrain the Ti isotope composition of the urKREEP component (the residual liquid,
enriched in incompatible elements like K, Rare Earth Elements and P in the final stage of Lunar
Magma Ocean solidification). In addition to the analysed samples, modelling aims to constrain
the exact Ti isotope composition of the urKREEP component. Modelling results are in good
agreement with both analysed samples and reported literature data. Titanium isotope
compositions of low- and high-Ti mare basalts reveal resolvable variations, most likely due to
petrogenetic processes. The assumed low-Ti mare basalt source region is the ambient mafic
cumulate mantle, whereas high-Ti mare basalts require the presence of a Ti-rich phase, most
likely a mixture of mafic cumulates and the late stage ilmenite-bearing cumulates (latest stages
of Lunar Magma Ocean solidification). Results show significant Ti isotope variations in high-
Ti mare basalts which are, coupled with high precision High Field Strength Elements data, best
explained by the partial melting of an ilmenite bearing cumulate. Observed intragroup Ti
isotope variations in low-Ti mare basalts are most likely due to fractional crystallisation of
ilmenite prior to eruption or the absence of a Ti-rich phase during petrogenesis. Using
partitioning data and potential source compositions based on Lunar Magma Ocean
solidification models, fractional crystallisation of ilmenite and partial melting in the presence
or absence of ilmenite are modelled. The modelled trends further demonstrate that observed Ti
isotope variations in high-Ti and low-Ti mare basalts are due to partial melting of an ilmenite
bearing cumulate and fractional crystallisation of ilmenite, respectively. Furthermore, data and
modelling tentatively exclude high-Ti mare basalt petrogenesis through assimilation of an

ilmenite-bearing cumulate component into a low-Ti magma.

The Ti isotope composition of subduction zone derived rocks are the focus of CHAPTER 4 of
this monograph. Representative sets from various subduction zones are chosen. In addition to
tholeiitic samples from two localities, samples from the more depleted mantle wedge
(boninites) and sediment drill cores from two localities were analysed. Coupled with an
extensive isotope, trace element and High Field Strength Elements data set, Ti isotope data
reveal no Ti isotope fractionation through hydrous sediment melts. These data rather suggest
that partial melting in the presence of Ti-oxides (or lack thereof) is the key factor driving Ti
isotope fractionation in subduction zone related rocks. Similarly, the systematically heavier Ti
1sotope composition of boninitic samples compared to related tholeiitic samples are consistent

with boninite petrogenesis through partial melting of a more depleted mantle source in the
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presence of Cr-spinel. In contrast to previous studies however, samples from one locality

suggest that amphibole, a silicate mineral, is leading to Ti isotope fractionation.

This monograph demonstrates that coupled Ti isotope and High Field Strength Element
variations allow the precise differentiation of the petrogenetic processes on Earth and Moon
and demonstrate the great potential of coupled Ti isotope-High Field Strength Element studies.
Additionally, results in this monograph suggest that petrogenetic involvement of amphibole
may have fractionated Ti isotopes in one sample location. This stresses the need for future
experimental studies as well as mineral separate studies in order to better constrain Ti isotope

fractionation behaviour.
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ZUSAMMENFASSUNG

Titan ist ein relativ hdufiges Nebenelement. Wiahrend einige Silikate groBere Mengen an Titan
enthalten konnen (Titanit, Ca-reiche Amphibole), so sind die hdufigsten Ti-reichen Phasen die
Ti-Oxide, wie Ilmenit und Rutil. Als in den meisten Silikatmineralen inkompatibles Element
wird Ti wihrend der fraktionierten Kristallisation eines Magmas in der Schmelze angereichert.
Der stetig steigende Titangehalt in der Schmelze fiihrt dazu, dass ab einem gewissen Ti-Gehalt
Titanoxide aus der Schmelze auskristallisieren. Die niedrigere rdumliche Koordination von Ti
relativ zur hoheren Koordination im Kristallgitter der Oxide fiihrt zu einem bevorzugten Einbau
der leichten Ti-Isotope in das Kristallgitter der Oxide. Folglich wird wéhrend der Kristallisation
die zuriickbleibende Schmelze stetig an schwereren Ti-Isotopen angereichet, wodurch es
moglich wird, anhand von Ti-Isotopen die Entwicklung eines magmatischen Systems

nachzuvollziehen.

Hochprizise Messungen von Ti-Isotopenzusammensetzungen werden mit der sogenannten
Doppelspike-Methode durchgefiihrt. Ein Doppelspike ist eine kiinstlich hergestellte Losung, in
der die Héufigkeiten zweier Ti-Isotope stark erhoht sind, wohingegen die Haufigkeiten der
tibrigen Ti-Isotope stark verarmt sind. Sobald diese Isotopenverhéltnisse in der Losung sehr
genau bekannt ist, wird sie zu einer unbekannten Probe hinzugegeben und nach chemischer
Abtrennung stérender Elemente und massenspektrometrischer Bestimmung der Mischung,
kann daraus durch iterative Berechnungen die Ti-Isotopenzusammensetzung der unbekannten

Probe relativ zu einem Referenzmaterial sehr genau und prizise bestimmt werden.

Diese = Monographie = beschreibt die  Implementierung  der  Ti-Doppelspike-
Isotopenverdiinnungsmethode in der Arbeitsgruppe Geo- und Kosmochemie der Universitit zu
Koln (KAPITEL 2). Neben dem Doppelspike wird zusétzlich ein weiteres Referenzmaterial,
welches dem etablierten ,,Origins Lab*-Ti-Standard dhnelt, kalibriert. Weiterhin werden die
chemischen Trennverfahren und massenspektrometrischen Protokolle entwickelt und

angepasst, um die hochstmogliche Prizision der Methode an dem Neptune Plus Multi-




Kollektor-Plasmaquellen-Massenspektrometer — sicherzustellen. Nach der erfolgreichen
Kalibrierung der Chemikalien und der Messprotokolle werden diese angewendet, um die Ti-

Isotopenzusammensetzung von Mondgesteinen sowie terrestrischen Gesteinen zu bestimmen.

Die in KAPITEL 3 vorgestellten Ergebnisse erweitern die vorhandenen Ti-Isotopendaten fiir
Mondgesteine und erlauben das genauere Bestimmen der Ti-Isotopenzusammensetzung der
postulierten urKREEP-Komponente, der letzten Fliissigphase vor Erstarren des lunaren
Magmaozeans (angereichert an inkompatiblen Elementen wie K, den Seltenen Erden, sowie P).
Zusitzlich zu den Analysen wird die Ti-Isotopenzusammensetzung der urKREEP-Komponente
durch Modellrechnungen bestimmt. Diese sind im Rahmen der Unsicherheiten identisch mit
den hier gemessenen Daten und vorangegangenen Arbeiten. Titan-Isotopenzusammen-
setzungen der ,,Jlow-Ti* und ,high-Ti*“ Mare Basalte zeigen deutliche Variationen, welche
wahrscheinlich durch den petrogenetischen Entstehungsprozess der Gesteine entstanden sind.
Wihrend die vermutete ,,low-Ti* Mare-Basalt-Magmenquelle der mafische Mantel des Mondes
ist, benotigen die ,,high-Ti*“ Mare-Basalte fiir ihre Entstehung die Gegenwart einer Ti-reichen
Phase in der Magmenquelle, wie Ilmenit. Damit ist die Quellregion hochstwahrscheinlich eine
Mischung aus dem mafischen Mantel und den Ilmenit-reichen Kumulaten. Die beobachteten
Variationen in Ti-Isotopenzusammensetzungen in ,,high-Ti*“ Mare-Basalten sind, gekoppelt mit
,High Field Strength Element (Elemente mit hoher Valenz und kleinem Ionenradius)“ Daten,
auf das partielle Schmelzen eines Ilmenit-reichen Kumulats zuriickzufiihren. Die Ti-
Isotopenvariationen innerhalb der ,low-Ti“ Mare-Basalt Gruppen sind auf fraktionierte
Kristallisation von Ilmenit vor der Eruption des Magmas oder das Ausbleiben dieses Prozesses
zuriickzufiihren. Mittels Verteilungskoeffizienten sowie mdglichen Zusammensetzungen der
,high-Ti Quellregionen, welche wiederum auf verschiedenen Magmaozean-Kristallisations-
modellen basieren, wird das partielle Schmelzen des mafischen Mantels (ohne IImenit) oder
der Ilmenit-reichen Kumulate modelliert. Die berechneten Trends stimmen mit den hier
gemachten Beobachtungen iiberein und unterstreichen, dass die Variationen in ,,high-Ti* und
»low-Ti“ Mare-Basalten auf das partielle Schmelzen eines Ilmenit-reichen Kumulats und
fraktionierte Kristallisation von Ilmenit zuriickzufiihren sind. Weiterhin kann, basierend auf
den Ergebnissen dieser Studie, eine Petrogenese der ,,high. Ti* Mare-Basalte durch Assimilation

einer [Imenit-reichen Komponente in ein ,,low-Ti* Magma ausgeschlossen werden.

In Kapitel 4 wurden Proben verschiedener Subduktionszonen, sowie dazugehdrige Boninite

und Sedimentproben gemessen. Titan-Isotopenzusammensetzungen mit zusétzlichen
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Spurenelement- und High Field Strength Element-Daten zeigen, das wasserreiche Schmelzen
des subduzierten Sediments keinen Einfluss auf die Ti-Isotopenzusammensetzung haben.
Vielmehr liegt der Grund fiir die beobachteten Variationen wahrscheinlich in der An-
beziehungsweise Abwesenheit von Ti-reichen Oxiden wéhrend des partiellen Schmelzens des
subduzierten Materials. Weiterhin zeigen die systematisch schwereren Ti-Isotopen-
zusammensetzungen der boninitischen Proben relativ zu den dazugehdrigen Tholeiiten, dass
das partielle Schmelzen des verarmten Mantelkeils in der Gegenwart von Cr-reichem Spinell
zu Ti-Isotopenfraktionierung fiihrt. Anders als frithere Studien deuten die Ergebnisse in dieser
Arbeit auch darauf hin, dass Amphibole Ti-Isotope fraktionieren konnen, was bisher nicht

beobachtet wurde.

Diese Monographie stellt heraus, dass die Kombination von High Field Strength Element-Daten
mit Ti-Isotopendaten weitreichende Einblicke in die petrogenetischen Prozesse von
Mondgesteinen und terrestrischen Gesteinen erlauben. Zusitzlich deuten terrestrische Ti-
Isotopenvariationen in einer Lokalitdt darauf hin, dass neben Ti-reichen Oxiden auch einige
silikatische Minerale, genauer Amphibole, Ti-Isotope fraktionieren kénnen. Dies unterstreicht
nur noch mehr die Notwendigkeit, Ti-Isotopenfraktionierungsfaktoren fiir silikatische Minerale

zu bestimmen.
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INTRODUCTION




CHAPTER 1 - INTRODUCTION

1.1  Stable isotope systematics

Isotope analysis relies heavily on the use of mass spectrometers. The precursors of the modern
mass spectrometer, the first mass spectrographs were described by Thomson (1914) and Aston
(1919), respectively. Constant progress over the next 15 to 20 years led to the development of
the double focusing mass spectrometer by Mattauch and Herzog (1934) and Alfred Nier (1940),
who refined the construction of mass spectrometers for routine analysis. The next 20 years were
marked by discoveries of various variations in isotope compositions of for instance hydrogen
and sulphur (see review by Jacob Bigeleisen 1965). The first step towards automation was
published by Gerald Wasserburg et al., (1969), who built the first mass spectrometer with
digital data registration. Over the coming decades, the use of mass spectrometers allowed for
greater insights into terrestrial and extra-terrestrial natural processes through numerous stable
and radioactive isotope systems. As an example, three (coupled) stable isotope systems will be

briefly introduced and summarised.

Hydrogen and Oxygen — H and O: The two constituents of water, oxygen and hydrogen, show
similar depletion in their respective heavy isotopes (*H, i.e., D and '80) in freshwater relative
to rocks and organic products. Coupled variations in '*0/!°0O and the deuterium to hydrogen
ratio (D/H), the so called Global Meteoric Water Line (first described by Harmon Craig, 1961)
defines a linear array of coupled O and H isotope variations in water. Closed off basins show a
clear offset towards heavier O isotope compositions, which is an effect of precipitation (Allegre,
2008 and references therein; Craig, 1961). Deuterium isotope variations in meteoric waters
show variations in the hundreds of permil (Hoefs, 2009), with ocean water showing a very
narrow range. Coupled variations in O and H can help trace the water cycle and different
terrestrial reservoirs (ice, freshwater, rain water), and either coupled or isolated studies of H, D
and O can trace e.g., salinity, temperature, humidity (Allégre, 2008 and references therein).
Variations in O isotope compositions in igneous rocks can be attributed to contamination with
crustal rocks or hydrothermal alteration (Allegre, 2008). More so, the variation of unaltered
rocks, basalts or ultrabasic rocks, are not only constant (at around 5.5 %o) but also analogous to
the average value of meteorites (Allégre, 2008 and references therein; Taylor, 1974 and
references therein). While the O isotope variations in basalts and seawater show only very little
variation (Hoefs, 2009), O isotope variations in water and some geological reservoirs

(metamorphic and sedimentary rocks) can be fairly large (10s of permil) (Allegre, 2008 and
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references therein; Taylor, 1974). Given the heterogeneity in O isotope compositions in solar
system bodies, variations in O isotope composition further showed a genetic relationship
between Earth and Moon, as both planetary bodies have an identical oxygen isotope
compositions (Herwartz et al., 2014; Wiechert, 2001). Mass-independent effects in meteoritic
O and terrestrial ozone were first discovered by Clayton et al., (1973) and Thiemens and
Heidenreich (1983) observed in terrestrial ozone. In contrast to these ‘traditional isotope
systems’, non-traditional isotope systems in this case relates to the novel character of the
methods. The development of these non-traditional isotope systems was previously hindered
by technical limitations related to instrumentation. This implies, but is not limited to,
insufficient precision and sensitivity of the method and the instruments. Many of these systems
came with additional pitfalls in for instance their abundance, redox behaviour or simply in the
observable variations. For a detailed review on the evolution of non-traditional isotope analysis
techniques in the past two decades, the reader is referred to the relevant literature (Albaréde and
Beard, 2004; Teng et al., 2017). Here, I will briefly describe the state of the art related to the
non-traditional stable isotope systems V and Fe, which like Ti, can be fractionated by similar
processes (melting and magmatic differentiation, changes in redox conditions) and mineral
phases (oxides) (e.g., Hopkins et al., 2019; Prytulak et al., 2013; Sossi et al., 2016; Weyer et
al., 2005).

Vanadium — V: Vanadium is a moderately incompatible and strongly redox dependent transition
element (Prytulak et al., 2013). The presence of only two isotopes with a very large difference
in their natural abundances makes it challenging to use V isotopes as a tracer (°*°V with 0.25 %
and °'V with 99.75 %-— Berglund and Wieser, 2011; Nielsen et al., 2011; Prytulak et al., 2011).
This is particularly difficult as regular detectors ideally operate within an abundance ratio below
~ 100, i.e., the ratio of one isotope to another can be measured with higher precision if the ratio
is less than 100. The coupled use of detection methods, ion counter and Faraday cup, limits
precision in V stable isotope analysis usually to = 1 %o (Nielsen ef al., 2011). Additionally,
double spike isotope dilution cannot be used here (V only has two isotopes), which limits the
precision of the method even further. Another pitfall due to the low abundance of °V, are
isobaric interferences, i.e., isotopes of another element with the same mass (*°Ti and *°Cr on
S0V, Nielsen et al., 2011; Prytulak et al., 2011). These interferences cannot be resolved and V
isotope analysis consequently requires an highly efficient chemical separation procedure
(Nielsen et al., 2011). Prytulak et al., (2011) found that V isotope compositions are very robust

against alteration processes, which makes them a viable tracer for ancient mantle and mantle
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derived melts. Prytulak et al., (2013) report the V isotope composition of the Allende meteorite,
terrestrial basalts and more evolved silicates. While the Allende meteorite is shown to be
enriched in the light isotopes compared to terrestrial materials, Earth and Moon have an
identical V isotope composition after correction for secondary neutron capture of the latter

(Hopkins et al., 2019; Prytulak et al., 2011, 2013).

Iron — Fe: Iron is a fairly abundant, siderophile element with a quite complex chemical
behaviour (see Dauphas et al., 2017 for a review and references therein). Its abundance in
terrestrial reservoirs varies corresponding to its valence, metallic Fe” is enriched in the core,
whereas ferrous (Fe?*) and ferric (Fe*") are preferentially enriched in the mantle and the crust,
respectively (Dauphas et al., 2017 and references therein). Variations in iron isotope
compositions can occur during fractional crystallisation of Fe-bearing minerals and redox
cycling of Fe. Further significant Fe isotope variations are also found in some high-temperature
samples (Beard and Johnson, 2004 and references therein; Johnson et al., 2004). Variations of
Fe isotope compositions in lunar samples suggest fractionation via partial melting, as well as a
chemical kinship between the Bulk Silicate Earth and the Moon (Poitrasson et al., 2004, 2019;
Sossi et al., 2016; Sossi and Moynier, 2017; Weyer et al., 2005). This homogeneity of Fe
isotope compositions may go even further, as Weyer et al, (2005) found that Martian
meteorites, eucrites (stony meteorite, origin: Vesta) and pallasites (stony-iron meteorites
thought to originate from the core-mantle boundary of differentiated asteroids) have the same
Fe isotope composition within uncertainty as Earth’s mantle. This would suggest a very

homogenous distribution of Fe isotopes in the solar system.

I.1.1 Mass Fractionation — First principles

Mass fractionation, the physical-chemical process driving variations in stable isotope
composition, describes the process of partitioning of isotopes of the same element between two
phases with different isotopic ratios. A measure of the magnitude of this partitioning can be

expressed as the fractionation factor aa-s:

OlA_B = ]-]
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Where R;; is the corresponding isotopic ratio of i over j of phase A4 or B, respectively. In natural
systems, fractionation can be produced by a number of processes such as phase equilibrium,
unidirectional reactions or radioactive decay and particle irradiation (Dauphas and Schauble,

2016). As such, observations from these natural systems allow a set of qualitative rules:

- Equilibrium fractionation between two phases decreases with increasing temperature
(proportional to 1/T?),

- the degree of fractionation scales with the relative mass difference. Whereas the mass
difference for H and D is roughly 50%, it is less than 5% for *’Ti and *°Ti,

- in equilibrium, the heavier isotope shows a preference to the site with the stiffest
chemical bond, which tends to increase with the oxidation state. Conversely, lighter
isotopes favour covalent bonds and higher coordination numbers (Schauble, 2004;

Sharp, 2007).

For example, during ilmenite/melt equilibration, ilmenite will incorporate lighter isotopes of Ti
in its VI-fold site. The silicate melt will prefer heavier Ti isotopes, as this element is coordinated
in IV to V fold in this phase (Alderman et al., 2014; Leitzke et al., 2018; Mysen and Richet,
2019). Assuming a distribution of the isotopes over all possible sites or positions, the
equilibrium constant K, is related to the fractionation factor « — or the degree of fractionation

— by the following relationship (Sharp, 2007):

= Keq n 1-2

where 7 is the number of atoms exchanged. As mentioned earlier, n equals unity in most cases

so that this expression can be simplified too:
Keg=a 1-3
With these first principles, « can be further investigated using statistical mechanics (Schauble,

2004; Sharp, 2007). Considering fractionation to be a reaction at equilibrium, it is possible to

calculate the Gibbs free energy and related to K., through:
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AGRy, = —RTIn(K,,) 1-4
<_AG??xn>
Keg=e\ 1-5

A molecule consisting of two isotopes of the same mass share a bond best approximated by a
spring. The two isotopes vibrate towards and away from each other. The vibrational energy v

of this isotope doublet can be calculated using:

1 "s_i/ .1 .
V_z\/%_Zn' ks(ma+mb) 1-6

where £ 1s the spring constant, u the reduced mass of the molecules a and b, and m, and m,, the
masses of each isotope, respectively. Substituting a lighter isotope for a heavier one increases
the reduced mass x4 while leaving the spring constant unchanged. This leads to a decrease in
vibrational energy. It follows that a molecule with two heavy isotopes vibrates slower than a
molecule with a heavy and a light isotope, which in turn also vibrates slower than a molecule
with two light isotopes. Vibrational energy quanta are by far the dominant factor, even though
rotational and translational energy quanta contribute as well to the total energy of a molecule.
As the latter two are negligible, calculating equilibrium stable isotope fractionation factors
requires only the consideration of the vibrational energy quanta (Schauble, 2004). Given the
level of precision, quantum mechanical calculations are not required to predict fractionation
behaviour during fractional crystallisation of a melt, but can be approximated and expressed
using a Rayleigh distillation model

a-1

RYJ

sample

_ RV

sample

1-7

with R being the isotope ratio of i/ normalised to j of the sample and the reference material,

respectively, f the amount of the element remaining in the system and a the fractionation factor.
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1.1.2 Mass-independent isotope effects

Whereas mass-dependent isotope fractionation effects in a three isotope system follow linear
fractionation trends in direct relation to the difference between the masses of each isotope,
mass-independent effects are departures from this trend (Clayton et al., 1973; Thiemens and
Heidenreich, 1983). A more in-depth treatment of the mathematical background of mass
fractionation can be found in the literature (Dauphas and Schauble, 2016; Schauble, 2004;
Sharp, 2007). As the focus of this study are mass-dependent variations of Ti isotopes, only a

brief review of a few examples will be given in this monograph.

Thiemens and Heidenreich (1983) observed mass-independent effects in atmospheric ozone,
most likely linked to photolytic decomposition and molecular symmetry. An “asymmetric”
ozone molecule (such as 0'*0'"0) is much more abundant than a “symmetrical” ozone
molecule (for instance '°0'%0'%0), leading to a selective fractionation that is independent of
mass (e.g., Allegre, 2008; Thiemens, 2006 and references therein). Mass-independent
fractionation also occurs through kinetic effects that result from biological processes, as it
requires “less energy” to use low mass isotopes in biological processes (like preferential use of
12C over *C; Hoefs, 2009). Another major mass-independent fractionation process, especially

in cosmochemistry and the analysis of extra-terrestrial samples, is (secondary) neutron capture.
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Figure 1-1: Neutron capture cross sections for Ti, Sm, Gd and Hf. Mean cross section for each element is shown as well as
data for each isotope. While Gd or Sm are more sensitive towards neutron capture, the abundance of Ti is far higher. Cross
section data compiled from the [AEA database (Kopecky et al., 2001)
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While silicon burning during nuclear fusion in the interior of stars produces all isotopes up to
3%Fe, isotopes heavier than *°Fe require more energy than what is released by their formation
(Clayton, 2003). The main nucleosynthetic process for the heavier elements is neutron capture,
with the process itself being split into the slow or s-process, and the rapid or r-process
(Demtroder, 2010). The tendency of an isotope of a given element to capture neutrons in
secondary or tertiary processes is quantified by its neutron capture cross section, given in barn
(b) or milli-barn (mb), where 1 barn is an area of space (1b = 102% m? = 1000 mb = 10! m?).
Generally, the larger this area, the higher is the probability of capturing a neutron of a given
velocity, which is given in electron Volt (eV). Sensitive elements for neutron capture in the
thermal neutron range of 0.025 eV and 0.2 eV are for instance Sm and Gd (Figure 1-1; Sprung
et al., 2010; Zhang et al., 2012). This is most relevant for extra-terrestrial material, as these
materials are not shielded from cosmic radiation and neutron bombardment (e.g., Ti, Cr;
Trinquier et al., 2009). However, for this study, these effects are negligible (Deng et al., 2018b;
Greber et al., 2017b), and the reader is referred to the relevant literature on this topic (Dauphas

and Schauble, 2016; Thiemens, 2006; Watkins et al., 2017)

1.1.3 Reference materials in stable isotope geochemistry

In stable isotope geochemistry, data is usually given as an isotopic ratio relative to a reference
material. This material can be a well characterised rock standard or an artificial material, for
instance a processed piece of high purity metal (Millet and Dauphas, 2014; Teng et al., 2017).
In order for a given material to be suitable to be used as reference material or isotopic reference

material, it must meet a number of conditions:

- it needs to be assured that the material is isotopically homogenous within current
precision and it should remain so as precision improves,

- it should available for distribution,

- ideally, it consists of a pure chemical compound, being able to either be diluted or
dissolved in acids,

- its isotopic composition should lie within natural variability,

- the choice of relative notation should be agreed and followed by the analytical

community,
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- last but not least, its isotopic composition should be precisely known for all its

isotopes to a high degree of precision to prevent anomalies.

A detailed review on terrestrial reference material is given by Jochum and Enzweiler (2014 and
references therein), as well as the Committee on Reference Materials of the International
Organisation for Standardisation (REMCO / ISO). Most common notation in stable isotope

geochemistry is the delta value §':

8 (R sampie) (per mil) = (e-2me. — 1) 107 1-8

Ri,j Reference

where R;; is the isotope ratio being analysed, i is the isotope in enumerator and j the one in the
denominator. Furthermore, it is normalized to the corresponding isotopic ratio of an IRM. In
this monograph the mass-dependent Ti isotope fractionation in natural samples, will be
expressed as the deviation of the **Ti/*'Ti ratio of the sample relative to the Origins Lab Ti
reference material (OL-Ti described in Millet and Dauphas, 2014) given in permil (henceforth
3¥Ti):

49Ti
47Ti

B (49Ti JY7Ti )(per mil) = (wﬂ sample 1 | % 103 1-9
47Ti>

sample

OL-Ti

Nucleosynthetic anomalies are expressed as gor u values and are calculated in a similar manner.
Due to their smaller scale, the deviation is given in parts per ten thousand for ¢ or parts per
million for u. However, these anomalies only show after correction for instrumental (and
natural) mass bias, which is why the ratio used for correction is included in the equation. For
Ti, “Ti/*'Ti is used, as these two isotopes do not have any significant isobaric interferences,
unlike *°Ti and *Ti (**Ca and *8Ca) and *°Ti (°°V and *°Cr) and the observed effect is the largest

for 3T, as such, nucleosynthetic studies focus on this isotope.

SOTi/
47Ti
sample

(SOTi/ 47Ti>

495

e Tisample (Tg) (parts per ten thousand) = -1 |x10* 1-10
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4-7Ti)
sample

(50“/ 47Ti>

497
13T isample (TZ) (parts per million) =

—1|x10° 1-11

OL-

An analysed sample with an identical isotopic composition as the reference material would lead
to a value of 0, any deviation from this 0 value is a consequence of mass fractionation. Once
constrained, the isotope composition of reference materials can be used to. gauge the long term

accuracy of a method.

1.2 Titanium elemental and stable isotope systematics

1.2.1 Geochemical behaviour of Ti

Titanium is a refractory, lithophile during core-mantle segregation and fluid-immobile element
that has five isotopes, all of which are stable. Its electron configuration (Ar (3d%4s?)) locates it
in the IVB group of the periodic table, and the other elements in that group, the so-called
“titanium metals” group, consist of Hf and Zr. In similar fashion to the (expanded) high field
strength element group (HFSE — Nb, Ta, Hf, Zr. Mo and W), Ti typically exhibits a high
oxidation state (4+) coupled to a small ionic radius (Clayton, 2003; McDonough et al., 1992;
0.42t0 0.61 A in four-fold and six-fold coordination, respectively; Mysen and Richet, 2019 and
references therein). The average coordination of Ti in silicate melts is V-fold (Alderman et al.,
2014; Mysen and Richet, 2019), while Ti is most commonly emplaced in crystalline structures
in VI-fold (Ti-bearing oxides, titanite, amphiboles, most silicates, e.g., Leitzke et al., 2018;
Mysen and Richet, 2019), and more rarely in [V-fold coordination (pyroxenes; Leitzke et al.,
2018; Simon et al., 2014). By far the most common Ti-rich minerals are rutile or ilmenite,
which also control the budget of the other high field strength elements (or HFSE, Miinker, 2010;
Mysen and Richet, 2019). The most prevalent oxidation state of Ti is Ti*", e.g., in rutile, ilmenite
or iilvospinel. However, under more reducing conditions (i.e., lower oxygen fugacity) the
fraction of Ti** in the bulk Ti budget of a rock or mineral increases (Toplis and Carroll, 1995).
This may be possible in reduced planetary bodies like the Moon or in CAI inclusions found in

chondrites (Simon et al., 2007), where samples are known to have equilibrated at oxygen
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fugacities below the iron-wiistite (Fe-FeO) redox equilibrium (Wadhwa, 2008). Moreover,
recent Ti K-edge XANES studies carried out on lunar samples and experimental analogues,
revealed that larger amounts of Ti** (up to 40 %) may be present in rutile, armalcolite and
clinopyroxene under lunar redox conditions (Simon and Sutton, 2017, Leitzke et al., 2018). But
while modelling predicts values of around 10% Ti**, direct measurements have shown higher
limited amounts of trivalent Ti in lunar samples (up to 30%; Simon et al., 2014; Simon and
Sutton, 2017). This would mean that Ti isotopes can be used as a tracer for magmatic processes
over a large range of redox-conditions, as tetravalent Ti is the most likely predominant redox
species of this element in most geological materials. As such, the mineral-melt isotope

fractionation behaviour of Ti is likely representative of the element’s behaviour as a whole.

1.2.2 Titanium isotopes as a tracer of magmatic differentiation

Titanium stable isotope systematics have been increasingly used to investigate magmatic
processes on Earth and the Moon (Millet ef al., 2016; Millet and Dauphas, 2014). Titanium has
five stable isotopes, with *3Ti by far the most abundant (Berglund and Wieser, 2011): The two
lightest Ti isotopes, “Ti and *’Ti, are primarily produced during oxygen and silicon burning
during stellar nucleosynthesis (mole fraction: 0.0825 and 0.0744, respectively). The isotopes
“8Ti and *Ti (mole fraction: 0.737 and 0.0541), primarily exist as decay products from **Cr and
“Cr, respectively, which result from stellar explosions. The process for the production of *°Ti
takes place in type Ia supernovae (mole fraction: 0.0519; Berglund and Wieser, 2011; Clayton,
2003). According to stable isotope theory, ions that adopt higher spatial coordination in phases
form stronger, stiffer bonds and as such, these sites show a preference for lighter isotopes of a
given element (Schauble, 2004). As such, because Ti shows higher spatial coordination in most
Ti-rich minerals (VI-fold in rutile, ilmenite, etc.) compared to silicate melt, during fractional
crystallisation or partial melting, the solid mineral will tend to be enriched in lighter Ti isotopes,
whereas the melt becomes gradually enriched in heavier Ti isotopes (Millet et al., 2016). On a
first order basis this expectation would imply that a silicate melt should show progressively
higher §*Ti with increasing SiO content and decreasing MgO content, which appears to be the
case (Millet et al,, 2016). Moreover, Deng et al., (2019) identified a second trend comprised of
plume-derived lavas. This array showed increasingly high §*'Ti at even lower SiO»-content (see
Figure 1-2). Deng et al., (2019) argued that the steeper trend shown by Ocean Island Basalt

(OIB) samples in §*'Ti vs. SiO; space is due to delayed Fe-Ti oxide saturation due to lower
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oxygen fugacities (fO2) of OIB relative to arc magmas, which together with extensive olivine
and plagioclase crystallization leads to OIB becoming enriched in TiO, compared to MORB
and arc lavas at similar SiO, contents. Once the OIB melt becomes Fe-Ti oxide saturated, the
magnitude of change in the §*Ti of the melt with SiO, content is quite high, leading to the
steeper slope in §*Ti vs. SiO; space. Millet e al, (2016) found no significant Ti isotope
variations in Island Arc Basalts, MORB and metamorphic rocks over a restricted range of SiO2

contents (44 to 50 wt.%).
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Figure 1-2: Correlation of 6*Ti and SiOs-content. Heavier Ti isotope compositions show correlation with silica content. The
red field was first constrained by Millet et al., (2016), expanded and complimented by the “plume” field by Deng et al., (2019)

This suggests that Ti is not mobile in F- or Cl-bearing fluids across the mantle wedge during
dehydration of subducted lithosphere. The effect of common silicate minerals (such as olivine,
clino- and orthopyroxene) on Ti isotope fractionation behaviour appears to be negligible.
Johnson et al., (2019) split fresh lavas of the Kilauea Iki volcano (Hawaii) into a dense oxide
portion and a less dense silicate portion using density separation. While the oxide-fraction

displays expectedly lower values of §*'Ti, slightly lower than the estimated bulk fractionation
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factor by Millet et al., (2016), the silicate portion does not show a resolvable variation in §*'Ti
relative to the bulk composition of these lavas. The same seems to hold true for mineral
separates from lunar samples (Mandl et al., 2018). Furthermore, these results are consistent
with ab-initio modelling by Wang et al., (2019), who found no resolvable Ti inter-mineral
isotope fractionation between in olivine, orthopyroxene and pyrope garnet relative to their
clinopyroxene (used as unfractionated Ti isotope baseline), and negative Ti isotope

compositions in their modelled oxide phases.

1.2.3 Extra-terrestrial, mass-dependent isotope systematics
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Figure 1-3: Mass-depended Ti isotope variations in meteorites. Meteorite group of the respective data point is found on the
left side of the figure. Blue symbols represent data from Deng et al., (2019) and their chondritic average (blue box), green is
data by Greber et al., (2017b) and their chondritic average. Uncertainties recalculated to 2 s. Inset shows bulk §”Ti of
planetary bodies by Greber et al., (2017b). Uncertainty of chondritic value is taken directly from Greber et al., (2017b) and
here represent the 95% c.i.
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When constraining the §**Ti of meteorite samples and lunar samples, neutron capture correction
during the double spike deconvolution is necessary (Greber et al., 2017b), as evidenced by
mass-independent effects in irradiated lunar samples (e.g., Zhang et al., 2012). Various groups
of chondrites show a homogenous distribution in their Ti isotope composition in the respective
study, but resolvable differences when compared to another (Figure 1-3; Deng et al., 2018b;
Greber et al., 2017b). The chondritic average in the datasets from Deng et al., (2018b) and
Greber et al., (2017b) overlap within two standard deviations, but show resolvable differences
in their Ti isotope compositions when their 95 % confidence interval is considered. However,
average values of the §*°Ti for the Bulk Silicate Earth (BSE, +0.005 + 0.005 %o), lunar samples
(+0.004 + 0.010 %o), the Howardite-Eucrite-Diogenite parent body (HED, potentially Vesta;
+0.011 + 0.021 %o), Angrites (+0.007 + 0.038 %o) and Mars (-0.003 + 0.014 %o) are the same,
within uncertainty, to the average chondritic value of Greber et al., (+0.004 + 0.010 %o; 2017b).
This is in contrast to other stable isotope data for refractory lithophile elements like Ca, and is
most likely due to the different behaviour of Ti during condensation in the solar nebula (Greber

etal.,2017b).

1.2.4 Extra-terrestrial Ti isotope systematics and nucleosynthetic
heritage

Mass-independent effects for Ti isotope compositions in inner solar system bodies are related
to neutron capture effects and are expressed as £>°Ti(*’Ti/*'Ti), henceforth £°°Ti, (Equation 1-
15, Figure 1-4 and 1-5 a and b). Variations in £°°Ti can be extremely large in very refractory
phases such as CAls and pre-solar grains (Gerber et al., 2017; Render et al., 2019), due to
various amounts of the precursor material from the latter mixed into the former. While £>°Ti
variations in various CAl-groups indicate large-scale transport of material in the solar system
(Render et al., 2019), the later formed chondrites formed distinct reservoirs that remained
isolated from each other (Gerber et al., 2017). Bulk inner solar system bodies also show
significant large-scale variations (Leya et al., 2008; Trinquier et al., 2009; Zhang et al., 2012).
It is unlikely that this results from heterogeneous distribution of the solar nebula material
(Trinquier et al., 2009). The correlation between e**Ti(*'Ti/*'Ti) and £°°Ti(**Ti/*'Ti) found by
Trinquier ef al., (2009) in a range of solar system materials points towards a well-mixed inner

solar system (Figure 1-4), as the nucleosynthetic origin for **Ti and °Ti is different (oxygen
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and silicon burning during stellar nucleosynthesis vs. production in a type la supernovae,
respectively - cf. Clayton, 2003). However, the variability in the mass-independent Ti isotope
composition on a planetary scale requires a process to impart this heterogeneity. Such a process
may consist of thermal processing of the molecular cloud material where, for example, thermal
event(s) in the early solar system fractionated moderately volatile elements potentially leading

to loss of pre-solar silicates containing *Ti-*Ti-excesses (Trinquier ef al., 2009).
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Figure 1-4: Nucleosynthetic Ti data for various solar system materials. Data show significant anomalies in some achondrites,

ordinary and enstatite chondrites, data by Zhang et al. (2012). Samples from Earth and the Moon are the same within analytical
uncertainty. See text for discussion of negative &°Ti values for lunar samples.

On a planetary scale, Ti can be used, for example, to constrain the homogeneity of the Earth-
Moon System. Earth inherited its Ti isotopic composition from its building blocks. Any
departure from the mass-independent fractionation line (Figure 1-5 a) would represent input
from another source region. When studying the nucleosynthetic heritage of the Moon, however,
secondary neutron capture effects need to be taken into consideration. A useful mean of control
are the ratios between the isotopes of samarium or of gadolinium, which both show large
neutron capture cross sections in the thermal and epithermal neutron range. Any correlation in
an &°Ti(*'Ti/*'Ti) vs. Sm or Gd isotope plot indicates the capture of secondary neutrons on the
lunar surface. After correction for these effects, terrestrial and lunar samples show no resolvable
differences in their &°Ti(*’Ti/*’Ti). This similarity implies that either the Moon-forming
impactor(s) had the same &°Ti(**Ti/*’Ti) as the proto-Earth (within 0.10 e-units), or that

somehow the Moon inherited material primarily from what is now the BSE. The former
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hypothesis is unlikely, as during the chaotic period of planetary formation it is hard to envision
that two such bodies share the same Ti isotopic composition. The most plausible scenario is a
mixing process in the post impact magma disc, which likely homogenized material from the

impactor and BSE (Zhang et al., 2012).
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Figure 1-5 a and b: Mass-independent Ti isotope variations by Trinquier et al., (2009) and Zhang et al., (2012). Neutron
capture effects in £*°Ti and &°Ti reveal a correlation between the distinct reservoirs (a). Correlation of &°Ti with neutron
capture monitor (1°Sm/">’Sm) reveal secondary neutron capture effects, after correction the value for Earth and Moon is
identical within uncertainty.
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1.3 Motivation and objectives

As seen in the previous section, Ti isotopes show resolvable variations in natural samples that
stem from both mass-dependent and mass-independent processes. This monograph however
focuses on mass-dependent Ti isotope variations to trace processes and components involved
in the petrogenesis of terrestrial and lunar basaltic samples. Previous studies focussed on
coupled Ti isotope - SiO; variations in terrestrial and extra-terrestrial samples (Deng et al.,
2018b, 2018a, 2019; Greber et al., 2017a, 2017b; Millet et al., 2016). However, the behaviour
of the extended high field strength element group (here Th, U, W, Nb, Ta, Hf, Zr, and Lu) is
often attributed with Ti-bearing phases such as rutile or ilmenite (Klemme et al., 2005, 2006a).
Thus, where there are extensive HFSE datasets available, it may prove more insightful to couple
HFSE variations and Ti isotope variations in the same sample sets, rather than just to focus on
their Ti isotope composition and silica content. By determining the Ti isotope composition of
well characterised samples with available HFSE data, this study aims to provide insights into
relevant processes (fractional crystallisation of Ti-bearing phases and partial melting in the
presence or absence of these phases) and relevant components (e.g., residual rutile, ilmenite,
magnetite or potentially amphiboles, subducted sediment or mantle wedge) that fractionate Ti

isotopes. The main objectives of my doctoral research were:

I.  Establish the Ti double spike method at the University of Cologne (Chapter 2).

a. Create and calibrate a double spike and an in-house reference material to ensure
high precision and accuracy of the analysis of Ti isotope compositions as well
as further develop a chemical separation procedure to separate elements of the
extended HFSE group and Ti from other elements and from each other using ion
chromatography,

b. further develop a measurement protocol on the University of Cologne’s Neptune
Plus MC-ICP-MS, and

c. develop the data reduction scheme.

II.  The lunar chapter (Chapter 3) uses the techniques and chemicals developed and

calibrated in Chapter 2 to determine the Ti isotope composition of a representative set
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I11.

of lunar samples. These data are then coupled with published high-precision isotope
dilution HFSE data from the same samples to investigate the three primary reservoirs
of lunar basalts,

a. the last remainder of the Lunar Magma Ocean crystallisation (urKREEP),

b. the ambient mafic lunar mantle and

c. the ilmenite-bearing cumulates,

which are thought to be the source regions of KREEP-rich samples, low-Ti and high-Ti
mare basalts, respectively. This study aims to constrain what process leads to Ti isotope
fractionating in lunar samples with a special emphasis on high-Ti mare basalts (deep

partial melting of an ilmenite bearing cumulate vs. shallow assimilation)

In chapter 4, in the same approach is applied to subduction zone related rocks (basalts,
boninites and sediments). The Ti isotope composition of samples from subduction zones
can potentially be influenced by:
a. The nature of the subducted material (oceanic crust and overlying
metasediments),
b. the melting of the overlying (depleted) mantle wedge,
c. the presence or absence of various residual Ti-bearing phases in the subducted
slab and (although unlikely),

d. fluid alteration

For this, a representative set of well characterised samples from different subduction
zone settings was chosen, each of which is to varying degrees influenced by the
aforementioned components. This study aims to constrain the influence of these
components on coupled variations of Ti isotope composition, HFSE and other process-

diagnostic trace element ratios.
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CHAPTER 2 - METHODS

2.1  Ion Chromatography / Chemistry

All chemicals used consisted of laboratory grade reagents. Residual trace element
concentrations, i.e., blank levels of concentrated acids (10 M HCI, 14 M HNOs, 24 M HF) and
other reagents (Merck 30 Vol.-% H20., Millipore™ MilliQ, henceforth MQ ultrapure water)
where constantly monitored by the Cologne Clean Lab facility staff. Average residual Ti
concentrations in all used chemicals never exceeded the 1 ng/mL threshold (sub-ng/g range).
As such, any contribution to the Ti budget of all concentrated reagents used can be considered
negligible given the amount of Ti present in the samples (usually 30 pg, 20 pg for two TiO»-
poor KREEP-rich lunar samples) analysed in these studies.

2.1.1 Calibration of the separation method

The chemistry used in this study is a modified version of the expanded high field strength
element group chromatographic separation procedure outlined in studies by Miinker (2001),
Bast et al., (2015), and most recently by Tusch et al., (2019), who focussed on W. The main
goal of the chemistry was to keep Ti in solution for as long as possible and avoid the complete
dry down of the Ti aliquot during chemistry, in order to minimise the potential of sample loss
or contamination. Initial tests were run on a three-column approach. In an initial step, a
reference material, for instance BHVO-2 is digested. Prior to chemistry, a 5% aliquot of the
digested solution is taken and doped with In. The sample is then loaded in a 1 M HCI - 2 Vol.-
% H20> mixture unto the column. Matrix elements, as well as other HFSE, are separated as
chemistry proceeds (See Figure 2-1). At each elution step of the chemistry, a further 5% aliquot
is taken and doped with In. The doped aliquots are then measured on an ICP-MS for their
elemental content, and using the results their absolute yield can be calculated. The elution curve
shown in Figure 2-1 demonstrates a good separation of Ti from matrix elements especially from
Ca, which is a major element, and its ineffective separation from Ti can result in two isobaric
interferences on masses of Ti (**Ca and **Ca on “*Ti and **Ti). Traces of Cr and significant
amounts of V are still found in the Ti-cut after the sample matrix is separated. As Cr and V can

both result in isobaric interferences on Ti (namely on 3°Ti), their removal is essential and as
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such, a clean-up is required. Double-spike analysis can neglect °Ti and any interferences on

this by *°V and *°Cr, as >°Ti is not part of the double spike deconvolution.
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Figure 2-1: Elution curves for Ca, Ti, V, and Cr of the initial chemistry. Traces of Cr and large amounts of V remain in the Ti-
cut

Nevertheless, the presence of matrix elements like V and Cr warrants a clean-up as matrix
effects and other ionising effects can introduce second order mass bias or reduce sensitivity
(Olesik and Jiao, 2017). This clean-up is carried out using AG1-X8 columns in 1 M HF - 0.33
M HCI. For this, the sample solution (1 M HCI — 2 Vol.-% H>O») is converted into 1 M HF —
0.33 M HCl by adding concentrated 24 M HF and MQ water. In this solution, Ti adsorbs to the
resin and Cr and V are rinsed off. Titanium is then eluted in 6 M HCI — 0.06 M HF. However,
in instances where the Cr and V clean-up is not completely efficient, or simply out of
precaution, the sample solution can instead be eluted in 1 M HCI — 2 Vol.-% H>O.. The clean-
up is then repeated, by adjusting the eluted sample solution to 1 M HF — 0.33 M HCI, and then
loading the sample. After matrix elution, Ti is eluted in 6 M HC1 — 0.06 M HF. This procedure
ensures that the final Ti cut is free of any residual matrix. It should be noted that matrix—free or
—poor samples, such as chemical reference materials (OL-Ti, Col-Ti) or mineral separates,
require higher initial acid concentrations, 1.75 M HCI — 2 Vol.-% H>0; instead of 1 M. With
little to no matrix elements to adsorb to the resin, Ti is retained longer in the resin (AG50W

X8). As such, it is required to either rinse the columns longer (using a larger volume of acid -
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> 30 mL) or to increase acid strength of the sample solution. After the first column, the acid

remains at 1| M HCI — 2 Vol.-% H»O».
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Figure 2-2: Complete elution curve for chemistry and clean-up. Clean-up step can be repeated if necessary.

2.1.2 Final Ti separation scheme

The final recipe and yield test (Figure 2-3 a and b) now technically allows quantitative
separation of Ti from the matrix. For this, samples are weighed in such that ideally 30 pg of Ti
are present. Sample powders are placed into a Savillex beaker and spiked (see section 2.2.1).
The sample is then digested using a 4 mL of concentrated HNO3; and HF (ratio 3:1). After
equilibration in the closed Savillex beaker for 48 hours on a hotplate at 120 °C, the dissolved
sample is subsequently dried down and refluxed in 6 M HNO3 with a trace of 0.5 M HCI - 0.5
HF. This step is carried out to prevent the formation of secondary fluorides and to transfer the
sample in chloride form. The sample is refluxed with 6 M HC1 — 0.06 M HF and after it is dried,
it is taken up in 1 mL of 1 M HCI — 2 Vol.-% H20:. The added hydrogen peroxide complexes
with Ti, which gives the (Ti) sample solution a light yellow-orange colour, in addition to the
yellow colour from Fe in the matrix and the added HCI. The sample is then loaded onto the
column and directly eluted with other HFSE as the matrix is adsorbed onto the AG-50W-X8
cation resin. Matrix elements are then eluted with 10 mL of 6 M HCI. The Ti & HFSE cut is
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then loaded onto the next column (AG1 X8 anion resin), and Ti, Zr, Hf are directly eluted
whereas W, Mo are subsequently eluted in 10 mL ofa 6 M HNOs; — 0.5 M HF — 2 Vol.-% H>O»

mixture.
AG50W-x8 Ln Spec i a
Load sample Load
— — i+ CRV
+
nV —» Hf, Zr
—» Matrix
Clean-up;
AGI1-x8 ! AGI1-x8
Load Load
s — ¥, Cr
+Cr, V
R
— W, Mo
1 -
'E‘ Ti Cut
9 09 "\F/i b
+ 0.8 R
S 07k e
£t cs
0.6 £
3 3
CR
>~ 0.4 +
E_.; 03 §
'é‘ 0.2 'g
Lol
< U mﬁ R [ [ [ [
£ X oglE S|z = |2 2 =2 =2 £ ¥ ¥ ¥ - £ £
~ § E|X 2|5 £ <S|8 FE OE S S £ S 3 3 >
W E F x| g =% § § &8 E § § § = 2 <
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B EE T %8 B % & & & & ©° o &
= 2 2 i=t ° 15 Q Q o <
AG50W - X8 [ 2ml AGl - Ln Spec Cleanup Version B 2ml AG1 - X8 Laden in 0.3 M HCI 1 M HF
2mL ml X8

Figure 2-3 a and b: a) Schematic chemical separation and b) yield test results. Each arrow in a) represent a different element
cut. Yields were calculated using an Excel macro initially written by Peter Sprung. The clean-up can be repeated f necessary
to assure absolute purity

23



CHAPTER 2 - METHODS

The sample is then loaded into an LN Spec Column filed with 2 mL resin volume. The Ln Spec
resin elutes Ti and retains Hf and Zr. At this stage, trace amounts of Ca and significant amounts
of Cr and V are still present in the sample solution. For the required clean-up, the sample
solution is adjusted from 1 M HCl - 2 Vol.-% H20; toa 1 M HF — 0.33 M HCI. This increases
the sample volume to around 100 mL. Because of the larger sample volume, the AG1-X8 cation
columns are pre-cleaned and fitted with 120 mL Biorad funnels, which enables the sample to
be loaded in a single step. With 1 M HF — 0.33 M HCI, Ti adsorbs onto the resin, eluting
remaining trace amounts of Ca, Cr and V already in the loading step. Separation should be
achieved at this stage, however, occasionally trace amounts of Cr and V may still be present in
the sample solution, prompting the incorporation of a second clean-up step. In this case, after
loading 100 mL of sample, Ti is washed down using 10 mL of 1 M HCI 2 vol.-% H>0- and is
again adjusted to 1 M HF — 0.33 M HCI. As such, the clean-up can be repeated one last time
and complete Ti purification can be achieved. The samples are then ready to be measured on

the multi-collector ICP-MS.

2.2 Double Spike Isotope Dilution

The aim of a double spike is to provide a solution for the following equation:
. . . a i/j B
/ _ / / m; Esample m;
R = [p - R+ = IR e () (14 22 (2 21

where R is the ratio of isotopes i and j in the sample, spike and reference material. The amount
of spike is given by p, m is the atomic mass of i and j, whereas o and £ correspond to the natural
and instrumental mass bias factors, respectively. The term included in ¢ accounts for mass-
independent variations, but can be neglected for Ti in terrestrial and lunar samples (Deng et al.,
2018b; Greber et al., 2017b). It is evident that with the three unknowns p, o and S, three
equations to solve this system are required, thus the need for at least four isotopes, i.e., three

isotope ratios for double spike study. It should be pointed out though that in recent studies a
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three isotope implementation of a double-spike procedure has been used successfully (Coath et

al., 2017; Millet and Dauphas, 2014).

2.2.1 Spike and Reference Material calibration

Nicolas Greber generously provided an aliquot of the Origins Lab Ti reference material,
henceforth named OL-Ti. This well-known material was calibrated in a study by Millet &
Dauphas (2014) and is now the accepted reference material in mass-dependent and independent
Ti isotope studies (Deng et al., 2018a, 2018b, 2019; Gerber et al., 2017; Greber et al., 2017a,
2017b; Millet et al., 2016).

Furthermore, an Alfa Aesar PURATRONIC high-purity Ti rod was procured (99.999%; LOT.
NrM04C023) to calibrate an in-house reference material similar to the Origins Lab Ti reference
material (OL-Ti; Millet et al., 2016; Millet and Dauphas, 2014). The rod was sliced using a
diamond string saw and four chips were picked for dissolution into individual stock solutions
with varying final Ti concentrations (henceforth called “Col-Ti”. Two high purity *’Ti and **Ti
oxide powders were obtained from the Oak Ridge National Laboratory. Single spikes and metal
chips were weighed in pre-cleaned 250 mL (spikes) and 500 mL (Col-Ti) perfluoroalkoxy
alkane (PFA) bottles and dissolved in a 1:19 mixture of concentrated HF and 3 M HNO:;.
Titanium spikes were mixed in a 500 mL PFA bottle that had been pre-cleaned with diluted
acids over multiple days (diluted HCI, HF, HNO3; and a HNO3-HCI mixture) in order to obtain
a double spike composition with *Ti/*’Ti of 1.07207. This optimal value was calculated with
the double spike toolbox by Rudge et al., (2009). The double spike has a final Ti concentration
0f410.9 £ 0.3 ng/g.

Calibration of the double spike was initially performed using an aliquot of OL-Ti, as its isotope
composition is well constrained (Millet et al., 2016; Millet and Dauphas, 2014). In order to
determine the isotope composition of the double spike, two solutions were prepared: an ideally
spiked (sample to spike proportions of 0.51:0.49) aliquot of OL-Ti (1 pg/mL total Ti) and a
pure dilution of the double spike (1 pg/mL, pure double spike Ti). Subsequent measurements
of the diluted, pure double spike yield average, but not mass-bias-corrected, isotope ratios.
Nevertheless, these values should fall on a mass-dependent fractionation line with DS-OL-Ti
mixture on a three isotope plot. Using the exponential law, the non-mass-bias-corrected double
spike ratios of pure double spike measurements (described above) are then artificially (i.e.,

mathematically) fractionated. The corrected ratios are used in the double spike deconvolution

25



CHAPTER 2 - METHODS

of the doped OL-Ti aliquots. Since the reference material relative to itself is defined as
S(**Ti/*"Ti)oL-ti = 0 %o, the fractionation factor is iteratively adjusted so that the known, average
isotope composition of the OL-Ti becomes equal to 0 %o (Kurzweil ef al., 2018). The isotope
compositions of the double spike and-in house reference material correspond to §*Ti of 430

and 0.204 o-units, respectively. The results are given in Table 2-1.

Table 2-1: Calibration results for Col-Ti and the Cologne Ti double spike. Higher uncertainty for “Ti/*’ Ti and *3Ti/*’ Ti stem
from the lower abundance of these isotopes in the double spike solution. Atomic masses from (Wang et al., 2017).

“STi/*7Ti BTi/7Ti PTi/7Ti
OL-Ti 1.092874 10.070565 0.749766
2se 0.000011 0.000086 -
Millet et al. (2016) - Double spike 0.032663 0.270783 0.945969
2se 0.000001 0.000007 0.000013
Cologne double spike 0.006224 0.07996 1.072000
2se 0.000018 0.00015 0.000065
Cologne ColTi Ref.-mat 1.092759 10.071601 0.749919
2se 0.000002 0.000019 0.000003
[c] DS, Tiwt 4109+ 0.3 pg/g
[c] ¥Ti 4.170 £0.003 pmol/g
[c] ¥ Ti 4.055 £0.003 pmol/g

In order to verify and better constrain the ideal sample/spike proportion that was calculated
using the double spike toolbox of Rudge et al., (2009), a set of spiked chemical and terrestrial
reference materials were prepared. Aliquots with the equivalent of 30 nug sample Ti of the in-
house reference material (36 pL of an 820 pg:mL solution) were prepared and added double
spike to achieve sample:spike proportions of 0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4, 0.55:0.45,
0.51:0.49 (ideal ratio) 0.45:0.55, 0.4:0.6, 0.3:0.7, and 0.2:0.8, respectively (see Table 2-2).
Furthermore, eight separate digestions of the reference material BCR-2 (3 mg powder; 30 pg
Ti) were spiked in the sample:spike proportions of 0.9:0.1, 0.8:0.2, 0.7:0.2, 0.51:0.49 (ideal
ratio), 0.5:0.5, 0.43:0.57, 0.28:0.72, and 0.18:0.82. Lastly, five aliquots of the OL-Ti solution
(30 pg Ti), were spiked in the sample:spike proportions of 0.8:0.2, 0.55:0.45, 0.51:0.49 (ideal
ratio), 0.45:0.55, and 0.2:0.8. Chemical reference materials were equilibrated in closed vessels
over 72 hours and then diluted for measurement on the MC-ICP-MS. In the case of BCR-2, Ti
was separated according to the chemical separation procedure described in 2.1.2. The results of
the over- and under spiking tests are shown in Figure 2-4 and Table 2-2 and indicate that for
sample:spike proportions between 0.36:0.64 and 0.74:0.26 (a *3Ti/*' Timix between ~1 and ~3)

8%Ti is accurate.
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Table 2-2: Results of reference materials with varying sample to spike ratios (given as the fraction of sample in the sample-
spike mixture - fsampie). Each sample was measured three times and bracketed by ideally spiked Col-Ti and OL-Ti for additional
quality control.

Reference Material  fample  *®Ti/*’Timix,measured 2s S(*TiYTi)oL-Ti 2s n 95% c.i.
Col-Ti 0.90 6.2661 0.0011 -0.152 0.067 3 0.083
Col-Ti 0.80 4.16766 0.00022 0.109 0.050 3 0.063
Col-Ti 0.70 2.94295 0.00011 0.197 0.031 3 0.038
Col-Ti 0.65 2.52532 0.00021 0.194 0.013 3 0.016
Col-Ti 0.60 2.20163 0.00013 0.194 0.009 3 0.011
Col-Ti 0.55 1.78385 0.00011 0.2182 0.0043 3 0.0053
Col-Ti 0.52 1.6142 0.0078 0.218 0.017 3 0.022
Col-Ti 0.45 1.293016 0.000049 0.215 0.009 3 0.011
Col-Ti 0.40 1.097546 0.000034 0.195 0.010 3 0.012
Col-Ti 0.35 0.881946 0.000011 0.170 0.009 3 0.011
Col-Ti 0.30 0.751503 0.000064 0.138 0.010 3 0.013
Col-Ti 0.20 0.480887 0.000010 0.018 0.010 3 0.012
OL-Ti 0.80 3.57164 0.00039 -0.0339 0.0031 3 0.0038
OL-Ti 0.55 1.483742 0.000094 0.029 0.022 3 0.027
OL-Ti 0.53 1.284446 0.000024 0.012 0.010 3 0.012
OL-Ti 0.45 1.049865 0.000037 0.001 0.022 3 0.027
OL-Ti 0.20 0.397393 0.000027 -0.276 0.039 3 0.049
BCR-2 0.89 5.9691 0.0015 -0.38 0.12 3 0.150
BCR-2 0.79 4.14241 0.00020 -0.124 0.011 3 0.014
BCR-2 0.68 2.87956 0.00019 -0.029 0.041 3 0.050
BCR-2 0.52 1.76271 0.00002 0.020 0.060 3 0.074
BCR-2 0.49 1.53541 0.00005 0.018 0.025 3 0.031
BCR-2 0.43 1.258582 0.000033 0.009 0.019 3 0.023
BCR-2 0.28 0.729415 0.000081 -0.070 0.061 3 0.076
BCR-2 0.18 0.40141 0.00015 -0.160 0.072 3 0.089
Session averages
Session |
ColTi 0.199 0.039 28 0.008
OL-Ti 0.000 0.018 8 0.008
Session 11
ColTi 0.193 0.047 26 0.010
OL-Ti 0.000 0.012 8 0.005
BCR-2 ideal range 0.005 0.045 4 0.017
Total averages
Col-Ti 0.196 0.043 54  0.006
OL-Ti 0.000 0.015 16 0.004

Samples with sample:spike proportions outside this range should be excluded, as delta values

drift towards lower values.
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Table 2-3 Amount of Ca, **Ca/*’Ti and resulting 6*Ti of Ca-doped Col-Ti solutions.

ng/uL Ca *Ca/*"Timeasured 2s Ti*TioLti 2s n 95% c.i
1 0.0004325 0.0000047 0.219 0.057 3 0.071
10 0.0011534 0.0000010 0.243 0.038 3 0.047
100 0.010093 0.000025 0.265 0.044 3 0.054
500 0.049157 0.000058 0.437 0.023 3 0.029
1000 0.098285 0.000099 0.616 0.030 3 0.037

The isotopes “°Ca and *3Ca interfere with “Ti and “*Ti, both of which are part of the double
spike deconvolution. Accordingly, it is important that the analyte solution is Ca-free, which is
usually achieved using the chemical separation procedure described in section 2.1.
Nevertheless, the effect of Ca contamination in the final measurement solution was tested by
doping five aliquots (1 pg/mL Ti) of the spiked Col-Ti solution with an Alfa Aesar Ca plasma
standard, resulting in concentrations of 1, 10, 100, 500 and 1000 ng/mL Ca.
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published values. BCR-2 range average is 0*Ti/*’Tiy; 1; = +0.005 + 0.017%o & OITi
(n = 12 values of four samples with three measurements each,). =—~ColTi average

——OL-Ti average

Figure 2-4 a and b: 5 TioL-1i versus fsampie i.e. the fraction of the sample in the sample - spike mixture. The diagram illustrates
the range in which the sample/spike ratio reproduces published values. The threshold for precise and accurate results is
approximately between approximately 0.36 and 0.7 (fsampie). Millet et al., (2016) give their BCR-2 at 5*Ti/* Tior-1i = -0.015 +
0.005%o0 95% c.i. which overlaps generously with the results from this study.
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Interferences of Ca isotopes can be accurately corrected up to Ca concentrations of 100 ng/puLL
or a “Ca/*’Ti of 0.01 (Figure 2-4 a, b) without a significant decrease in the measurement

precision of Ti isotope ratios. Larger abundancies of Ca cause erroneous, positive §*'Ti values.
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Figure 2-5 a and b: Determined 6*Ti Ca-doped 1ug/mL Ti Col-Ti solutions versus a) Ca concentration and b) **Ca/*’Tii ratio.
Samples reproduce accurately up until Ca concentrations of 100 ng/uL or 100 ppb Ca. See also Table 2-3

222 Data reduction

Rudge et al., (2009) published with their “double spike toolbox” a reliable and adaptable data
reduction template for double spike studies. However, this script requires MatLab or similar
programs. Creech and Paul (2015) made the code for their IsoSpike software available,
however, this code is an add-on for the (now commercial) iolite data-processing software.
Siebert ef al., (2001) and Compston and Oversby (1969) have published an offline applet that
can be incorporated into Excel. As data reduction can be done iteratively, statistical evaluation
is iterative as well (Heuser et al., 2002; Schoenberg ef al., 2008). An alternate approach, which
is to perform Monte Carlo simulations for uncertainty estimates is available but was not used

in this study.
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2.2.2.1  The Siebert et al., (2001) method

The double-spike deconvolution method used in this study relies on a vector-based approach to
iteratively approach the unknowns of the double spike equation. First, the natural and

instrumental fractionation factors are determined by

. m;

m Finst Fhat
f— L _
Rmeasured - Rtrue (m ) and Rmeasured - Rtrue (_) 2-2

j mj

These first values for Fius and Frar are chosen, arbitrarily, from experience. The ratio used for
correction (*Ti/*’Ti) is denoted as x, whereas **Ti/*’Ti and *Ti/*’Ti be y and z. With these three

ratios, one can define the coordinates for Ry, -S4 and Ry, ST

49,48,46 Ti>Fnat,ass

m
Ryy2SA =Ry, ,ST " <W

Step 1
The points ST, S4 and SP create a plane, S4 is initially an artificially fractionated sample that
is used as a starting point (assume a value for Faqss at first and fractionate S7). Based on the

equations for a plane z = ax + by +c the parameters a,b and c are written as:

_ RyST(R,SA — R,SP) + RySA(R,SP — R,ST) + R,SP(R,ST — R,SA)
® = R,ST(R,SA — R,SP) + R,SA(R,SP — RyST) + R,SP(R,ST — R,SA)

_ R,ST(R,SA — R,SP) + RSA(R,SP — R,ST) + R, SP(R,ST — R,SA)
~ R.ST(RySA— R,SP) + R SA(R,SP — R,ST) + R,SP(R,, ST — R,SA)

¢ =R,ST —a-R.ST —b-R,ST

2-4
Step 2
Assuming a value for Finstass,the true mixed ratios are calculated by
Ry,y,zMS _
m464849\Finstass Rx'y'zMT 2-5
( M47Ti )
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These true values form a mass-dependent fractionation line. If the values for both Fi.s and Fa
are true, the line MS-MT pierces the plane from Step 1 on the same point as the exponential
fractionation curve. As such, two equations describe these lines withz =dx + eand z = fy +g

and the parameters d, e, f, and g are given by

_ RMS —RMT -k Ms—d-R.MS
“RMS—RMT €Tz x
R,MS — R,MT R,MS —f+R,MS
R,MS — R,MT z y 26

Using these, it is possible to calculate the intersect of the lines with the planes ST-SA-SP with

_b-g-—b-ete-f—c-f
Yt =T ¥ b-d—d-f

are—ag+d-g—c-d
a f+b-d—d-f

Vint =

Zint = A" Xipg + b Yine + ¢ 2-7

These intersect values are the new values for R, M7 and are used to calculate an instrumental

mass bias factor with

F __ In(RxMS/RxMT)
inst,calc — n(Myo/My7)

2-8
With this new value, the process goes back to equation 2-4 to recalculate R,,,.:MT, ending in a

recalculated Finsr,calc, and is repeated once more (i.e., two iterations).

Step 3
If correct, the point defined by R, :MT lies on a mixing line between the sample S4 and the
spike SP. This can however only be true if the assumed value for Fjazass 1s correct. Similar to
the calculations in step 1 (using S7, SA and SP), the points MS, MT and SP form a plane. As

such, one calculates the parameters «, b and ¢ using:
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_ RyMS(R,MT — R,SP) + RyMT(R,SP — R,MS) + R,SP(R,MS — R,MT)

* = R MS(R,SAMTR,SP) + R,MT(R,SP — R,MS) + R,SP(R,MS — R,MT)

_ RyMS(R,MT — R,SP) + RyMT(R,SP — R,MS) + R,SP(R,MS — R,MT)
" RyMS(R,MT — R,SP) + RyMT(R,SP — R,MS) + R, SP(R,MS — R,MT)

¢ =R,MS —a-R.MS—b-R,MS

Once again, the two lines are defined by

_ R,SA—R,ST

=2l T, R,SA—d-R,SA
R.SA—R,sT ¢~ "z x

R,SA — R,ST R,SA —f-R,SA
RySA — RyST z y 210

and their intersect with the plane MS-MT-SP is given by the following expressions:

b-g—b-et+e-f—c-f
a-f+b-d—d-f

Xint =

are—a-g+d-g—c-d
a f+b-d—d-f

Yint =

Zint = A" Xing + b Yine + ¢ 2-11

Using the Ryy-SA4,new, Fratnew 18 calculated and the process is repeated from Step [ onwards.
These iterations are then repeated at least three times until the deviation of the new value from

the previous one is deemed acceptable. The values usually converge after two to three iterations.

2.2.2.2  The Compston and Oversby (1969) method

The original study by Compston and Oversby (1969) described an iterative approach using
equations previously published for Sr isotope studies. Their approach uses different ratios than
the usually used ‘Ti/*’Ti in order to de-magnify the uncertainties. For Ti and using their

definition:
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; 495 49,7
i/ Ti Tl) 212

49Ti 3 . j
Rmix = (Z;ample + Z;pike)/(zsample + Zspike

With Z Tisample,spike as the abundance of a given Ti isotope '. Equation 2-12 can be re-arranged

to

*9ri *9Ti i i i i
Q49Ti = Zsample/Zspike = (Rmix - Rspik )/(Rsample - Rmix) 2-13

and

48Ti/49Ti 48Ti/49Ti 48Ti/49Ti
Rmix = (Rspike + Q46Ti/49TiRsample )/(1 + Q46Ti/49Ti) 2-14

This calculated mixed ratio is then used to constrain a first instrumental mass bias using the

exponential law. This mass bias factor is used to calculated both *°Ti/*Ti and **Ti/*’Ti which

are then used to calculate the **Ti/*Ti:

B B
' M4y mx M4y
In similar fashion to the two previous equations, 2-13 can be transformed to

46.7: 46.7: 467; /497 465 490 -
Ti Ti Ti/"°Ti Ti/"°Ti
Qi6r, =7 /Z_ . = Qo R / /R I/ 2-16
Ti sample/ “spike Ti ““sample spike

which can be used to calculate the “*Ti/*Ti of the sample with

:z:r:/%n —(1+ 1 _ R“%i/“rt 1 48Ti/46Ti 217
ple Qa6 mix Qa6 spike

Equation 2-5 can be calculated using th AR T/TE d th R.TYTE
quation 2-5 can be calculated using the correcte calemix AN the constant spike - 1he

“true” isotope ratios are initially used to calculate the natural fractionation factor a, which in

turn are used again to calculate the O-proxy (using the now corrected “Ti/**Ti and *3T/*Ti).
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487y /49Ti

The average Qao7; is used to calculate the R, . in 2-12, the circular references in the

spreadsheet iteratively converge towards the true values of the isotopic ratios (Q-proxy in 2-12

and a, respectively).

2.2.2.3  Choice of data reduction scheme

Both data reduction schemes were tested using a set of chemical and terrestrial standards as
well as processed lunar samples. After evaluating both methods, the data reduction scheme by
Schoenberg et al., (2008) based on Compston and Oversby (1969; henceforth Compston-
scheme) is chosen. Both data sheets yield identical results for reference materials. However,
due to higher precision after six measurements for spiked lunar samples in the Compston-

scheme, results can be significantly different (Figure 2-6).
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Figure 2-6: Comparison between Siebert et al., (2001) and Compston and Oversby (1969). The larger uncertainty and
discrepancy in results for some samples (such as 74255) is a quirk of the statistical treatment and the iteration performed. OL-
Ti and BCR-2 have been measured more than 12 times.

Even if this may be a quirk of the statistical treatment of each cycle, given that references
materials are also more precise with this method, the decision to adopt the Compston-scheme

was made, aiming at better long-term reproducibility. Even if the final spreadsheet is working
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with circular references, making it vulnerable to Excel errors, it proves easier to handle and

keeps data file size within a reasonable range of + 3 Mb.
2.2.2.4  Neutron capture correction

As described in section 2.2, the double spike equation (2-1) contains a component that takes

into account secondary neutron capture effects:

il
(1 + —S“’"f’e> 2-18
10

——
_mass—indepenent

effect

The quantification of the mass-independent effect, the e-value, needs to be determined
separately on a spike-free aliquot using the standard sample bracketing technique. Once this
effect is known, it can be used to accurately calculate the “Ti/*'Ti of the sample. However, this
is only necessary when working with meteorite samples, as the effects in lunar samples and
terrestrial samples are either small or absent, respectively (Deng et al., 2018b; Greber ef al.,
2017b). See sub-section 3.2.1 for a discussion of neutron capture effects in analysed lunar

samples.

23 MC-ICP-MS

All measurements were performed on the Thermo Scientific Neptune Plus MC-ICP-MS and
results are given relative to the OL-Ti reference material. The instrument was operated in high
resolution mode to clearly identify the peak shoulders of the Ti isotopes. This is required as
non-resolvable, polyatomic interferences, such as 28Si'F or “N'®O,!H" are potentially
introduced into the system via the analyte solution (0.045 M HNOs — 0.005 M HF), resulting in
an interference on *’Ti (May and Wiedmeyer, 2008). The “peak shoulders” determine a mass
range on the respective mass, that is interference-free, as polyatomic interferences tend to be
heavier than the respective mass. As such, by performing mass scans one can identify the
isotope, isotope + interference and interference region and adjust the cup configuration
accordingly. An ESI APEX HF sample introduction system was used, as more interferences are

expected when using the CETAC Aridus II, probably due to the membrane fitted in the Aridus.

35



CHAPTER 2 - METHODS

In this study, two cup configurations were used (see Figure 2-8). The first one, labelled IC for
isotope compositions was developed in light of nucleosynthetic studies. The nucleosynthetic
effects are the largest on °°Ti, Ti and *'Ti are used for mass bias correction. Due to their Ca-
interferences and limitations of the instruments in simultaneously recording all masses from
#Ca to >2Cr, **Ti and **Ti and are usually excluded from nucleosynthetic studies (Gerber et al.,

2017; Trinquier et al., 2009; Zhang et al., 2012).
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As such, only Cr and V need to be monitored closely. The second cup configuration (ID) was
set up as part of the double spike study, as in this case *°Ti is not used in the double spike
deconvolution and interferences on >°Ti can be neglected. However, as *‘Ti and *3Ti are here
part of the double spike deconvolution, interference correction for trace amounts of Ca are
required and **Ca is monitored. Intermediate precision (long term reproducibility) of the all Ti

isotope dilution measurement sequences is given in Figure 2.9. The lunar sequences included
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terrestrial reference materials JB-2 and BCR-2, the terrestrial sequence BHVO-2, BCR-2 and
occasionally JB-2. During the latter measurements aliquots of JB-2 and BHVO-2 have been

mistaken for BCR-2, resulting in erroneous results.

1
0.9 __ BCr
oos £ BV
8 F OCa —
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Figure 2-8: Cup configuration of IC- and ID set up. L4-L1, C and HI-H4 denote the respective faraday cups (L = light, C =
centre, H =heavy). In case of Ca and V interferences, the contribution is very small and as such additionally given as decimal
fraction.
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3.1 Introduction

3.1.1 Formation of the Moon

3.1.1.1  The Giant Impact hypothesis

It is now widely accepted that the Earth-Moon system formed as a result of an impact or series
of impact events between the proto-Earth and one or more planetesimals (Canup, 2014; Reufer
et al.,2012; Rufu et al., 2017)). The exact number of impact(s), impact angle and composition
of the impactors is still subject of much debate (Asphaug, 2014; Rufu et al., 2017). Some
models, however, found that the mass of the impactor(s) may contribute up to 80% of its mass
into the accretion disc from which the Moon eventually formed. This is somewhat problematic
given the similarities of Earth in Moon with respect to their isotopic characteristics, namely
when considering refractory stable isotope systems - e.g., oxygen (’0/!°0 and '30/'°O within
12 + 3 ppm; Herwartz et al., 2014; Wiechert, 2001), iron (Sossi and Moynier, 2017: §°'Femg-
suite = 0° FeEarth mantle ), titanium (*°Ti/*’Ti within + 4 ppm; Zhang et al., 2012), vanadium (no
resolvable difference between §°'V of lunar and terrestrial basalts after neutron capture
correction of the former; Hopkins et al., 2019), or silicon (8**Simoon,average = 8°°Sinse; Armytage

et al., 2012 and references therein).
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Figure 3-1: Departure from the terrestrial fractionation line expressed as A”O. Moon and Earth are identical, whereas other
planetary bodies exhibit significant deviation from the TFL. Data modified from Asphaug (2014) and references therein. MFL,
AFL and EFL describe the Mars, Angrite and Eucrite fractionation line, respectively
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In contrast, most sampled bodies in the solar system (chondritic meteorites, achondrites and
martian meteorites) show resolvable differences in various isotopic compositions (3-1). The
isotopic similarities between Earth and Moon can be explained by chemical mixing during and
after the lunar impact event, as both Earth and Moon are thought to have undergone a global
magma ocean stage for an undetermined length of time (Gross and Joy, 2016). However, while
the hot protoplanetary atmosphere may be sufficient to equilibrate oxygen isotopes, this is not
sufficient for refractory Ti (Pahlevan and Stevenson, 2007; Zhang et al., 2012). Rufu et al.,
(2017) suggest that the Moon formed through a succession of smaller impacts, a so called
multiple impact origin, which, according to their modelling, allows the formation of the Moon
without violating compositional constraints or the angular momentum of the Earth-Moon

system (Figure 3-2).

o

Impact Disc formation Accretion and Subsequent | Disc formation Moonlet merger
migration impact with moonlet / loss
Timescale:  Days Centuries Myrs Days Centuries

Figure 3-2: Multiple impact origin of the Moon. Moon-Mars sized impacts (a) form a debris disc (b) and tidal forces lead to
outward migration of moonlets (c). Subsequent impact generates another disc and moonlet (d, e). With growing distance, tidal
deceleration lets the moonlets their Hill radii and eventually merge or are lost (f). Figure modified from Rufu et al., (2017).

The general consensus is that at least one impactor collided with the proto-Earth. The aftermath
of this impact must have led to chemical homogenisation between the bulk silicate Earth and
the Moon, as evidenced by homogeneity in refractory element isotope compositions such as Fe,
Ti or Cr and less refractory elements such as oxygen (Sossi and Moynier, 2017; Trinquier et

al., 2009; Wiechert, 2001; Zhang et al., 2012).
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3.1.1.1  The Lunar Magma Ocean (LMO)

Trace element variations in different groups of lunar samples suggest that the Moon was at least
partially molten, i.e., covered by a Lunar Magma Ocean most likely due to the high energy of
the lunar impact event (see Gross and Joy, 2016 and references therein; Warren and Wasson,
1979). The solidification of the LMO it thought to have occurred either in a single stage
(fractional crystallization) or a two stage model (equilibrium crystallization in the early stage
and then fractional crystallization, Figure 3-3 a; Gross and Joy, 2016). Mafic, Mg-rich olivine
and orthopyroxene sank and formed mafic cumulates that make up the ambient lunar mantle,
the residual magma became enriched in Fe and incompatible elements such as Ti (Figure 3-3
b). After 75% crystallization, anorthite crystallized at depths greater than 75 km (Gross and
Joy, 2016 and references therein), and the higher buoyancy of this plagioclase-rich cumulate
leads to its rise to the lunar surface (cf. Gross and Joy, 2016; Warren and Wasson, 1979). The
crystallization and subsequent flotation of anorthosite lead to the formation of the lunar crust,

which mitigated heat loss from the liquid remaining in the LMO (see Figure 3-3 c).

a b c d
A f Anorthite crust R A
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Anorthite
floats

@ Iimenite

Anorthite
@ Pyroxene
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Core / unmelted interior Core / unmelted interior

Time
Figure 3-3: Formation model of the lunar crust, modified from Gross and Joy (2016 and references therein). Shown is

differentiation (a) and crystallization (b) of the LMO. After 80% of LMO crystallization, the Anorthositic crust is formed (c).
In the last figure (d), ilmenite crystallises and KREEP forms.

With ongoing fractional crystallisation of olivine and pyroxenes, which eventually formed the
lunar cumulate mantle, the remaining melt then became increasingly Fe- and and Ti-rich.
Eventually, the contents of both FeO and TiO> of the melt became high enough that ilmenite
saturation was reached, leading to abundant crystallisation of ilmenite (Figure 3-3 d Gross and

Joy, 2016; Warren and Taylor, 2014; Warren and Wasson, 1979). Presumably, the last liquid
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remaining in the LMO was highly enriched in incompatible elements like K, Rare Earth
Elements, P (or KREEP), U and Th. Owing to its extremely high enrichment in incompatible
trace elements compared to mare basalts and anorthosites (Figure 3-4), this so called KREEP
component is easily traced in lunar extrusives, sampled during the Apollo missions, that may
have assimilated KREEP cumulates on their way to the surface (Snyder et al., 1992; Warren
and Wasson, 1979). Models then suggest the presence of more buoyant Mg-rich lithologies
under heavier, denser Fe-rich lithologies, the latter sitting closer to the surface than the former

(Gross and Joy, 2016).
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Figure 3-4: CI-Chondrite normalized REE element distribution of various lunar lithologies. Modified from Warren & Taylor
(2014) and references therein.

This gravitational instability then is thought to have led to the denser ilmenite- bearing
cumulates (IBC) inducing an overturn of the lunar mantle, with some arguing that these
cumulates may have sunken as deep as the lunar core mantle boundary (Elkins Tanton et al.,
2002; Li et al., 2019; Yu et al., 2019; Zhao et al., 2019). This mantle overturn most likely
generated large volumes of magma and redistributed the IBC in the lunar mantle (Miinker,

2010; Zhao et al., 2019), which then intruded into the anorthositic crust. Up until ~ 3.8 Ga, the
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Moon has been subjected to significant impact bombardment, as witnessed by its heavily
cratered surface. The oldest lunar rocks date back 3.8 Ga and are thought to consist of partial
melts of mafic lunar cumulates (Gross and Joy, 2016). Complementary rare earth element
patterns and Eu/Eu* anomalies in KREEP-rich lithologies and ferroan anorthosites (Figure 3-
4) suggest an identical source. However, this anomaly might have been produced by low
pressure fractionation after effusion (Gross and Joy, 2016). The younger Mare basalts (between
3.9 and 3.1, possibly as young as 2.8 Ga; Hiesinger, 2006 and references therein), which are
found filling older impact basins, can be grouped broadly into High-, Low-Ti, and very Low-
Ti mare basalts, based on their TiO; content (Figure 3-5; Warren and Taylor, 2014). Various
experimental studies were then performed in order to ascertain what petrogenetic processes

were involved in the formation of these basalts (Longhi, 1992 and references therein).
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Figure 3-5: Classification of lunar rocks based on TiO2vs. Mg/ (Mg + Fe). Criterion by Wood (1975) in solid black, modified

from Warren and Taylor (2014) suggested a newer criterion (italic). Shown here are the samples used in this study with
simplified symbols.

3.1.1.2  Experimental constraints on the petrogenesis of lunar samples

Longhi (1992) and Shearer (2006) give excellent literature overviews of experimental petrology
research of lunar samples. In this section, I will briefly summarize findings relevant for the

interpretation of the data. Walker et al., (1977) argued that low-Ti olivine-normative-basalt
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(ONB) 15555 formed as a result of melting from a -source region at around 170 km depth.
Crystallisation experiments of a 15555—like composition shows that ilmenite does not appear
along its liquid line of descent as a liquidus phase (Kesson, 1975). In absence of a Ti-bearing
phase, no significant fractionation of Ti isotopes should take place (Millet et al., 2016; assuming
ilmenite or armalcolite are the only phases fractionating Ti isotopes), which is consistent with
the results where 8*’Ti is the same as that of BSE within analytical uncertainty (i.e., ca. 0 %o).
Low-Ti quartz-normative basalt (QNB) 15065 is thought to have originated from shallower
regions of the lunar mantle of above 100 km (Walker et al., 1977). At these depths, Kesson
(1975 and references therein) suggested that low—Ti magmas assimilated a portion of an
ilmenite-bearing cumulate (IBC) to form a high—Ti basalt. The bulk assimilation of IBC by a
low-Ti magma would result in this magma inheriting the Ti isotopic composition of the IBC.
The Ti isotopic composition of the IBC, depending on the timing IBC formation from the LMO,
would range between -0.4 and -0.2 %o (very early crystallised ilmenite, depending on accuracy
of ilmenite/melt fractionation factor of Johnson et al., 2019 or; Millet et al., 2016) or close to 0
%o (very late crystallised ilmenite). This means that if significant portions of an IBC were to be
assimilated by al low-Ti magma, the resulting Ti isotope composition would either be negative
of close to 0 %o. Results from experiments carried out using compositions akin to low—Ti QNB
15065 also shows no evidence for fractional crystallisation of ilmenite, meaning the variations
observed in the §*Ti of the QNB samples could be ascribed to source heterogeneity.
Crystallisation experiments carried out using a composition from low—Ti ilmenite basalt 12022,
show that ilmenite is, unsurprisingly, among the first phases appear on the liquidus (Green et
al., 1971), which would induce Ti isotope fractionation. Green et al., (1975 and references
therein) report that most Apollo 17 high-Ti basalts have around 10 % ilmenite as a liquidus
phase, which can potentially indicate §*°Ti fractionation in some high-Ti mare basalts due to
ilmenite crystallisation. The source region of Apollo 11 and 17 high-Ti mare basalts is at an
estimated depth of 250 km (Delano and Lindsley, 1982). Based on their high MgO/FeO, high
K/Rb, and experimental results from these samples, Shih et al., (1975 and references therein)
assume that Apollo 11 and 17 high-Ti mare basalts evolved from a parent magma similar in
composition to Apollo 17 sample 70017. The analysed suite of Apollo 11 and 17 basalts
compositions is accurately reproduced by partial melting modelling. In detail, high-Ti mare
basalts compositions of 75035, 74255 and 74275 are reproduced by Shih ez al., (1975) assuming
batch melting of a mantle source with 90% cpx and 10 % ol+ilm (75035) and 70% cpx and 30%
ol+ilm (74255, 74275). Based on this model Apollo 11 and 17 low-K high-Ti basalts (10020
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and 75035) are the result of 20% batch melting, whereas Apollo 11 high-K basalts (10017 and
10057) result from around 1 % batch melting. Partial melting of ilmenite-bearing domains is
expected to lead to more fractionated Ti isotope compositions in the melt (i.e., higher §*'Ti),

especially if ilmenite remains a residual phase throughout melting.

3.1.1.3  Summary

In the aftermath of the lunar Giant Impact and LMO crystallization, new volumes of magma
were generated by the overturn of denser ilmenite bearing cumulates (Gross and Joy, 2016; Li
et al., 2019; Yu et al., 2019; Zhao et al., 2019). Basaltic lunar samples analysed today now

reflect various mixtures of these cumulates:

- KREEP-rich rocks represent the last residual liquid of LMO crystallisation,
urKREEP

- Low-Ti mare basalts represent the ambient lunar mantle,

- High-Ti mare basalts reflect the ambient lunar mantle interacting with an ilmenite

bearing domain.

The advantage in studying lunar mare basalts lies in the simplicity of the system, as the absence
of mechanisms that allow crustal recycling (such as plate tectonics) and the continuous
homogenization of the lunar mantle (convection) have been absent or limited throughout lunar
history. Because of this, the Moon provides us with a snapshot of early planetary evolution to

an extent that is not possible by solely studying terrestrial samples.

3.2 Titanium isotope systematics of lunar basalts

Experimental studies and the Hf and Nd isotope composition of mare basalts suggest that low-
Ti mare basalts likely result from partial melting of lunar mafic cumulates, whereas high-Ti
mare basalts are thought to reflect IBC involvement (e.g., Longhi, 1992; Sprung ef al., 2013).
However, whether high-Ti basalts result from IBC assimilation by mafic low-Ti magmas

(Miinker, 2010), or from the partial melting of a hybridized lunar mantle source (Snyder et al.,
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1992), remains ambiguous. Titanium isotope variations in mare basalts may be used to
discriminate between the two scenarios: Refractory, lithophile, and fluid-immobile Ti is
predominantly tetravalent albeit lunar samples may contain significant amounts of Ti** (Leitzke
et al., 2018; Simon and Sutton, 2017). The principal Ti-bearing phase in the lunar mantle is
ilmenite whose VI-fold coordinated crystal site preferentially incorporates lighter over heavier
Ti isotopes (Schauble, 2004). The Ti isotope composition of terrestrial samples (given as
S(*Ti/*"Ti)oL-i, relative to the Origins Lab reference material, henceforth §**Ti; Millet and
Dauphas, 2014) ranges between -0.046 and +1.8 %o. Observed covariations between §**Ti and
Si02, TiO2, and FeO contents of terrestrial volcanic rocks suggest that stable Ti isotope variation
is mainly driven by the onset of fractional crystallisation of Fe-Ti oxides during magmatic
differentiation (Deng et al., 2018a, 2019; Greber et al., 2017b; Mandl et al., 2018; Millet et al.,
2016). Consequently, the Ti isotope composition of lunar magmas might be a sensitive indicator
to the crystallisation of the IBC, and its assimilation or partial melting: Millet ef al., (2016)
reported 8*’Ti variations in three low-Ti mare basalts with a pooled §*Ti of -0.008 £ 0.019 %o
and five high-Ti mare basalts with §*'Ti between +0.011 and +0.033 %o. The presence of more
fractionated 6*'Ti in mare basalts, although suggested, has not yet been reported (Millet et al.,
2016). Indeed, for the urKREEP end-member, as represented by the lunar meteorite Sayh al
Uhaymir (SaU) 169, a tentative §**Ti of +0.330 + 0.034 %o was obtained (Greber et al., 2017b).

In the following the §*'Ti of 24 representative lunar samples is reported, in order to investigate
their mantle sources in the context of three major end-members: the ambient lunar mantle (low-
Ti), the late-stage cumulates (IBC, high-T1), and the residual KREEP-rich component. Notably,
the processes that affect §*’Ti in lunar mantle cumulates and corresponding melts also
fractionate high field strength element ratios (HFSE; Miinker, 2010). High-precision HFSE, W,
U, and Th data, obtained for the same samples (Thiemens et al., 2019), can help to constrain

% Tiukreep, 6*Timc and to identify the processes leading to §*'Ti variations in lunar samples.

3.2.1 Neutron capture effects and potential sampling bias

Inasmuch as the Ti isotope analyses of lunar samples is concerned, secondary neutron capture
effects due to the long-term exposure to cosmic rays can be an issue, and this possibility needs
to be addressed (see also: Sprung ef al., 2013). Moreover, potential sampling bias due to small

processed sample quantities may occur, which would lessen the representability of any reported
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5*Ti values. What follows is a discussion of what has been done to investigate these issues and

what steps, if any, were taken to mitigate them.

The effect of neutron capture on Ti isotopes using thermal neutron capture cross sections and
epithermal resonance integrals was evaluated, calculated as described in Sprung et al., (2010,
2013) and by using the JENDL 3.3 pointwise library at 300 K. Including these values and Ca/Ti,
as well as Sc/Ti from Meyer (2012), into the neutron capture model of Sprung et al., (2010,
2013) it becomes clear that the dominant process is the production of *’Ti via neutron capture

by *Ti.
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Figure 3-6 a and b: Sampling bias and neutron capture effects. a) Modal-% ilmenite vs. 5*Ti plot shows no correlation of
ilmenite content with §*Ti. Symbols are the same as in Figure 3-7. b) Previous studies conclude secondary neutron capture
effects to be negligible in Ti DS studies (Greber et al., 2017b; Mandl et al., 2018). Indeed, known proxy u'S’Hf shows no
correlation with 6*Ti (Data by Sprung et al., 2013); Y-axis are identical in a and b.

Thus, the dominant effect of neutron capture on Ti isotope ratios referenced to *’Ti is an increase
of ¥Ti/*"Ti, which is commonly used for mass bias correction. For samples that are strongly
affected by neutron capture, the mass bias corrected ratios of *°Ti, *3Ti, and *Ti normalized to
#'Ti should display coupled anomalies. The magnitudes of such anomalies are expected to scale
with the mass difference to *’Ti because of erroneously addressing the neutron capture-induced
shift in “*Ti/*’Ti to mass bias. For example, neutron capture effects on Ti in lunar rocks have
been reported primarily for *°Ti (Gerber et al., 2017; Trinquier et al., 2009; Zhang et al., 2012)

whose mass differs the most from *'Ti. From this evaluation, it is evident that the #7ue neutron
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capture-induced anomalies in “*Ti/*’Ti and “*Ti/*’Ti, which are used in the double spike
deconvolution (Greber et al., 2017b) are at least one order magnitude lower than the (artificial)
anomaly observed in *°Ti/*Ti, while in *Ti/*'Ti they are ca. 1.5 times lower. Judging from the
available data for lunar rocks (Gerber et al., 2017; Trinquier et al., 2009; Zhang et al., 2012),
no significant effects outside of the measurement reproducibility are expected, even for more
strongly neutron-irradiated samples such as low-Ti mare basalt 15556 (Sprung et al., 2013; See
Figure 3-6). The lack of any observable correlation between §*°Ti and pu'*°Hf, which is a known
monitor for epithermal neutron, or with other proxies for prolonged cosmic-ray-exposure
(exposure age data, Meyer, 2012 and references therein; as well as e.g., €'*’Sm, Sprung et al.,
2013; See Figure 3-6 b) supports this conclusion. A similar assertion was reached for lunar
samples using the Ti double spike method (Greber ef al., 2017b; Mandl et al., 2018). Regarding
sampling bias, sample weights in this study range from 3 to 10 mg and were taken from ~ 0.5
g powdered aliquots. The primary Ti phase in all relevant samples is ilmenite, whose
crystallisation is thought to be the foremost process fractionating Ti isotopes (Millet et al.,
2016). The absence of any clear correlation between §*°Ti, SiO2, and TiO> content, or with the
modal abundance of Fe-Ti oxides reported for each sample, indicates that the sample §*'Ti is
independent of ilmenite (and TiO2) content (Figure 3-6 a). Consequently, sampling bias is

unlikely to have affected the 6*'Ti results.

3.3 Results

Titanium isotope measurements were performed using the Thermo Neptune Plus MC-ICPMS
at Cologne with an intermediate precision better than +0.023 %o (2 x standard deviation,
henceforth s) for spiked reference materials BCR-2, JB-2, OL-Ti, and Col-Ti. Total blank
contribution was always less than 10 ng total Ti and is negligible compared to at least 30 pug of
processed sample Ti (20 pg for 68115). Samples were also measured using the standard-sample
bracketing technique to account for possible unresolved polyatomic interferences and for
additional quality control and drift monitoring, in addition to mass-bias correction using the
double-spike method. The intermediate precision of these measurements is depicted in Figure
3-8. The best gauge for the precision of the method is the long-term variation of values obtained
for terrestrial reference materials (twice the standard deviation, henceforth s), which is always

better than 0.023 %o. Intermediate precision (2 s) of both Col-Ti and OL-Ti are better than 0.021
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%o (2 s). Results for processed reference materials JB-2 and BCR-2 are -0.044 £ 0.023 %o (2 s,
n = 7 sequences) and -0.025 + 0.012 %o (2 s, n = 4 sequences), respectively. Both terrestrial
reference materials were processed three times and measured between six to 12 times during
each sequence. Ideally spiked JB-2 and BCR-2 reproduce previously reported values (Deng et
al.,2018a, 2019; Greber et al., 2017b, 2017a; Millet et al., 2016). Two aliquots of BCR-2 were
poorly spiked having a sample:spike proportions of 0.85:0.15 rather than the optimal 0.51:0.49
(calculated with the double spike toolbox; Rudge et al., 2009). These BCR-2 measurements
resulted in erroneously low §*'Ti values of ~ -0.2 %o, which is consistent with the results of
standard measurements with sample/spike ratios outside the optimal range (described in section
2.3). With two exceptions all samples have been measured with an **Ca/*"Timeasured below
0.0006. The only two exceptions were samples 15055 and 12022, which displayed
#Ca/" Timeasured of 0.0016 and 0.0012, respectively. This is still well below the maximum
acceptable ratio of 0.01. Given the results of the Ca-interference test, the interferences in the
samples are in all cases negligible. Chemically processed OL-Ti and Col-Ti reference materials
are identical to their pure, unprocessed counterparts (Figure 3-7, Table 3-1). Except for KREEP-
rich sample 68115, all analysed lunar samples and reference materials lie inside the ideal
sample:spike range between **Ti/*' Timix,measured = 1.7 and 3 (Figure 2-5). Sample 68115 has a
BT1/*" Timix.measurea f ~3.7. Poorly spiked samples systematically yield lower 8-values, which is
not observed in this case. The excellent correlation between §*'Ti and the U content of KREEP-
rich samples, which indicates the presence of a KREEP-component, supports the notion that
the determined Ti isotope composition for 68115 is accurate. In addition, it should be noted that
two of the BCR-2 reference materials were poorly spiked with a Ti/*' Timix ~ 4.9 and resulting
in erroneous values (§*'Ti, ~ -0.2 %o instead of -0.015 %o) consistent with the calibration tests.
The sample/spike proportion in this case would be close to 0.85:0.15. Low-Ti mare basalts
show small, resolvable variations in §*Ti between -0.030 and +0.055 %o with an average of
+0.010 £ 0.015 %o (2 s; n= 12, Figure 3-7, Table 3-1. Most high-Ti samples range from +0.009
to +0.047 in §*°Ti (average of +0.026 + 0.036 %o, 2 s.; n = 7), sample 75035 has a comparatively
high §*'Ti value of +0.115 %o. The high-Ti average (including 75035) yields a **Ti of 0.037 +
0.071 %o. KREEP-rich lithologies have §*'Ti values between +0.117 and +0.296 %o.
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Table 3-1: Summary of reference materials and measured samples. For reference materials, n gives the number of sequences
in which the material has been measured at least 6 times. Abbreviations are the same as in Figure 3-7. Two aliquots of OL-Ti
were ran through the chemical separation process and are given as OL-Ti (chemistry).

0TI 2s. n  95%c.i.
JB-2 -0.044 0.023 7 0.011
BCR-2 -0.025 0.012 4 0.010
OL-Ti mean 0.000 0.001 8 0.000
OL-Ti (chemistry) -0.001 0.030 2 0.137
Col-Ti mean 0.206 0.021 8 0.009
Low Ti rocks
12022 Apollo 12 Low-Tiilmbasalt  0.029 0.022 6 0.011
12051 Low-Ti ilm basalt 0.030 0.022 8 0.009
12063 Low-Ti ilm basalt 0.055 0.022 6 0.012
12054 Low-Tiilmbasalt ~ 0.028 0.026 6 0.014
12004 Low-Ti olv basalt 0.006 0.010 o 0.005
12053 Low-Tipgtbasalt -0.013 0.026 6 0.014
15495 Apollo 15 Low-Ti ONB 0.011 0.017 6 0.009
15555 Low-Ti ONB -0.008 0.026 6 0.014
15556 Low-Ti ONB 0.007 0.030 o6 0.016
15065 Low-Ti QNB -0.030 0.014 6 0.007
15058 Low-Ti QNB -0.010 0.034 6 0.018
15545 Low-Ti QNB 0.011 0.032 6 0.017
Low Ti mean £ 2 s. 0.010 12 0.047
High Ti rocks
10017 Apollo 11 High-Ti ilm basalt 0.009 0.024 6 0.012
10020 High-Ti ilm basalt  0.011 0.022 6 0.011
10057 High-Ti ilm basalt  0.009 0.024 6 0.012
74255 Apollo 17 High-Ti ilm basalt  0.043 0.010 6 0.005
74275 High-Ti ilm basalt  0.045 0.010 6 0.005
75035 High-Ti ilm basalt 0.115 0.025 6 0.013
79135 High-Ti bce 0.019 0.017 6 0.009
79035 High-Ti bce 0.047 0.018 6 0.010
High Timean 1 + 2 s. 0.026 7 0.036
High Timean2 +2s. 0.037 8 0.071
KREEP-rich rocks
14305 Apollo 14 KREEP-richbce  0.296 0.030 6 0.016
14310 KREEP basalt 0.263 0.035 6 0.018
72275 Apollo 17 KREEP-richbce  0.185 0.026 6 0.014
68115 Apollo 16 KREEP-richbce  0.117 0.027 6 0.014
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Figure 3-7: Measured Ti isotope compositions of lunar samples. All uncertainties unless stated otherwise are 95% c.i. of at
least 6 measurements of the same aliquot. See main text for details. bce = breccia, ilm = ilmenite; QNB = quartz-normative
basalt, olv = olivine, pgt = pigeonite.
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3.4 Discussion

34.1 Modelling the Ti isotope composition of urKREEP

The co-genetic relationship between urKREEP and IBC permits studying the §*'Ti evolution
of both reservoirs. UrKREEP represents the last vestige of the LMO prior to its full
crystallization (Warren & Wasson, 1979), and is expected to have developed higher §*'Ti due
to the prior crystallization of the IBC (Greber et al., 2017b; Millet et al., 2016). Two different
approaches have been used to constrain the Ti isotope composition of the pristine urKREEP-
component. Pre-existing high-precision HFSE, U, Th and W data by Thiemens et al., (2019) is
available for the same samples studied here. UrKREEP is enriched in incompatible elements
like U and Th, whereas Ti, Hf and Zr, and Ta are preferentially incorporated into ilmenite, and
are therefore expected to have fractionated into the IBC (Gross and Joy, 2016; Miinker, 2010;
Snyder et al., 1992). Therefore, the U/Ti, U/Hf and U/Zr should be highest in the pristine
urKREEP component assuming its coeval formation with the IBC. Moreover, urKREEP should
also have the highest §*Ti due to the contemporaneous extraction of lighter Ti isotopes into the
IBC (Greber et al., 2017b; Millet et al., 2016). This expectation was met by lunar meteorite
SaU 169, which is thought to represent urKREEP, and has an §*Ti of + 0.330 = 0.034 %o
(Greber et al., 2017b). Two KREEP-rich samples with the highest U/Ti, U/Hf and U/Zr (14310
and 14305) yield §*'Ti of +0.263 + 0.018 and +0.296 + 0.016 %o values that are very similar to
those reported for SaU 169 (Greber et al., 2017b). Furthermore, estimates for U/Ti , U/Hf and
U/Zr by Warren and Taylor (2014) show that 14305 and 14310 fall well within the estimated
range of these ratios for urKREEP (Figure 3-9 a-c). The same can be shown for SaU 169 using
trace-element data by Gnos et al., (2004). Assuming the KREEP-rich samples and SaU 169 are
in the same range as the U/Zr of the pristine urKREEP-component, the modelling results in a
value for 8* Tiukreep of +0.296 £ 0.067 %o (propagated uncertainty). In a second approach, the
evolution of the 8*Ti of the LMO, and its Ti, Hf and Ta concentration was modelled, as it
crystallises. Millet et al., (2016) assumed all mass-dependent Ti isotope fractionation occurs in

the last stages of LMO crystallisation once the solidus of ilmenite is reached.
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The different LMO crystallisation models predict different mineral assemblages but all share a
common, late stage ilmenite crystallisation phase (Charlier et al., 2018; Elkins-Tanton et al.,
2011; Lin et al., 2017; Rapp and Draper, 2018; Snyder et al., 1992; Wang et al., 2015; Table

3-2). However, silicate minerals, mainly pyroxenes (clino- and orthopyroxene and pigeonite),

can also incorporate Ti, causing variations in its bulk partition coefficient (D??lk/ melt) during
LMO crystallisation.
Table 3-2: Relevant mineral assemblages for Trace element and isotope modelling.
Used mineral assemblages
Xs (0)1 Opx Cpx Plg Pig IIm
Snyder et al., (1992)
10 1
40 1
76 0.25 0.53 0.22
95 024 032 034 0.11
Lin et al., (2017)
10 0.83 0.15 0.02
50 036 0.54 0.096
63.8 0.59 034 0.074
68.5 0.11 041 0.138 0.34
76.1 0.1 046 0.144 03
79.3 0.1 0.23 0.072 0.6
82.8 0.32 0.101 0.58
87.2 035 0.15 05
91.1 0.32 0.235 0.45 0.05
96.4 0.16 0.168 0.39 0.12
Charlier et al., (2018)
10 1
51.1 0.9 0.1
78.1 0.05 0.2 0.5 0.25
81.1 0.2 048 0.32
97.1 0.2 0.16 042 0.12
Rapp et al., (2018)
10 1
52.3 1
74.6 0.27 0.06 031 0.36
89.5 0.54 0.46
97.3 0.5 0.45 0.045
97.8 0.091 0.409 0.27 0.045 0.091
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Whatever role these phases may play in fractionating Ti isotopes is currently unknown and
merits further study; however, Johnson et al, (2019) have recently suggested silicates have
little to no influence on the Ti isotope composition of lavas from Kilauea Iki lava lake. This
view has been reinforced by recent ab initio modelling by Wang et al., (2019) who found no
evidence that substitution of tetravalent Ti in clino- and orthopyroxene results in significant
mass-dependent Ti isotope fractionation Therefore, and as in previous studies, this study will
assume that the bulk of the Ti isotope fractionation in the LMO during crystallization is
ilmenite-controlled (following Millet et al., 2016). As such, prior to ilmenite saturation, the

3*Ti of the LMO will be assumed to be 0%o.

Rapp and Draper (2018) include large fractions of clinopyroxene in their experimentally-

constrained model starting from around 75% solidification (between 35% and 50%). Titanium

is weakly incompatible into clinopyroxene in its tetravalent form, with D;fi’x/ meltt of ~0.2

(Mallmann and O’Neill, 2009; Leitzke et al., 2016). However, at more reduced lunar fO,, Ti**

is also present, which is compatible in clinopyroxene with a D;fx/ melt _q (Leitzke et al., 2018;
Mallmann and O’Neill, 2009). As such, the potential presence of Ti** needs to be considered
when assessing the partitioning behaviour of Ti during LMO crystallisation. Using recent
mineral/melt partition data from Leitzke et al., (2016), the concentrations of Ti, Hf, Zr, and Ta
in the mineral assemblage and the residual liquid can be calculated assuming fractional
crystallisation with C; = Cy - DX l(D U and C,=Cy- XI(D ~U In these equations, Cs,j,0, are the
concentrations of the modelled element in the solid, liquid and the initial LMO (Snyder et al.,
1992), D is its bulk mineral/melt partition coefficient, and X; the liquid that remains after each
LMO crystallisation step. Snyder et al., (1992) do not include Ta in their model, but Miinker
(2010) calculated Ta contents based on the Nb content given in Snyder et al., (1992) and a
Nb/Ta of 17. In addition, Snyder ef al., (1992) do not provide a partition coefficient for Ta in
pigeonite as they model Nb instead. In this case, Ta partitioning data for a pigeonite-like

pyroxene published by van Westrenen et al., (2000) is used.

With ilmenite at liquidus, the bulk solid-melt fractionation factor for Ti (AT igp1iq—meir) Should
be almost equal to the oxide-melt fractionation factor (ATi,yige—mer )- The Ti isotope

composition can then be calculated using a simple Rayleigh distillation model:

. . 6
ATiso1ig—mer = ATioxidge—merr = —0.23 - 10 /TZ 3-1
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ATi,sige—mer = 1000 - In(a) 3-2
(a-1)

Rx ﬁ _

Ry (XO) 3-3

Partition coefficients were selected so that the Ti content (~10% TiOz), the oxygen fugacity
(fO2, ~ IW -1.6) and the temperature of the experiments they derived from (~ 1500 K, 100 K
higher than in Millet et al., (2016)), appropriately reflected the conditions prevalent during
LMO crystallisation (Leitzke et al., 2016). To calculate the proportion of Ti** in the minerals
that crystallise from the LMO, experimental dataset of Mallmann and O’Neill (2009) is used,
who determined mineral/melt partition coefficients for Ti over a wide range of fO, (see Table

3-3 for an overview of the values used).

Table 3-3: Values used in the models. n.p. = not present.

Mineral phase Conditions Partition coefficients
Ti in T [%o] .
melt fO: ©cC) T Ti Ta Hf
Ti* Ti* Titot
Olivine' 10% IW-16 1280 np. np. 0.0088 0.0088 0.000040 0.00021

Clinopyroxene!  10% IW-1.6 1250 n.p. n.p. 0.19 0.19  0.00084  0.020
Orthopryroxen'  20% IW-1.6 1250 n.p. n.p. 0.12 0.12 0.00042  0.0043

I[lmenite! 10% IW-1.8 1100 n.p. n.p. 4.7 4.7 1.70 0.76
Plagioclase' 10% FMQ-0.1 1230 n.p. np. 0022 0.022 0.053  0.00014
Pigeonite? 0.090 0.090  0.0047 0.063

or 30% 0.044 0.0042 0.016
Opx® 30% 0.033 0.095 0.077
Cpx® 30% 1.1 0.029  0.35

References

I Leitzke et al., (2016, 2017)
2 van Westrenen et al., (2000)
3 Mallmann & O'Neill (2009)

The modelled *Ti shows that late-stage ilmenite crystallisation causes a sharp increase in the
5*Ti of the melt that remains in the LMO —i.e., KREEP (Figure 3-10). Considering the estimate
for Ti, Hf, and Ta in the urKREEP component by Warren and Taylor (2014) and Warren and

Wasson (1979), the §*'Ti of the melt at those concentrations should reflect §**TiykrEEp.
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Figure 3-10 a-d: LMO solidification modelling results. All diagrams have identical y-axes and scale. a) Modelled 6*Ti as a
function of percent solidification, the inset contains the modelled cumulates. b) Modelled Ti concentration in the remaining
liquid and 5*Ti of the liquid. c) Modelled Hf and d) modelled Zr concentrations in the residual liquid, i.e., urKREEP. Dotted
arrows mark the point at which ilmenite is part of the mineral assemblage. Green vertical fields give the estimate of the given
element by Warren and Taylor (2014), dashed vertical green lines mark the upper and lower limits of the estimates. For Hf,
the limit is smaller than the size of the green bar. Horizontal green and grey lines mark the 0 Tiuwxreep-estimate the average
intersects evolution of the respective element and using U/Hf, U/Ti and U/Zr, respectively

The intersect between the minimum, average and maximum Ti, Hf and Ta concentrations in

urKREEP (Warren and Taylor, 2014), and the modelled §*Tiuwkreep evolution result in
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3*Tiukreep of +0.26 £ 0.10 %o, +0.29 £ 0.07 %o and 0.31 + 0.05 %o, respectively. These values
can be used to constrain the Ti isotope composition of the complementary IBC, which results

in a 8 Tic of -0.010 £ 0.013 %o, -0.0075 = 0.0062 %o and -0.0060 = 0.0034 %o, respectively.

3.4.2 Modelling the Ti isotope evolution of mare basalts

Several petrogenetic processes can potentially lead to the variations in §**Ti seen in the low-
and high-Ti basalt samples These processes include: 1) partial melting of an IBC, or of an
hybridized mantle source in the presence of residual ilmenite; 2) fractional crystallization of
ilmenite from a mare basaltic magma; 3) bulk assimilation of IBC, assimilation of IBC followed
by fractional crystallization;4) Mixing between IBC partial melts and a low-Ti magma (e.g.,
Longhi, 1992; Warren and Taylor, 2014 and references therein). In the following, the Ti, Hf,
Ta concentrations and the Ti isotope composition in a mare basalts during these processes are

modelled.

Low-Ti mare basalts: Mid- to late-stage cumulates, i.e., (olivine-) pyroxenites (Green et al.,
1971; Longhi, 1992) are the inferred source for partial melts that eventually produce low-Ti
mare basalts (corresponding to around 50 % - 90 % percent solidification (PCS) found in
Charlier et al., 2018; Lin et al., 2017; Rapp and Draper, 2018; Snyder et al., 1992). The

concentration of an element in the cumulate (fractional crystallisation, Cs) can be calculated by

C; =Cy- DX l(D V. An aggregate modal fractional melting model is used (Shaw, 1970) to
create a partial melt from this cumulate composition. At low degrees of partial melting (between
5 % and 35 %; Binder, 1985), the fractional crystallisation of ilmenite is modelled, with a
crystallising mineral assemblage modelled after Apollo 12 low-Ti ilmenite basalt 12063 (10%
olivine, 60 % orthopyroxene, 20 % plagioclase and 10 % opaques = ilmenite; Meyer, 2012).
Before the occurrence of ilmenite, 99 — 80 % of the total Ti still remains in the melt and
determines its isotope composition. As such, the absence of ilmenite leads us to assume an
unfractionated Ti isotope composition of the ilmenite-free cumulate (i.e., before ilmenite
occurrence 8* Ticumulate = 0 %o, see also Millet et al., 2016; and Wang et al., 2019). Fractional
crystallisation of ilmenite produces a negative, near vertical covariation of §**Ti with Ta/Hf in
a low-Ti melt (Figure 3-11 a). However, the partial melt results in a very low Ta/Hf of ~ 0.05

and it is not possible to accurately reproduce the samples in a single or two stage model from
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this composition. Increasing the degree of partial melting barely affects the Ta/Hf of the partial
melt, as the cumulate itself contains little to no Ta or Hf. All other cumulate compositions from
the different LMO crystallization models are tested (Charlier ef al., 2018; Lin et al., 2017; Rapp
and Draper, 2018; Snyder et al., 1992), and all models resulted in Ta/Hf well below the
observed range of Ta/Hf in lunar mare basalts. However, once the cumulate is assumed to
contain ilmenite (> 95 % PCS), the Ta/Hf of the resulting partial melt becomes fractionated
from its source, due to the higher compatibility of these elements into ilmenite. In this case, the
modelled evolution of §*Timer, and especially Ta/Hfimer, is consistent with observed values.
However, the notion that the low-Ti source could contain ilmenite is not supported by previous
studies (Green et al., 1971; Kesson and Ringwood, 1976; Longhi, 1992), and thus a different

approach is necessary.
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Figure 3-11 a and b: Results for partial melting, fractional crystallisation and AFC. models. a) Modelled evolution lines for
0®Ti vs. Ta/Hf for low-Ti samples and b) high-Ti samples. Crosses mark 20 % steps in the factional crystallisation, 10 % steps
in the AFC/bulk addition model (15, 25 and 35 % of fractional crystallisation) and 10 % steps in partial melting model. a) .
Solid green and red lines above §°Ti = 0 %o display the trends of fractional crystallisation of ilmenite (f.c.) for the respective
source compositions. Fractional crystallisation of ilmenite (green arrow, “f.c., Charlier”) from a partial melt from an ilmenite-
free Charlier et al., (2018) cumulate results in a Ta/Hf well below the observed range. Green and red dashed arrow show bulk
addition (b.a.) trend for the two different melt compositions of Charlier et al., (2018) (green) 12004 (red). The hollow green
and red lines in the negative §*Ti range display the trend for AFC for the same respective sources. High-Ti sample are
displayed in b) and are mostly reproduced by partial melting of an IBC (p.m., black, hollow arrow), fractional crystallisation
from this source cannot reproduce observed values (f.c., 5% p.m. black solid arrow) at lower degrees of partial melting.
Combining partial melting and fractional crystallisation would (f.c., 25% p.m., grey, dashed arrow) would require 35 % partial
melting and concurrent fractional crystallisation of up to 60 % to reach observed 5*Ti and Ta/Hf of 75035.

If the most primitive sample from this study, the low-Ti mare basalt 12004, represents the

ambient lunar mantle composition, then its Ta, Hf and Ti contents may be used as a source
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composition in this model. The liquid generated from partial melting of this source composition
(15 to 35% melting of an assemblage of 90% PCS Charlier et al., (2018): 20% clinopyroxene,
48 % plagioclase and 32% pigeonite) is then used in a fractional crystallisation model.
Fractional crystallisation of minerals in a composition of Apollo 12 low-Ti ilmenite basalt
12063 (10% olivine, 60 % orthopyroxene, 20 % plagioclase and 10 % opaques = ilmenite;
Meyer, 2012) results in a decreasing Ta/Hfmei as the §*Timer: increases. The 12004-like source
composition accurately reproduces the observed §*'Ti and Ta/Hf in the analysed low-Ti
ilmenite basalts (Figure 3-11 a). This suggests that the Apollo 12 sample 12004 is closer in its
HFSE and Ti isotope composition to the source composition of the low-Ti samples than the
modelled cumulate compositions. It also suggests that the variations in §*'Ti in the low-Ti
ilmenite basalts most likely stem from the fractional crystallisation of ilmenite. It is thus also
possible to use low-Ti mare basalt 12004 as a reference-point regarding fractional

crystallisation of ilmenite in low-Ti mare basalts.

High-Ti mare basalts: Ringwood (1970) reports that Apollo 11 basalts most probably result
from the partial melting of an IBC component, which is supported by Shih et al., (1975 and
references therein). Based on main- and trace elements constraints, Shih et al., (1975) use the
composition of (ilmenite-bearing) Apollo 17 sample 70017 as the initial liquid composition.
The more evolved Apollo 11 and Apollo 17 high-Ti mare basalt compositions are then
accurately reproduced by a partial melting model. Estimated degrees of partial melting are
between ~ 5 % and more than 20 %, respectively (Binder, 1985; Shih et al., 1975). In order to
investigate the partial melting of the IBC, and its effect on the Ti isotope composition and the
Ta/Hf of the resulting melt and residue, the same source composition and proposed mineral
modes utilized by Shih et al., (1975) is used, coupled with the mineral partitioning dataset from
Leitzke et al., (2016; consistent with e.g., van Kan Parker et al., 2011) and van Westrenen et
al., (2000, for pigeonite). As before, the same fractionation factor for Ti isotopes used by Millet
et al., (2016 see equations 3-1 to 3-3) is used, and degrees of melting consistent with previous

studies (1 to 25 % melting).

Applying an aggregate fractional melting model to the composition of (ilmenite-bearing)
Apollo 17 sample 70017 (similar to Shih et al., 1975), a steady increase in Ta/Hf with degree
of partial melting is observed, and a positive covariation between Ta/Hf and 6*'Ti in the mel.
Most of the sample compositions can be reproduced within degrees of partial melting consistent

with what was proposed by Shih ez al., (1975) and by Binder (1985) in this single stage approach
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(between 5 and 25 % melting - Figure 3-11 b). The positive covariation of §**Ti and Ta/Hf,
estimated degrees of partial melting (Shih et al., 1975), as well as the model results, strongly
support a petrogenesis by partial melting of an ilmenite-rich source (Figure 3-11 b). This
possibility is also consistent with the modelled depth of the deep source for high-Ti mare basalts
74275 and 74255 (~250 km; Delano and Lindsley, 1982). Petrographic evidence for early
fractional crystallisation of ilmenite (large laths of ilmenite penetrating most other minerals;
Meyer, 2012 and references therein) in Apollo 17 sample 75035 may be reconciled by a
combination of partial melting and fractional crystallisation: Partial melting (ca. 25%) of a
source with the 70017-like composition results in a liquid with a §*'Ti value of ~ 0.04 %o and a
Ta/Hf of ~ 0.18. Subsequent fractional crystallisation of ilmenite (crystallising mineral
assemblage: 15% olivine, 70 % clinopyroxene and 15% ilmenite) from this melt composition
can accurately reproduce the observed §*°Ti and Ta/Hf of Apollo 17 sample 75035 (after 50 -
60 % fractional crystallisation). This can reconcile the partial melting origin (Shih et al., 1975)
and the observations that ilmenite is often a near-liquidus phase in high-Ti mare basalts
(Longhi, 1992 and references therein) with the §**Ti and Ta/Hf data. It is nevertheless evident
that based on the results and modelling from this study, IBC partial melting plays a major role
in high-Ti mare basalt petrogenesis (74275 and 74255). It should also be noted that these trends
are mostly constrained by their source composition, which in this case corresponds to that of
Apollo 17 sample 70017. It is however possible to model the partial melting of the different

ilmenite-bearing cumulates from the LMO models.

343 Partial melting of different cumulate compositions

Inasmuch as the evolution of §*Tiukrerp is concerned, the models by Snyder et al., (1992), Lin
et al., (2017), Charlier et al., (2018), and Rapp & Draper (2018) all result in Ti isotope
compositions that agree well with the conclusions from this study and those from previous
studies (Greber et al., 2017b; Millet et al., 2016). The previous section showed that partial
melting of late-stage ilmenite-bearing cumulates likely plays a key role in high-Ti mare basalt
petrogenesis (e.g., Shih et al., 1975; Sossi and Moynier, 2017). Here, the effect of partial
melting of the different late stage IBC compositions, as produced by the different LMO
solidification models, on the 8*'Timerr and Ta/Hfyere of the melt is constrained. Like in sections

3.5.1 and 3.5.2, the partition coefficients by Leitzke et al., (2016) and van Westrenen et al.,
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(2000; for pigeonite), the petrogenetic source composition of the ilmenite-bearing cumulate at
99 % PCS of each LMO crystallization model and the calculated Ti, Hf, and Ta concentrations
are used. With ilmenite now present, the Ti isotope composition of the IBC for each model can

be constrained with:

(a-1)
Ry cumutate = Ro/ (Xw;%) 3.4

The 8*Timodeniea Versus Ta/Hfmodelied for each LMO solidification model is shown in Figure 3-
12. Results obtained using the Snyder et al., (1992) model yield the minimum values for
8*Timer, Ta/Hfmer, whereas the Rapp and Draper (2018) result in the maximum values for
8*Timer and Ta/Hfmer. The Charlier et al., (2018) model and the Lin ez al., (2017) model overlap
during the entirety of the evolution and evolve from Ta/Hfmeic lower than that predicted with

the Snyder et al., (1992) model to higher Ta/Hfmer at the same §* Time.
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Figure 3-12: Modelled Ti isotope composition and Ta/Hf during partial melting of an ilmenite-bearing cumulate. IBC
composition corresponds to the respective model. Each cross mark represents a 10% increase in partial melting degree.
Dashed and dotted line are the modelled Hf and Ta concentration in the melt for the Rapp & Draper (2018) model.

The evolution line calculated assuming the Rapp & Draper (2018) LMO evolution model fits
best with most samples. The two high-K high-Ti Apollo 11 basalts intersect with the Rapp and
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Draper (2018) model between 5 and 10 % partial melting, which is consistent with has been
predicted by Shih et al., (1975). Most of the Apollo 17 high-Ti samples are reproduced by the
Rapp & Draper (2018) model curve at 10 — 20 % partial melting, while the §*Ti and Ta/Hf of
Apollo 17 high-Ti basalt 75035 is reached at around 50 % of partial melting. These results
reinforce the notion that the high-Ti mare basalts analysed in this study are the products of
partial melting of the IBC in the presence of residual ilmenite, and that the variations in §*'Ti

and Ta/Hf can potentially be explained with partial melting alone.

344 Assimilation of an IBC component by a low-Ti magma

While the TiO; contents in the Apollo 15 samples are too low to be consistent with the
assimilation of IBC during fractional crystallisation, it is worth investigating this process in
light of high-Ti mare basalt petrogenesis. Three approaches are used to constrain the admixing
of an IBC component into a low-Ti magma: Bulk addition of a portion of an IBC into a low-Ti
magma, assimilation-fractional crystallisation (henceforth AFC, described in DePaolo, 1981),
and mixing of an 12004-derived magma with and IBC-derived magma. Kesson and Ringwood
(1976) mention that in order to reach the TiO, contents found in high-Ti mare basalts, the low-
Ti parental magma would need to assimilate up to 60 % of IBC material. The authors further
point out that this range of AFC is problematic because the high-Ti basalt parental magma
would need experience up to 40 — 45 % of fractional crystallization in order to produce the
required heat to drive wall-rock assimilation, which is hard to reconcile with the Mg# and Cr-
contents of high-Ti mare basalts. In section 3.4.2 it is pointed out that using the composition of
the most primitive low-Ti sample (12004), in lieu of a modelled cumulate, accurately
reproduces the analysed low-Ti ilmenite basalts. For both AFC and bulk addition, a liquid
produced from the modelled cumulate (90 % PCS; Charlier ef al., 2018) is used. In addition,
the same mineral assemblage as 90 % PCS Charlier et al., (2018), but with a 12004-like trace
element composition will be used to model the same processes. Millet et al., (2016) constrain
a Ti isotope composition of these late stage IBC components between 8* Ticumulate = -0.1 %o and
~ 0 %o. With the onset of ilmenite crystallisation all the models initially result in §*'Ti above
the Millet et al., (2016) estimate of -0.06 %o to -0.01 %o, which is likely due to the different
model approaches. Specifically, while Millet ef al., (2016) assume that at the point of ilmenite

occurrence the amount of Ti remaining in the melt is 100%, the model considers that up to 15%
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of the bulk Ti resides in LMO silicates at the point of ilmenite-saturation (Millet et al., 2016).
The closest modelled cumulate composition that is consistent with the estimate for the high-Ti
source of Millet et al., (2016) is the Lin et al., (2017) cumulate (91% PCS, 6* Ticumulate = -0.06
%o; Millet et al., (2016) 8*Ticumuiate = -0.068 %o). This IBC component, containing 5 % of
ilmenite, is assimilated (AFC) by a low-Ti magma (at 20 % partial melting). With ongoing
fractional crystallisation of this low-Ti basaltic magma (crystallising mineral assemblage 60 %
olivine, 40 % opx + cpx), the portion of assimilated IBC material to 45 % is subsequently
increased. For bulk-addition, the same partial melt composition as for AFC is used. Via a mass
balance cCiot = Clow-TiXlow-TiTCBC(1-Xiow-Ti) an increasing amount of the IBC component
(8% Ticumutae = -0.06 %o) is added into the melt as fractional crystallisation proceeds
(crystallising mineral assemblage 60 % olivine, 40% opx + cpx). The models (Figure 3-11 a)
consistently show that §*'Ti and Ta/Hf of the melt converge towards the IBC compositions, as
this component dominates the HFSE and Ti budget. Both AFC and bulk-addition models evolve
slightly differently with regards to their source. This is because the 12004-like composition
initially starts with significantly higher Ta and Hf compared to the modelled cumulate. These
higher concentrations lessen the impact of IBC-assimilation onto the 12004-derived magma in
both processes. In all cases, however, the mixing process imparts a negative §**Ti onto the
existing melt as assimilation proceeds. This effect is smallest in the AFC-evolution line from
the 12004-derived composition, as the initial Ti concentration of the melt is initially higher than
for the modelled cumulate. This in turn dilutes the Ti isotope composition imparted onto the
melt by the IBC component. In a third approach, the mixing between an IBC-derived partial
melt and a low-Ti partial melt is modelled. Similar to section 3.4.2, the composition of
(ilmenite-bearing) Apollo 17 sample 70017 (similar to Shih et al., 1975) is used as an IBC-
derived partial melt. The low-Ti magma is a partial melt from the 90 % PCS Charlier et al.,
(2018) cumulate assemblage with the 12004-like composition. With an aggregate fractional
melting model, a partial melt from both source compositions is modelled. These two generated
melts are then mixed in three scenarios: The IBC-derived partial melt (fixed at 10%) is mixed
into the low-Ti melt in a fixed mixing proportion of 0.2:0.8, while the degree of partial melting
in the low-Ti melt is subsequently increased up to 35 %. In the second scenario, a partial melt
from the IBC (fixed at 10 % partial melting) is mixed into a low-Ti magma (fixed at 25 %
partial melting) in gradually increasing proportions. Lastly, an IBC-derived partial melt (fixed
at 25 % partial melting) is mixed into a low-Ti magma (fixed at 25 % partial melting). Again,

the proportion of the IBC-derived melt admixed into the low-Ti melt is subsequently increased.
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The concentrations of the resulting magma-mixture are calculated with a mass balance ciot =
Clow-TiXlow-TiTC1BC(1-Xiow-Ti). Due to the absence of ilmenite in the source of the low-Ti melt, its
Ti isotope composition is expected to be unfractionated relative to OL-Ti. The IBC-derived
melt will have fractionated, i.e., positive §*'Ti due to the partial melting of in ilmenite-bearing
cumulate. In the first scenario, the Ta/Hf of the low-Ti magma decreases in the mixture from
~0.2 to 0.15 at low degrees of partial melting, with only a small increase in §*’Ti. At around 6
% partial melting, the resulting melt shows an increase in both its Ta/Hf and 6*'Ti. Finally, at
35 % partial melting, the resulting mixed melt has a Ta/Hf of ~ 0.14 and a §*'Ti of ~ +0.015,
well below the observed range for high-Ti mare basalts. However, as the proportion of IBC
steadily increases, the mixture of the two partial melts (fixed at 10% partial melting for IBC-
component and 25% partial melting for the low-Ti component, respectively) is characterised by
a steady increase of Ta/Hfmer and *Timer. In order to reach even the observed range of 8*'Ti
and Ta/Hf in high-Ti mare basalts, the required proportion of IBC-material in the mixed melt
would need 100 % of IBC-derived material (essentially 0 % of the low-Ti magma), which is an
unrealistic expectation. In the third scenario, the degree of partial melt for the IBC-component
is increased to 25 %. Again, the scenario (fixed IBC-derived partial melt 25 %, fixed low-Ti
derived partial melt 25 %, and subsequently increasing addition of IBC-melt into the mixture)
only reaches the observed range of *’Ti and Ta/Hf in high-Ti mare basalts once the partial melt
is essentially exclusively derived from the IBC component. The observed range of §*’Ti and
Ta/Hf in the high-Ti basalts cannot be explained by mixing. The IBC component partial melting
model in section 3.4.2 shows that the observed range in §*’Ti and Ta/Hf in Apollo 17 high-Ti
samples is accurately reproduced after 20-30 % partial melting. The low-Ti magma is not
expected to have experienced prior Ti isotope fractionation, thus the §*'Timer in this mixing
model is constrained by the partial melt generated from the IBC component. Even if a melt (45-
50 % partial melting) would be assimilated by a low-Ti magma, as long as it does not consist
of 100 % IBC-derived melt, the §*°Ti of the resulting mixture would be lower (i.e., diluted) by

a low-Ti magma with an §*Ti = 0 %o.

3.4.5 Identifying magmatic processes in lunar basalt sources

The average 5*Ti values obtained for low- and high-Ti mare basalts (+0.010 £ 0.015 %o and
+0.037 £0.071 %o) are consistent with findings by Millet ef al., (2016) and are indistinguishable
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from their Bulk Silicate Earth estimate (BSE: +0.005 + 0.005 %o, 95% c.i.; see Figure 3-1). The
8*Ti value of the most primitive sample, the Apollo 12 olivine basalt 12004 (possibly tapping
bulk lunar mantle) is identical with the §*Tigse estimate by Millet et al, (2016) and the
chondritic *'Ti value proposed by Greber et al., (2017b) but lower than the chondritic §*Ti
value suggested by Deng et al., (2018b).
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Figure 3-13 a-c: Plots of a) 5*Ti vs. MgO/TiO:, b) §*Ti vs. Ta/Hf and c) §*Ti vs. U. These can be used to discriminate between
processes leading to variations in 0*Ti. Symbols are the same as in Figure 3-7, black arrows indicate the direction in which a
process would influence the values along y- and x-axes. Partial melting assumes the presence of ilmenite in the source,
fractional crystallisation always implies fractional crystallisation of ilmenite. AFC implies the assimilation of an IBC-
component during ilmenite-free fractional crystallisation of a low-Ti magma. b) The estimated Ta/HF value of urKREEP is ~
0.11 (Warren and Taylor, 2014). c¢) Contamination by urKREEP (coloured arrow), would imply higher U contents (not
observed). urKREEP is based on the first model.

Possible explanations for the observed intra-group §*'Ti variations in mare basalts include

fractional crystallisation of ilmenite during petrogenesis, assimilation of an IBC- or KREEP-
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component during fractional crystallisation, partial melting an IBC or mantle source
heterogeneity. To distinguish between these processes the results of experimental studies that
simulated the petrogenesis of lunar basalts are considered (see the relevant sub-section in 3.2.1;
Longhi, 1992 and references therein). For instance, experimentally synthesised low-Ti-like
samples showed that ilmenite has been one of the first solidus phases (Longhi, 1992 and
references therein), which would preferentially incorporate light Ti isotopes, increasing the
8*Timer during fractional crystallisation of ilmenite (Millet et al., 2016). High-Ti basalts from
Apollo 17 were shown to originate from greater depths than Apollo 12 and 15 low-Ti and were
successfully modelled by partial melting of an ilmenite-rich source (Longhi, 1992 and
references therein). This can explain the observed elevated §* Tinigh-1i values (See Figure 3-12;
Millet et al., 2016). In contrast, the full assimilation of an IBC-component during fractional
crystallisation of a low-Ti magma would decrease the §*'Ti value of the basaltic melt (Figure
3-11 a). Thus, the small intra-group variations in §**Ti values of low- and high-Ti basalts can
best be explained by fractional crystallisation of ilmenite and melting of ilmenite-bearing
sources, respectively. In addition to experimental petrological studies, geochemical tools can
help distinguish between the discussed processes. For example, the compatibility of HFSEs in
ilmenite is variable (Miinker, 2010): Tantalum is the most compatible HFSE in ilmenite,
whereas Hf is the most incompatible (e.g., Dta > 1 > Dus; Leitzke et al., 2016; or Dta > Dury,
van Kan Parker ef al., 2011). Thus, fractional crystallisation of ilmenite would increase the
8% Timer (Millet et al., 2016) but decrease the Ta/Hfmer (Miinker, 2010). In contrast, partial
melting of an IBC-component would increase the Ta/Hfmer and the §*Timer value (Dra ~ 2 x
Dur for ilmenite, Leitzke et al., 2016). Apollo 12 low-Ti ilmenite basalts show lower Ta/Hf and
positive §*'Ti relative to the most primitive lunar basalt analysed in this study, (12004, see
Figure 3-11 and 3-13), indicating the early fractional crystallisation of ilmenite, which is
consistent with experimental results (Longhi, 1992 and references therein). Relatively low §*'Ti
values in Apollo 15 low-Ti basalts may indicate the assimilation of an IBC material (Longhi,
1992 and references therein). However, assimilation of an IBC-component seems inconsistent
with relatively low Ta/Hf and comparatively low TiO; contents of ~ 1.3 %. The assimilation of
a KREEP-component would cause a substantial increase in §**Ti and U concentration of the
melt while barely fractionating Ta/Hf. Such trends are not observed indicating that KREEP-
components played an insignificant role during the petrogenesis of low- and high-Ti basalts
(Figure 3-13 c). Apollo 17 high-Ti samples are rich in TiO>, exhibit relatively low MgO/TiO,

but high §*’Ti and higher Ta/Hf relative to the most primitive sample. In agreement with the
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experimental evidence, this geochemical pattern strongly indicates partial melting of an IBC-
component during the petrogenesis of Apollo 17 high-Ti basalts (Longhi, 1992 and references

therein).

3.4.6 Other isotope systems

Elements with similar partitioning behaviour to Ti should be affected by the same processes,
i.e. fractional crystallisation and partial melting, respectively. The partitioning of such elements
should also lead to isotope fractionation, if the coordination in melt and mineral are similar to
Ti.

Vanadium: Vanadium and its isotopes behave similarly to Ti and Fe (e.g., Millet ef al., 2016;
Sossi and Moynier, 2017), and should primarily be fractionated during crystallisation or melting
of ilmenite (Ringwood, 1970). Hopkins et al., (2019) determined V isotopes for a representative
range of lunar samples. The observed V isotope variations by Hopkins ef al., (2019) show no
systematic covariation with TiO2 or SiOs. It is demonstrated in their study that the variation in
3 !V/AV alfanesar is directly proportional to exposure age and the Ti and Fe content in the sample.
As such, after correction for neutron capture (nc) effect, V isotope compositions show no

resolvable variations relative to the Earth.

Hafnium (coupled with Neodymium): Sprung et al., (2013) could associate heterogeneous
petrogenetic sources to Apollo mare basalts after nc-correction using Hf and Nd isotope
systematics. Although promising, the number of samples where eéNd; and pHf; as well as §*'Ti
have been determined is too small to come to any robust conclusion regarding the effect of

source heterogeneity on the Ti isotope composition.

Iron: As in the case of Ti, Fe is compatible in ilmenite and displays lower spatial coordination
in silicate melts, and because of this, ilmenite-melt equilibria during melting or crystallization
will lead to mass-dependent Fe isotope fractionation (Sossi and Moynier, 2017 and references
therein). Poitrasson et al., (2004) observe a systematic shift towards heavier Fe isotope
compositions in lunar samples relative to the Earth. Later studies found that the Mg Suite rocks
have lower §°’Fe/**Fermm-o14 (henceforth §°’'Fe) than low-Ti basalts, which in turn have lower
5°"Fe than high-Ti mare basalts (Poitrasson et al., 2019; Sossi and Moynier, 2017; Weyer et al.,
2005). The bimodal 3°’Fe distribution of low-Ti and high-Ti mare basalts is attributed to

70



CHAPTER 3 — UNRAVELLING LUNAR MANTLE PROCESSES THROUGH THE TI ISOTOPE
COMPOSITION OF LUNAR BASALTS

whether ilmenite is involved or not during partial melting (Sossi and Moynier, 2017; Sossi and
O’Neill, 2017). The higher 5°'Fe of high-Ti mare basalts originates from the partial melting of
their ilmenite-bearing source (IBC), which is supported by previous experimental studies (Shih
et al., 1975) and by findings from this study using Ta/Hf and §*’Ti systematics. Observed intra-
group variations of *'Ti in low-Ti ilmenite basalts, ONBs and QNBs in this study do not persist
in Fe isotope compositions reported by Weyer et al.,, (2005), Sossi and Moynier (2017) or
Poitrasson et al., (2019). The absence of a distinguishable Fe isotope signature of fractional
crystallisation of ilmenite or lack thereof in low-Ti mare basalts is consistent with the uniform
Fe fractionation factor for olivine and ilmenite of A>’Fenm-o1 = +0.01 %o (Sossi and O’Neill,
2017). This uniform Fe fractionation factor imparts 8°'Fe of the same magnitude onto low-Ti
ilmenite basalts, ONBs and QNBs. The different fractionation behavior of Ti and Fe reveal an
offset in low-T1i ilmenite basalts compared to ONBs/QNBs and high-Ti mare basalts (Figure 3-
12 a). Consequently, a coupled §*'Ti-5°’Fe study may be able to investigate the petrogenetic
processes of lunar sample in further detail, especially as comparatively high elemental
abundances require low sample volumes. The number of samples where both Ti and Fe isotope
compositions have been determined however is yet too little to confidently investigate the

different petrogenetic trends in §°’Fe vs. §*°Ti or Ta/Hf.

Chromium: Mass-dependent isotope variations have also been reported for moderately volatile
Cr (Bonnand ef al., 2016). Chromium in general can be compatible in pyroxene, spinel and
ilmenite (Leitzke et al., 2016). At lunar fO,, the predominant Cr species is Cr>*, whereas its
dominant terrestrial redox species is Cr*". The difference in 8(>*Cr/**Cr)nps-979, henceforth
§°3Cr, between Bulk Silicate Earth and Bulk Silicate Moon is attributed to mass-dependent
fractionation during to evaporative loss (Sossi ef al., 2018). Unlike in Ti and Fe isotope
systematics, fractional crystallisation of Cr-bearing minerals imparts a lighter §°*Cr onto the
melt. The variations of 6>*Cr in low-Ti and high-Ti mare basalts are consistent with fractional
crystallisation of pyroxene and spinel (Apollo 12 low-Ti mare basalts) and (pyroxene,) spinel
and iilvospinel (Apollo 11 and 17 high-Ti mare basalts; Bonnand et al., 2016). If both Cr and
Ti were to be affected by fractional crystallisation, a negative covariation between 5*'Ti and
833Cr would be expected. This is especially interesting given an observed negative covariation
of 8°3Cr vs. TiO; in Apollo 12 low-Ti samples analysed by Bonnand et al., (2016). Low-Ti
ilmenite basalts should have experienced fractional crystallisation of ilmenite and ulvo-spinel
(supported by this study and the steady decrease in TiO>-contents observed in Bonnand et al.,

2016). However, even combining data from Millet et al., (§*'Ti; 2016) Bonnand et al., (§°*Cr;
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2016), Sossi et al., (§>3Cr; 2018), available data are scarce. Sample groups where both systems
have been determined include two Apollo 11 samples (sample 10057 was measured by both
Bonnand et al., (2016) and Sossi et al., (2018)), one Apollo 12 sample, one Apollo 14 sample,
three Apollo 15 samples (sample 15555 has been determined by Bonnand et al., (2016), and
Sossi et al., (2018)) and three Apollo 17 samples (negative correlation, Figure 3-14 b). While
promising, to the scarcity of available date prevents us to reliably investigate possible coupled

mass-depended isotope variations in §>>Cr and §*Ti for these samples.
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Figure 3-14 a and b: Ti isotope compositions vs. other stable isotope systems a) Coupled Fe and Ti isotope compositions of
lunar samples. Additional Fe and Ti isotope data provided by previous studies basalts (Ti data: Millet et al., 2016, Iron data:
Poitrasson et al., 2019; Sossi and Moynier, 2017; Weyer et al., 2005). b) Coupled Cr and Ti isotope compositions of lunar
samples. Data compilation includes data from studied by Millet et al., (2016), Bonnand et al., (2016) and Sossi et al., (2018).
Dotted symbols in b) are samples where two Cr isotope compositions have been determined (samples 10057 and 15555).
Uncertainties for Fe and Cr are (recalculated) 2.s.e., uncertainties for Ti are 95% c.i..

3.5 Conclusion

New Ti isotope data for a representative set of lunar samples show that there is a clear offset
between KREEP-rich samples and mare basalts, in agreement with previous work (Greber et
al., 2017b; Millet et al., 2016). Data reveal intra-group variation amongst olivine- and quartz-
normative and (low-Ti) ilmenite mare basalts with the latter recording higher §*’Ti than the
former. High-Ti mare basalts have overall higher §*°Ti. The §*Ti of the lunar sample suite,

coupled with HFSE data, suggests that the fractional crystallisation of ilmenite and partial
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melting of an IBC-component are the principal processes affecting the §**Ti of Apollo 12 low-
Ti mare basalts, and of Apollo 17 high-Ti mare basalts, respectively. This conclusion is
consistent with results of previously published experimental studies (Longhi, 1992 and
references therein). This is in excellent agreement with previous experimental data and the high
5°"Fe of high-Ti mare basalts (Charlier et al., 2018; Longhi, 1992; Sossi and Moynier, 2017;
Weyer et al., 2005). Based on coupled HFSE and §*'Ti data, the petrogenesis of high-Ti mare

basalts by assimilation of IBC-component by low-Ti magma is unlikely.
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4.1 Introduction

4.1.1 Convergent plate margins and arc volcanism

Subduction plays a key role in terrestrial tectonics, melt generation and crustal evolution (Stern,
2002). The denser downgoing oceanic slab and its overlying sedimentary cover are gradually
brought to greater depths. The water-rich fluids released during slab de-hydration lower the
solidus of the subducting slab and/or the overlying peridotitic mantle wedge promoting partial
melting. For instance, the trace element budget of subduction zone related rocks is characterised
by four primary components, the mantle wedge, subducted oceanic crust, subducted
metasediments, and the arc lithosphere (McCulloch and Gamble, 1991; Pearce and Peate,
1995). While the exact process of geochemical mixing in subduction zone settings is not yet
well constrained, two models describe the process (Figure 4-1). In the first model, the down
going slab dehydrates and the migrating fluids induce partial melting of the overlying peridotitic
mantle (Schmidt and Poli, 1998; Stern, 2002). An alternative solution may be provided by a
mechanical mixture of these three components that forms on the slab-mantle boundary. This
tectonic mélange may contain varying contributions from the respective components (Codillo
et al., 2018; Cruz-Uribe et al., 2018; Marschall and Schumacher, 2012; Nielsen and Marschall,
2017). The resulting lava can show large variations in their trace element concentrations and
ratios, like those sensitive to, for example, fluid-mobility (W/Th, W/U or Mo/Th), residual
phases such as rutile (like Nb/Ta, Hf/Zr) or amphibole (such as Th/La and Zr/Sm). The study
of the trace element systematics of subduction-related magmatic samples allow the detailed
assessment of their provenance and insights into the petrogenetic processes taking place in the
subduction zone itself (e.g., Konig et al., 2008; Schuth et al., 2009). In particular, fluid-mobile
W or variations in HFSE ratios can be used to investigate whether there was a fluid-like or a
melt-like component that dominates the trace element budget of subduction- related arc basalts
(e.g. Cyprus; Fonseca et al., 2017; Konig et al., 2010), whether there was involvement of rutile
or amphibole present in the subducted material during partial melting (Sunda arc: Residual
rutile; Handley et al., 2011; New Britain, Papua New Guinea: Residual amphibole; Kurzweil
et al., 2019 and references therein; Solomon Islands: Subducted volcanic sediment and
potentially residual rutile; Schuth ez al., 2009). The source of Ti isotope fractionation (and the
HFSE budget) can be split into two connected groups, process-induced and component-induced

fractionation of Ti isotopes. The relevant processes can be narrowed down to fractional
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crystallisation or partial melting in the presence of a Fe-Ti oxide, as olivine, pyroxene-group
minerals and pyrope are not fractionating Ti isotopes at terrestrial fO> (Deng ef al., 2019; Millet
et al., 2016; Wang et al., 2019). The relevant components are the subducted sediment, the
depleted mantle wedge or the slab-related fluids, this is independent of the geochemical model
of subduction zone melt generation. The lithophile and fluid-immobile nature of Ti and to an
extent the HFSE means that its budget in arc basalts is constrained to variable contributions
from partial melts produced in the overlying mantle wedge and from subducted material
(sediment and oceanic crust, tectonic mélanges; e.g., Konig et al.,, 2010; Marschall and
Schumacher, 2012). Both components should have distinct Ti isotope compositions. Mantle-
derived samples and MORBs show no significant Ti isotope fractionation whereas granitic and
sedimentary samples (shales) are enriched in heavy Ti isotopes (Greber ef al., 2017a; Millet et

al., 2016).
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Figure 4-1: Processes at subduction zones. Schematic description of the processes taking place at subduction zone (modified
from Bebout, 2014). The two wedges depict two existing models on the slab-wedge interface.
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4.1.2 Titanium isotope systematics in subduction zones

Primitive magmatic lithologies and mantle-derived melts show little to no Ti isotope
fractionation relative to ultramafic mantle peridotites (Millet ez al., 2016). However, in Ocean
Island Basalts (OIB), and other more differentiated arc lithologies, samples show distinct
positive correlations between 5*Ti and SiO», which are thought to be the result of the fractional
crystallization of Fe-Ti oxides during magmatic differentiation (arc array; Deng et al., 2019;
Millet et al., 2016). Deng et al. (2019) argued that in plume-related OIB magmas, owing to
their lower fO2 compared to arc magmas, Fe-Ti-oxide saturation is delayed, leading to their
enrichment in TiO> during fractional crystallization of olivine and pyroxene (plume array; Deng
et al., 2019). This leads to higher TiO> contents in mantle plume-related OIB melts, allowing
for larger magnitudes of Ti isotope fractionation at the eventual onset of Fe-Ti-oxide saturation
(Deng et al., 2019).

Titanium-rich oxides (e.g., rutile and ilmenite) act as the primary hosts for TiO», and owing to
their resilience of weathering, are potentially enriched in subducted detrital sediments.
Moreover, these phases exert a strong control on the behaviour of the HFSE (Nb, Ta, Hf, and
Zr) budget during partial melting and crystallization (Plank, 2014), due to their similar charge
and ionic radii compared to Ti. The presence (or absence) of these phases in subducted material
may have ramifications for the Ti isotope composition of rocks originating from arc settings
during partial melting. Subduction zone rocks occur at complex tectonic settings that can be
influenced by a multitude of components, like the metasediments covering the subducted
oceanic crust, or fluid- and melt-like components that form as a result of the dehydration and
subsequent partial melting of the subducted slab. Because of its immobility in fluids, Ti is not
expected to be mobilised during slab-dehydration (Kessel et al., 2005). However, depending
what residual phases are present during partial melting of a given subducted slab, Ti isotope
variations for arc magmas with similar SiO> contents could occur. This chapter presents a
detailed study of the Ti isotope compositions of basaltic and boninitic rocks from various
subduction zone settings (Solomon Islands, Sunda Arc, New Britain and Cape Vogel in Papua
New Guinea, and Cyprus). To better constrain the potential sediment component in Cyprus
samples and Sunda Arc lavas, a set of drill core sediments from the vicinity of both locations
was also analysed for their Ti isotope composition. Results from this chapter show that Ti

isotope variations in subduction-related basalts and boninites are decoupled from slab-
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dehydration fluids, but boninites are systematically more enriched in heavier Ti isotopes at
similar SiO2 content compared to arc tholeiites from the same localities. While the presented
data further confirm that the key mechanism fractionating Ti isotopes are equilibria between
Fe-Ti oxide and silicate melt (Millet ez al., 2016), the new data suggests that source processes,

as well as other mineral components, may also play a role in fractionating Ti isotopes.

4.13 Geological background and sample selection

For this study well-characterised samples from a pre-existing dataset were selected that, in
addition to extensive radiogenic isotope systematics and trace element data, includes high-
precision HFSE data and, with the recent study by Kurzweil ef al. (2019), high-precision
tungsten isotope data (see e.g., Fonseca et al., 2017; Konig et al., 2008, 2010; Kurzweil et al.,
2019; Schuth et al., 2009). This will permit further identification of any source processes and

components operating during petrogenesis of the different arc sample suites.

4.1.3.1 Troodos ophiolite complex (Cyprus)

With an area of ca. 3000 km?, the Troodos ophiolite complex (TOC) forms the core of the island
of Cyprus. It is a well preserved 90 Ma old supra-subduction zone ophiolite (Fonseca et al.,
2017; Marien et al., 2019; Regelous et al., 2014; Woelki et al., 2018). Heavily serpentinised
sequences of ultramafic rocks are overlain by gabbros and a sheeted dyke complex, as well as
evolved tholeiitic arc andesites and dacites. These dacites are overlain by a series of more
primitive pillow lavas, the so-called lower and upper pillow lava units (LPL and UPL,
respectively). Whereas the LPL show extensive hydrothermal alteration, UPL samples, which
comprise picrites and high-Ca boninites, are glassy and only display restricted low-temperature
alteration in the form of glass devitrification and palagonitization (Fonseca et al. 2017).
Samples from this locality include tholeiitic basalts and high-Ca boninites from the UPL. Both
basalts and boninites overlap in their SiO> content (51.5 to 57.9 wt.%, and 53.3 to 58 wt.%,
respectively), yet boninites show higher Cr and Ni concentrations and Mg# than the basalts.
The UPL were emplaced in a subduction zone setting with a significant subducted sediment
component (fluid or melt; Fonseca et al., 2017; Konig et al., 2008; Kurzweil et al., 2019;
Regelous et al., 2014; Woelki et al., 2018). Moreover, these samples have low Nb/Ta, and high
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Nb/La, which argues for the absence of rutile and ilmenite being present in their mantle sources
(Konig et al., 2010). The clear influence of a sediment-like component in the sources of Troodos
UPL samples, coupled to the absence of a residual Ti-phase in Troodos’ source regions make
samples from the UPL suite a valid end-member to study the influence of subducted (pelagic)

sediments on the Ti isotope composition of these samples.

4.1.3.2 Solomon Islands

The Solomon Island arc is a subduction zone located in a complex tectonic setting. Two NW-
SE trending island chains mark the collision zone, where the Indian-Australian and the Pacific
plates collide. Active since Eocene times, this collision zone experienced a reversal of
subduction polarity during the Neogene (Schuth et al., 2009 and references therein). Due to the
reversal of subduction polarity, young and hot oceanic crust (Woodlark basin, ca. 4-5 Ma old;
Schuth et al., 2009), covered mostly by volcanic sediments, is being subducted and is associated
with arc-volcanism. Samples analysed here were the subject of various studies investigating the
mobility of W and HFSE in subduction zones (K&nig et al., 2008; Schuth et al., 2009). Samples
analysed here have SiO; contents between ~ 46 and 53 wt.%. The trace element budget is
dominated by volcanic sediments, as evidenced by large overlap of lead isotope compositions
between volcanoclastic sediments from the North Loyalty Basin (Peate et al, 1997) and
magmatic samples from the Ontong Java Plateau (See Fig. 6a and b in Schuth ez al., 2009;
Tejada et al., 2004). As such, samples from this locality consist of a good end-member to
investigate the potential influence of subducted volcanic sediments on the Ti isotope

compositions of Solomon Island arc tholeiite samples.

4.1.3.3 Sunda Arc

Sunda is part of the Indonesian arc system, which extends from the islands of Java to Flores.
Calc-alkaline volcanism on the Sunda-arc originates from flux-melting of a mantle wedge that
was induced by the subduction of the Indonesian-Australian plate beneath the Eurasian plate
(Handley et al., 2007, 2011, 2014). Previous trace element and Hf-Nd-Pb isotope studies reveal
a complex magmatic history that involves several different magma source components. The arc

can be separated into West and East-Central Java. The samples from Sunda in this study have
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SiO> contents between 45 and 58 wt.%. West Java magmatism is dominated by subducted
detrital sediments and the assimilation of primitive mafic crustal rocks (low Ba/Hf at constant
206pb/204Ph), whereas samples from East-Central Java appear to be affected by fluids derived
from subducted altered oceanic crust, as well as variable amounts of subducted pelagic
sediments (e.g., elevated Ba/Hf at constant 2°°Pb/2%*Pb isotope compositions - cf. Handley et
al.,2014). Seven sediment samples from southeast of Java were included in this study (Site 261
of Deep Sea Drilling Project 27), which comprise fine-grained mudstones, carbonates and Fe-
Mn-rich samples (Kurzweil et al., 2019). A negative covariation between Zr/Sm and Nb/Ta
suggests the presence of residual rutile during basalt petrogenesis. Partial melting in the
presence of a Ti-bearing (oxide-)phase is expected to result in Ti isotope fractionation, making
Sunda arc basalts a viable target to study the influence of residual Ti-oxides in the source of

subduction zone magmas.

4.1.3.4 Papua New Guinea — Cape Vogel

The Papuan Ultramafic belt is an ophiolite complex that developed during a continent-island
arc collision in the late Paleocene (Walker and McDougall, 1982). The allochthonous ophiolite
sequence represents the early stage of island arc magmatism, that formed close to a subduction
zone. Samples in this study are low-Ca boninites and tholeiitic basalts from Cape Vogel that
were previously analysed for their HFSE and later for their W isotope composition (Konig et
al., 2010; Kurzweil et al., 2019). Boninites show limited variation in SiO> content (55 to 57
wt.%) whereas basalts have slightly lower SiO> contents from 50 to 53 wt.%. Variations in
Nb/Ta and Zr/Sm in Cape Vogel samples suggest the presence of residual amphibole at the
source of the Papua New Guinea (PNG) samples (Foley et al., 2002; Konig et al., 2010). Kénig
et al. (2010) suggest, based on HFSE systematics, that the PNG samples represent the (depleted
mantle) melt-component end-member. This possibility is further supported by coupled
variations between Zr/Sm and €Hf and primitive mantle (PRIMA) Gd/Yb in PNG boninites
(Kénig et al., 2010). Given that Ti*" is compatible in Ca-bearing amphiboles in similar spatial
coordination as in oxides (VI-fold in oxides; Millet et al., 2016; Tiepolo et al., 2007 and
references therein), amphibole-melt equilibria may promote Ti isotope fractionation, a

possibility that remains to be tested. As such the presence of residual amphibole in PNG mantle
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sources makes the Cape Vogel PNG suite attractive for determination of their Ti isotope

composition.

4.1.3.5 Papua New Guinea — New Britain (Rabaul)

The Island of New Britain (Northwest of Papua New Guinea) evolved by subduction of the
Solomon plate beneath the Bismarck plate, ca. 30 Ma ago (Joshima et al., 1986). The samples
analysed here, consist of a suite of arc-related rocks (basaltic to andesitic composition) and
originate from the Tavurvur volcano. High St/Nd and U/Th of arc lavas from New Britain show
that slab-derived fluids, enriched in Sr and U, dominate the trace element inventory. The lack
of a characteristic Ti anomaly, which is found in N-MORB normalised trace element patterns
of sediments from Solomon Plate, but cannot be seen in the analysed lavas, supports the notion
that a residual Ti-bearing oxide phase was of negligible importance in the petrogenesis of these
rocks (Woodhead ef al., 1998). Samples from Neogene eruptions analysed in this study were
analysed for their trace element contents and Sr-Pb-Nd and W isotope compositions in studies
by Koénig et al., (2011) and Kurzweil et al., (2019). Samples from the Rabaul are from the inner
caldera (n = 3) and the outer caldera (n = 7). The SiO» content of these samples varies between
~50 and 68 wt.%. Hohl et al., (under review) argued that fractional crystallisation of magnetite
and amphibole play significant roles in the petrogenesis of these rocks, based on characteristic
trace element variations in Zr/Sm and Nb/La. Given that both phases could affect the behaviour
of Ti and its isotopes, this makes the Rabaul sample suite quite attractive to investigate its Ti

isotope evolution during partial melting or fractional crystallisation of magnetite and

amphibole.
4.2  Methods
4.2.1 Sample digestion and column chemistry

A detailed description of the chemical separation procedure can be found in the study by
Kommescher et al., (2020). Analytical grade concentrated acids (p.a. grade, Merck, 24 M HF,
14 M HNOs and 10 M HC) are purified in Savillex DST-1000 sub-boiling distils. All chemical
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reagents (HCI, HF, HNOs, and H>0O;) were regularly checked for blank concentrations. All
dilutions were prepared with Merck Milli-Q 18.2 MQ water. Typical Ti concentrations in used
reagents were in the sub ng/mL range. Powdered samples were weighed in Savillex beakers
with the goal of having at least 30 pg of sample Ti. Consequently, blank contribution from
chemical reagents was negligible for Ti isotope analysis. All beakers and ICP-MS test tubes (4
mL and 12 mL) were thoroughly cleaned prior to use. The *Ti/*'Ti double spike was added in
the ideal sample/spike ratio, which was calculated using the double spike toolbox (sample/spike
=0.51:0.49; Rudge et al., 2009; see Kommescher et al. (2020), for double-spike calibration).
Concentrated and distilled acids were then mixed in a 3:1 proportion (14 M HNOs : 24 M HF;
4 mL total) for digestion. The beakers were closed and placed on a hotplate at 120 °C for 48
hours. Samples were then dried down and refluxed in conc. HNO3 >> 0.5 M HCI : 0.5 M HF to
prevent fluoride formation. After the samples dried, they were refluxed in 6M HCI — 0.06M HF
to convert the sample into Chloride form, and afterwards taken up in 1 mL of 1 M HCI -2 %
H>0; for column chemistry. In most cases, complete dissolution was achieved, and only three
samples from PNG showed a small black mineral residue (2 -3 grains, <0.25 mm large).
Whether or not these refractory phases are Ti-rich was tested after data-reduction, by checking
whether the measured sample/spike ratio was shifted towards the spike. Such a shift is not
observed, and samples remained always near the optimal sample:spike ratio throughout the
chemistry. Samples were loaded onto pre-cleaned and conditioned columns in 1 M HC1 -2 %
H»>0,. Titanium was purified using a five step chemistry modified after Miinker et al., (2001),
see also Kommescher et al., (2020). Each run of samples included at least one terrestrial (JB-2,
BCR-2 or BHVO-2) or synthetic (OL-Ti, Col-Ti) reference material, or in some cases both. For
matrix-free synthetic reference materials the first chemistry step had to be modified, because in
the absence of matrix from that Ti could be separated, Ti was adsorbed onto the resin instead
of being eluted. As such, processing of these chemical reference materials required slightly
higher acid strength so that Ti could be eluted (1.75 M HCI - 2 % H2O: instead of 1 M HCI -2
% H20.). After column chemistry, samples were dried down and refluxed in 6 M HNO3 — 0.1
M HF and H>O: in a 9:1 mixture to remove remaining organic phases derived from the resin.
After drying, samples were taken up in 0.045 M HNOs —0.005 M HF prepared for measurement
of their Ti isotope composition by MC-ICP-MS.
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4.2.2 MC-ICP-MS measurements

Samples were measured in the clean-lab facility of the University of Cologne using a Neptune
Plus MC-ICP-MS. Samples were introduced into the instrument with an APEX HF desolvating
system, additional Ar and N> gas, and an extra glassware (cyclonic/Scott hybrid spray chamber)
between APEX and injector for enhanced stability. The instrument was fitted with Ni sample
and Ni (H) skimmer cones. Lens and gas settings were adjusted daily and resolution power (5
— 95% peak definition, AM/M) was in the range of ~ 10,000 (high-resolution mode). At the
beginning, middle and end of each sequence multiple spiked aliquots of OL-Ti and a synthetic
in-house reference material Col-Ti were measured to control for long-term drift and to account
for possible, unresolved polybaric interferences. In addition to chemical reference materials,
each sequence contained at least one spiked and chemically processed terrestrial reference
material, which was measured before and/or after each sample to gauge intermediate precision
(external reproducibility). Sample solutions contained at least 1 ug/mL of Ti at intensities of
ca. 2.5,3.5and 2.5 x 107" A for “'Ti, ®*Ti and *Ti, respectively. The pure analysis solutions
(on peak zero) gave background intensities that were a factor of 1,000 lower, ca. 1, 2 and 1 x
10 A for 'Ti, **Ti and *Ti, respectively. Measured signals were recorded with 10'! Q
amplifiers. Samples were measured, in 60 cycles with 8 seconds integration time, at least four
times to account for outliers and constrain internal precision. Data were reduced offline using
an iterative method described by Compston and Oversby (1969) and improved by Heuser et al.,
(2002) and Schonberg et al., (2008).

4.3  Results

All results are given as the deviation of the *’Ti/*’Ti ratio of the sample relative to the Origins-
Lab OL-Ti reference material in permil (Millet et al, 2016; Millet and Dauphas, 2014):
S(*Ti/"Ti)orti = (PTi/* Tisample/* Ti/* Tior-ti - 1) x 1000 (henceforth §*’Ti). The Ti isotope
composition for each sample is shown in Table 4-1, additional trace element data used in this
study is compiled in the appendix. All samples show negligible deviations from the predicted
Ti/* Timixed ratio, meaning that all significant Ti-phases were digested. The synthetic reference
materials, Col-Ti and OL-Ti, were measured 217 and 86 times, respectively, over a course of

ten sessions.
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Table 4-1: Ti isotope compositions of subduction zone derived samples and related sediments

Sample ID Sample type S(PTi/*"Ti)oLti 2 s n_ 95% c.i.
OL-Ti 0.000 0.013 10  0.004
Col-Ti 0.209 0.017 10  0.006
JB-2 -0.043 0.027 2  0.121
BHVO-2 0.031 0.015 8  0.006
Cyprus Basalts

CY-1 Basalt 0.090 0.010 4  0.008
CY-4b Basalt 0.070 0.013 4  0.010
CY-A Basalt 0.045 0.010 4  0.008
CY-D Basalt 0.087 0.011 4  0.009
7ZY-61 Basalt 0.076 0.019 4  0.015
CY 15 Basalt 0.063 0.024 4 0.019
CY 45 Basalt 0.102 0.027 4  0.021
CY 12 Basalt 0.107 0.018 4 0.014
CY 31 Basalt 0.033 0.046 4  0.037
CY 33 Basalt 0.149 0.035 4  0.028
CY 34 Boninite 0.168 0.032 4  0.025
CY 36 Boninite 0.146 0.045 4  0.036
CY 39 Boninite 0.166 0.014 4 0.011
CY-4b Boninite 0.077 0.029 4  0.023
Cyl Basalt 0.10 027 1 0.035
Cy4 Basalt 0.03 037 1 0.048
Cy6l Basalt 0.06 025 1 0.033
Cy62 Basalt 0.10 026 1 0.034
cy63c Basalt 0.09 027 1 0.035
Papua New Guinea - Cape Vogel

PNG 1 Boninite 0.114 0.016 4 0.012
PNG 8 Boninite 0.133 0.040 4 0.032
PNG 10 Boninite 0.143 0.045 4  0.036
PNG 12 Boninite 0.112 0.031 4 0.024
PNG 14 Boninite 0.136 0.071 4  0.056
PNG 25 Boninite 0.109 0.045 4  0.036
PNG 27 Boninite 0.123 0.030 4 0.024
PNG 62 Basalt 0.035 0.016 3 0.020
PNG54 Basalt 0.11 028 1 0.036
PNG59 Basalt -0.03 031 1 0.040
PNG63 Basalt 0.03 023 1 0.030
Sunda Arc

12Kr2 basalt. Andesit 0.105 0.028 4  0.022
14Sml Basalt 0.045 0.017 4 0.013
[12Mu2 Absarokit 0.067 0.017 4 0.013
129Ag2 basalt. Andesit 0.125 0.016 4 0.013
I32Ri3 Basalt -0.008 0.010 4  0.008
I3 Gal Basalt 0.023 0.024 4 0.019
125Pel basalt. Andesit 0.082 0.025 4  0.020
116Mu6 Absarokit 0.276 0.026 4  0.020
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Solomon Islands

S3 Basalt 0.036 0.060 5 0.037
S 18 Basalt 0.042 0.032 4 0.026
SE15 Basalt 0.095 0.029 4 0.023
S 153 Mbo Basalt 0.039 0.031 4 0.024
S 187 Van Basalt 0.045 0.026 4 0.021
S 207 Tin Basalt 0.051 0.036 4 0.028
S 217 SC bas. Andesite 0.070 0.012 4 0.009
S 220 SC bas. Andesite 0.034 0.031 4 0.024
New Britain

SHR5 trachytic andesite 0.275 0.014 5 0.009
SHR9 andesite 0.215 0.012 5 0.007
SHR13 trachytic andesite 0.241 0.029 5 0.018
SHR31 basaltic andesite 0.269 0.012 5 0.007
SHR32 dacite, trachytic andesite 0.373 0.010 5 0.006
SHR24 basaltic andesite 0.264 0.022 5 0.014
SHR26 andesite 0.132 0.028 5 0.017
SHR14 basalt -0.0128 0.0068 4 0.005
SHR16 basalt -0.022 0.023 4 0.018
SHR22 andesite 0.079 0.032 4 0.025
Sunda arc sediments

DSDP 27-261-2-2-11.92m Mudstone 0.616 0.122 4 0.097
DSDP 27-261-3-3-51.33m Carbonate 0.227 0.021 4 0.017
DSDP 27-261-5-1-162.48m Mn-oxid-rich muds 0.6097 0.0075 4 0.006
DSDP 27-261-6-1-177.41m Mudstone 0.5468 0.0085 4 0.007
DSDP 27-261-9-3-202.95m Mudstone 0.246 0.067 4 0.054
DSDP 27-261-22-2-344.31m Sandstone 0.206 0.037 4 0.030
DSDP 27-261-28-2-448.42m Carbonate 0.475 0.029 4 0.023
Mediterranean sediments

DSDP-13-127-2-5-140/141cm Graded sands; marl oozes 0.185 0.015 4 0.012
DSDP-13-128-6-3-50/52cm Graded silt/sand 0.193 0.013 4 0.011
DSDP-13-127-18-1-100/102cm  Limestone 0.160 0.024 4 0.019
ODP-160-970-A-9X-1-32/34cm  Clust-rich mud; debris flow 0.008 0.033 4 0.026
ODP-160-970-A-16X-2-44/46cm Clust-rich mud; debris flow 0.224 0.050 4 0.040
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The twofold standard deviation (henceforth “2 s following IUPAC guidelines) for Col-Ti and
OL-Ti is below + 0.020 %o, which corresponds to a 95% c.i. of = 0.006 %o and = 0.004 %o, for
ten sequences (n = 10), respectively. Terrestrial reference materials JB-2 and BHVO-2
accurately reproduce published values with -0.043 + 0.027 %o, and +0.031 £+ 0.015 %o (2 s),
respectively. BHVO-2 was measured in all ten sessions, whereas JB-2 was measured in two
sessions (Figure 4-2). Titanium isotope compositions of tholeiitic basalts Troodos UPL suite
(UPL) range between +0.033 %o and +0.102 %o and boninites from Troodos UPL suite vary
between +0.146 and +0.168, respectively. Drill core sediments from the Mediterranean Sea,
offshore the island of Cyprus were also measured for their §*’Ti and range between +0.008 and
+0.193 %o. Basaltic samples from the Solomon Islands suite exhibit §*Ti between +0.026 and
+0.095 %o. Sunda arc samples display §*'Ti between -0.008 and +0276 %o. Drill core sediment
samples from the proximity of the Sunda arc display Ti isotope variations between +0.206 and
+0.616 %o. Tholeiitic basalts from Cape Vogel range between -0.027 and +0.110 whereas
boninites range between +0.109 and +0.143 %o. Samples from New Britain have §*'Ti between
-0.02 and +0.37 %o, with the three samples from the outer caldera having the lowest §*’Ti in

this sample suite (-0.02 to +0.08 %o).

4.4  Discussion

When all magmatic samples are taken together, they show a broad correlation between §*°Ti
and their SiO», in similar fashion to what has been previously observed (Figure 4-3; Deng et
al., 2019; Greber et al., 2017a; Millet et al., 2016), and follow the overall trend defined by arc
samples worldwide (Deng et al., 2019). However, there appear to be some exceptions. For
example, three samples plot well outside the arc-array, two Rabaul- and one Sunda-sample,
which show higher §*Ti than any other samples at similar SiO, contents (ca. 52 wt.%), and
seemingly fall in the plume-array defined in Deng et al., (2019). Cyprus UPL and Papua New
Guinea boninites and boninitic basalts show systematically higher §*Ti than their respective
tholeiitic samples. While PNG boninites show constant §**Ti of +0.10 to 0.14 %o for MgO-
contents of 10 to ~23 wt. %, and Sunda and Rabaul show a covariation of *’Ti with FeO (and
MgO)-content, the remaining samples show no observable covariation for MgO, TiO> or FeO.

Rabaul samples show a negative correlation between their MgO their contents and §*°Ti values
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from 6 wt.% and +0.27 %o to ~ 3 wt.% and +0.13 %o, respectively, followed by an increase in
5*Ti with decreasing MgO from ~3 wt.% and +0.13 %o to 1.24 wt.% and +0.37 %o.
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Figure 4-3: Ti isotope composition of analysed samples relative to SiO:. Shaded fields and boxes constrained by previous
studies (Millet et al. 2016, Deng et al. 2019), green and red boxes illustrate the range of analysed mantle derived and MORB
samples, respectively (Millet et al. 2016). The right, small diagram shows a zoom-out view of the Ti isotope composition vs.
SiO: arrays (Millet et al. 2016, Deng et al. 2019).

4.4.1 General remarks on coupled 8*'Ti — (trace) element systematics

As stated earlier, the samples depicted here have been well characterised trace element and
radiogenic and stable isotope systematics (Fonseca et al., 2017; Kirchenbaur et al., 2012;
Kirchenbaur and Miinker, 2015; Konig et al., 2008, 2010, 2011; Kurzweil et al., 2019; Schuth
et al., 2009). In this discussion, the Ti isotope data for these samples will be combined with
these previous geochemical data, to investigate how the presence or absence of residual phases
in the sub-arc mantle, and/or the involvement of subduction components (fluids, slab melts,

etc.) may affect the Ti isotopic composition of arc magmas. For example, the HFSE (Nb, Ta.,
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Zr, Hf) group is linked to subducted sediments, because they can be enriched in detrital phases
(Ti-bearing oxides) and to a certain degree in Ca-amphiboles (Klemme et al., 2005; Kurzweil
et al., 2019; Plank, 2014; Tiepolo et al., 2007). As the HFSE and Ti isotope composition are
sensitive to the crystallisation of Ti-bearing oxide phases (Schuth et al., 2009 and references
therein), a study that combines the Ti isotope composition, HFSE systematics, as well as other
relevant trace elements such as W (for fluid mobility) and Th (contribution from a hydrous
sediment melt), may provide deeper insights into the Ti isotope systematics in subduction-
related samples than just the co-variation between §*°Ti and SiO; alone. If, for example, a ratio
like Nb/Ta shows a positive correlation with *'Ti, this suggests the preferential retention of Ta
over Nb, and that of light Ti isotopes over heavier ones, in the source during partial melting in
the presence of Fe-Ti bearing oxides. The silicate melt that results from this process will then
have subsequently higher §**Ti and Nb/Ta than its mantle source. This is expected since the
oxide-melt fractionation factor A*Tioxide-melt is typically between -0.2 and -0.4 %o (Johnson et
al.,2019; Millet et al., 2016), rutile/melt partition coefficients (Klemme et al., 2005) for Ta are
higher than those for Nb. On the other hand, highly incompatible but fluid-immobile elements
are expected to be enriched in hydrous sediment melts, which can either mix with primitive arc
magmas, or re-fertilise a mantle wedge that has been depleted due to prior melt extraction.
Conversely, arc magmas that have mixed with slab-derived fluids would be expected to be
enriched in elements like W (Konig et al. 2008). If the trace element budget and §*'Ti of a
subduction zone setting is heavily dominated by hydrous sediments melts, then this should
result in a correlation between the abundances and ratios involving fluid-immobile elements
like Th (Ba/Th, W/Th, etc.) with 8*Ti. Moreover, the observation that Ti shows limited fluid
mobility (Kessel et al., 2005) makes it unlikely that subduction fluids may influence the Ti
isotope composition of arc magmas. As such, the subduction end-members that may impart
unto arc magmas any variability in their Ti isotope composition consist of subducted
metasediments (e.g., as in Cyprus and the Solomon Islands), partial melts that reflect the Ti
isotopic characteristics of the mantle wedge (Cape Vogel, Papua New Guinea and Sunda), and
of course primary processes like the partial melting in the presence of Fe-Ti oxides and
fractional crystallisation of Fe-Ti oxides (Sunda and potentially Papua New Guinea and the

Solomon Islands).
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4.4.2 Can the recycling of subducted sediments affect the Ti isotope
composition of arc lithologies? — Cyprus, Solomon Islands

Larger contributions from sediment-derived melts or fluids are usually coupled with
incompatible element enrichment (e.g., Konig et al., 2011; Plank, 2014). If significant amounts
of Ti oxides are present in the sediment, this should be reflected by a low value of *'Ti in the
bulk sediment, as its Ti budget is controlled by its oxide content. In case of partial melting, this
component would impart a positive §*’Ti onto the resulting silicate melt as long as it remains a
residual phase. However, if the sediment is comprised mostly of eroded felsic minerals, it
should exhibit positive §*'Ti, similar to that of shales and granitic samples (§*°Ti of up to +0.6
%o; Greber et al., 2017a; Millet et al., 2016). Based on a mass balance model, Kurzweil et al.,
(2019 electronic supplements) estimated that in order to account for the elevated W/Th in the
Troodos’ UPL samples, nearly 70% of total W need to be derived from a subducted sediment
component, regardless of whether it consists of a fluid or a melt. This observation is echoed by
Fonseca et al., (2017) who estimated that ca. 10% of a hydrous sediment melt must have been
mixed with a primitive arc magma in order to reproduce the range in B, Nd, Pb and Sr isotope
compositions of UPL tholeiites and boninites. Therefore, it could be entirely possible that the
slightly elevated §**Ti of UPL tholeiites and boninites is inherited from this putative sediment-
like component, which would necessarily have to consist of a melt given the fluid immobile
nature of Ti (Kessel et al., 2005). Indeed, the eastern Mediterranean sediments analysed here
have §*Ti ~+0.2 %o and an average *’Sr/**Sr of 0.7085 (Klaver et al., 2015), and mixing
between primitive arc magmas and partial melts from these sediments could potentially account
for the more radiogenic Sr and heavier Ti isotope composition of the UPL suite (see Figure 4-
4 a). An issue with this hypothesis is that Mediterranean sediments are as TiO>-poor as the bulk
of the UPL suite, and Ti is generally compatible during partial melting of metasediments
(Hermann and Rubatto, 2009; Skora and Blundy, 2010), meaning that any sediment melt will
be depleted in TiO2> when compared to a primitive arc magma. Given that fewer than 10 % of
hydrous sediment melts mixed with Troodos parental magmas (Fonseca et al., 2017), there
would be insufficient Ti present in the sediment melt to drive the §*’Ti of the Troodos suite to
its maximum value of +0.15%o (as seen in the boninites). As such, this process cannot explain
the range in 6*'Ti of the UPL suite. This assessment is reinforced by the conclusions of Kénig
et al.,, (2010) who argued for the absence of Ti-rich phases like rutile and ilmenite during

boninite petrogenesis in UPL sources, as evidenced by their low Nb/Ta. The presence of either
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rutile and ilmenite during sediment melting would have resulted in elevated Nb/Ta ratios
(Klemme et al., 2005, 2006b) in the hydrous sediment melt, which is not seen in the UPL suite
(Konig et al., 2010). As such, the elevated §*°Ti probably represents the Ti isotope composition
of the UPL suite’s depleted mantle sources, and is not the result of mixing between sediment

melts and primitive arc magmas.
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Figure 4-4 a - d: Ti isotope composition vs. trace element ratios. (a and b) §*Ti vs. ’Sr/%0Sr for Cyprus UPL and 6*Ti vs. Th
content for Sunda arc samples illustrating the putative mixing array between MORB and sediments, or lack thereof. Sr isotope
data for Mediterranean sediments from Klaver et al., (2015), average Sr from MORB by White and Klein (2014) and Ti isotope
composition of average MORB by Millet et al., (2016). Solomon Islands samples (c) and Sunda arc samples (d) showing the
potential effect of rutile in 5*Ti vs. Nb/Ta. Trends in ¢ and d are based on observed fractionation behaviour of Ti and partition
coefficients from Klemme et al., (2005). Symbols are the same in 4b and 4d (Sunda arc samples).

Volcanic samples from the Solomon Island Arc are a clearer example of recycling of subduction
components (i.e., sediment melts). Solomon Island picrites and tholeiites show enrichments in

the fluid-immobile Th (up to 2.2 pg/g) and show highly variable Zr/Nb (13 to 73), a ratio that
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is a measure of source depletion or refertilisation. Both features, when taken together, argue for
the involvement of sediment melts in the sources of the Solomon sample suite. This view is
reinforced by the large overlap between the lead isotope compositions of volcanoclastic
sediments, and those displayed by picrites and basalts from the Solomon arc (See Fig. 6a and b
in Schuth et al., 2009; Tejada et al., 2004). Moreover, distinct low Nb/Ta and Zr/Hf in BSE-
normalized trace element patterns argue for the presence of Ti-bearing oxides in the sources of
the Solomon Islands basalts. As stated earlier, Ta is more compatible than Nb in phases like
rutile and ilmenite (Klemme et al., 2005, 2006b). If these phases are present during partial
melting of a Solomon Island mantle wedge that has been refertilised by sediment melts, the
resulting magma would have elevated Nb/Ta and higher 6*'Ti. Indeed, this expectation is borne
by the positive correlation between Nb/Ta and §*'Ti (Figure 4-4 ¢ ), which is consistent with
the putative presence of residual Fe-Ti oxides, most probably rutile (Konig et al., 2008), in the
source of magmas from the Solomon Islands. As such, the Ti isotope composition of the
Solomon Island suite is likely the product of partial melting of a depleted mantle source that
was refertilised by a sediment melt, which carried a heavier Ti isotope signature due to the

presence of rutile in the subducted metasediment.

443 Fluids and residual mineral phases — rutile, Sunda arc samples

Kurzweil et al., (2019) determine W isotope compositions on sediments in proximity to the
Sunda arc, which due to their heavy W isotope composition cannot account for the light W
isotope composition in Sunda arc samples. The contribution of the subducted sediments to the
W budget in Sunda arc magmas is too small to influence their stable W isotope composition.
Following Kurzweil et al., (2019), and in order to verify whether these sediments influence the
Ti isotope composition of Sunda arc samples, sediments from the Sunda arc region were
analysed for their §*'Ti, which vary between +0.2 and +0.6 %.. As stated above, Ti is generally
compatible in the metasediment during partial melting (Hermann and Rubatto, 2009). The TiO>
content in the analysed Sunda arc samples and sediments is in the same range (1 + 0.5 wt.%).
In the absence of a Ti-bearing oxide, Ti isotopes are not known to be fractionated by silicate
minerals (Johnson et al., 2019; Wang et al., 2019). The involvement of a hydrous sediment melt
in the petrogenesis of Sunda arc samples should result in a higher §*’Ti in the Sunda sample

suite, which is not observed. Furthermore, if the *'Ti of Sunda arc samples are indeed related
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to a hydrous sediment melt, then a covariation between §*°Ti and for instance their Th content,
would be expected (Figure 4-4 b). During partial melting of hydrous sediments (and in the
absence of monazite), Th is highly incompatible (Skora and Blundy, 2010), and as such, even
small amounts of hydrous sediment-derived melt mixed in with Sunda parental magma would
overwhelm the Th budget of the magma. This may explain the high Th contents and higher
8*Ti of two of the samples (I12Kr2, Krakatau with a §*Ti and a Th concentration of +0.105 +
0.022 %o and 3.1 pg/g and 129Ag2 Agung with a §*Ti 0.125 £ 0.013 %o and 3.3 pg/g,
respectively). However, mass balance calculations further show that, either the modelled Th
concentration in the melt mixture would be too low (due to higher degrees of partial melting
required to fit the mixture to the observed §*°Ti and TiO: content of around 0.10 %o and 1 wt.%
Ti02), or the Ti isotope composition would be to light (due to less than 10 % of partial melting
degree and thus little contribution from sediment derived Ti into the melt mixture, Figure 4-4
b). Consequently, unlike the UPL and Solomon Islands sample suites, sediment recycling can
be excluded as a potential cause for the range of §*Ti displayed by samples from the Sunda

suite.

Even though, sediment melts can be excluded to have influenced the Ti isotope composition of
the Sunda suite, there is evidence for the involvement of residual phases, like rutile, which are
known to control Ti isotope fractionation. Konig et al., (2010) have concluded, based on HFSE
systematics, that there may be residual rutile present in the mantle source of Sunda arc basalts.
This view is reinforced by the observation that samples from the Sunda suite display lower
51W and lower Zr/Hf ratios when compared to MORB, which is best explained by the
presence of residual rutile in their mantle sources (Kurzweil et al., 2019). While the W isotope
compositions of Sunda samples can be explained by partial melting of the Sunda mantle wedge,
due to its overprint by a W-rich and isotopically light fluid introduced W (Kurzweil et al.,
2019), such a process would not result in Ti isotope fractionation. It is far more likely that the
range seen in the §*'Ti of the Sunda sample suite is related to the involvement of rutile. For
example, the sample with the highest §**Ti (116Mu6; from the volcano of Muria, the furthest
away from the Sunda arc trench), is also the melt that originated at greater depth (Kurzweil et
al., 2019), depths at which rutile is stable (pressures > 1.5 GPa and temperatures <1150 °C;
Green and Pearson, 1986). However, the reported heterogeneity in the subducted material and
the depth of origin of Sunda parental magmas may obscure this trend (Kurzweil ef al., 2019).

Nevertheless, the positive correlations between Nb/Ta (Figure 4-4 d) and Zr/Hf with §*°Ti are
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best explained by the presence of rutile in Sunda sources, and illustrates the importance of

residual phases on the Ti isotope composition in subduction zone samples.

44.4 Residual phases — amphibole, Papua New Guinea

Low Nb/La and variations Zr/Sm in tholeiitic basalts from Cape Vogel and New Britain suggest
the involvement of fluids or melts that were produced in the presence of amphibole in the
sources of these basalts (Foley et al., 2002; Ionov and Hofmann, 1995). Samples from New
Britain (inner caldera) show negative Nb/Ta anomalies but not in Zr/Hf, and generally show
very little variation in PRIMA-normalised trace element compositions, with the exception of
one single sample, Sample SHRS5 (inner caldera), which shows significant enrichment in
incompatible trace elements (see Figure 4-5). New Britain Lavas further show positive trace
element co-variations in Ti/Sc and Cr/Sc with SiO2, which can be explained by fractional

crystallisation of magnetite.
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Figure 4-5: PRIMA-normalised trace element pattern for the New Britain sample suite.

The onset of either magnetite or amphibole fractional crystallisation during differentiation
should be identifiable in the relationship between Ti/Sc and SiO», as Ti is more compatible in
magnetite than Sc (Nielsen, 1992), whereas in amphibole the opposite is true (Tiepolo et al.,
2007). As a result, fractional crystallisation of magnetite would result in lower Ti/Sc whereas

amphibole crystallisation will increase Ti/Sc in silicate melt. Considering the fact that Ti is also
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compatible in magnetite, the elevated 5*°Ti in the Cape Vogel samples (between +0.1 and +0.4
%0) may also result from magnetite crystallisation (Toplis and Corgne, 2002). New Britain inner
caldera samples show two distinct groups in Ti/Sc vs. SiO; space: 1) in samples with SiO;
between 50 wt.% and 60 wt.% show a slightly negative co-variation with Ti/Sc, which reaches
a minimum value of 190 (from 230 at 50 wt.% Si0,); 2) samples with SiO, contents exceeding
60 wt.%, Ti/Sc steadily increases until it reaches a maximum value of 500. This means that for
New Britain samples with SiO; contents higher than 60 wt.%, the bulk mineral-melt partition
coefficient for Sc is larger than for Ti during crystallization, as the Ti/Sc of the melt increases.
This is somewhat unexpected, as Ti is more compatible in magnetite than Sc (Nielsen, 1992).
Fractional crystallisation of magnetite would result in a decrease in the Ti/Sc of the silicate melt
as it differentiated (i.e., with increasing SiO» content), but the opposite appears to be true
(Figure 4-6 a). Given the evidence for limited fractional crystallisation of magnetite in the New
Britain suite, and since Ti can also be compatible in amphibole, it may as well be possible that
the Ti isotope composition of these samples is instead related to amphibole crystallization,

which merits further examination.

In order to constrain the effect of fractional crystallisation of amphibole on the trace element
inventory of a given sample set, ratios between mid- and heavy rare earth elements (and
incompatible elements) are often used as an indicator. For example, ratios like Zr/Sm and Nb/La
ratios decrease in the melt as a result of amphibole crystallization (Foley et al., 2002; lonov and
Hofmann, 1995). Indeed, the samples show a negative covariation between Zr/Sm and Nb/La,
which in turn both show a negative Zr/Sm and a positive Nb/La covariation with Ti/Sc. The
positive correlation of Ti/Sc and Nb/La is most likely due to simultaneous crystallisation of
clinopyroxene and amphibole (Kurzweil et al., 2019). When the three ratios are considered
together, it is strongly suggestive of amphibole control on the Ti budget of the co-existing
silicate melt rather than magnetite crystallization (Figure 4-6 b). Titanium in the silicate melt
has an average V-fold spatial coordination (e.g., Leitzke et al. 2018; Mysen and Richet, 2019
and references therein), whereas it sits in the VI-fold (octahedral) coordinated Y-site of
amphibole (Tiepolo ef al., 2007 and references therein) as well as the VI-fold coordinated B-
site of the iilvospinel-magnetite solid solution (Okube et al., 2018). However, the notion that
amphiboles, as silicate minerals, may fractionate Ti isotopes stands in stark contrast with
predictions from previous studies (Johnson ef al., 2019; Millet ef al., 2016; Wang et al., 2019),
which focussed more on silicates like olivine, ortho- and clinopyroxene and pyrope garnet, and

concluded that silicate crystallization does not lead to resolvable Ti isotope fractionation.
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Figure 4-6 a and b: Muain, trace element and Ti isotope data for New Britain samples. a) Ti/Sc vs. SiOz, b) 6*°Ti vs. Ti/Sc
showing how the first vertical array turns into a positive covariation with increasing 0*Ti and Ti/Sc. Mg and amph abbreviate
magnetite and amphibole, respectively.

High precision HFSE data for these samples (Kurzweil et al., 2019) can be used to further
constrain what phases take part in fractionating Ti isotopes. The HFSE show variable
partitioning behaviour during fractional crystallization of magnetite and amphibole. For
example, magnetite/melt partition coefficients for Nb and Ta (~0.04) are substantially lower
than those for Hf and Zr (~ 1 — Nielsen, 1992); whereas all HFSE show broadly similar
amphibole/melt partition coefficients (0.39, 0.51, 0.37 and 0.67, for Nb, Ta, Hf and Zr,
respectively - Tiepolo et al., 2007 and references therein). As such, fractional crystallisation of
magnetite, which should result in higher §*’Ti in the melt, is expected to lead to a negative
covariation between 3*'Ti and Hf/Nb or Zr/Nb. This covariation is not observed in these
samples. There is no covariation in §**Ti vs. Hf/Nb (~51 £ 3) and Zr/Nb (~1.2 £ 0.2), suggesting
that the HFSE were not significantly fractionated from each other. This suggests the fractional
crystallisation of a phase with a narrow range in HFSE mineral/melt partition coefficients, such
as amphibole. With magnetite ruled out, results imply that the involvement of residual
amphibole during petrogenesis of the New Britain suite may result in Ti isotope fractionation,

which merits further study.
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4.4.5 Basalts and their boninitic siblings

Boninites are thought to reflect partial melts from a shallow, depleted mantle region
(harzburgitic peridotite), as in the mantle wedge overlying a subducting slab (Crawford et al.,
1989; Konig et al., 2008; Miinker, 1998). Boninites are classified into high-Ca (UPL) and low-
Ca (Cape Vogel) boninites, with the latter always associated with Cr-spinel (Crawford et al.,
1989). Millet et al., (2016) analysed ultramafic mantle samples (Alpine serpentinites) and found
no resolvable variation in their *'Ti (weighted mean 3* Timante of +0.013 £ 0.023 %o). Due to
the fact that boninites originate from highly depleted mantle sources, and results from large
degrees of partial melting, no significant Ti isotope fractionation is expected, and their isotope
composition should reflect that of their mantle source (similar to 8*Timante). A comparison
between the boninite and tholeiite suites from Troodos (UPL) and Cape Vogel, however, result
in an interesting observation. Boninites from both suites have an average §*Ti of +0.14 + 0.04
%o, and show a systematically higher **Ti (by about +0.1 %o) than their tholeiitic counterparts
(average *'Ti of +0.07 £ 0.05 %o) at similar SiO, contents, even when they overlap in SiO,

contents as is the case for the UPL samples (Figure 4-7).
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Boninites are thought to result from partial melting of a more depleted mantle source compared

to their petrogenetically linked tholeiites (Miinker, 1998), which may be related to the
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difference in their §*°Ti. Tholeiite petrogenesis is thought to be dominated by melting of clino-
and orthopyroxene in spinel peridotite, and the Ti budget during tholeiite petrogenesis is
dominated by these phases (McDonough et al., 1992). As stated earlier, pyroxenes are not
known to promote Ti isotope fractionation, so the §*Ti of tholeiitic melts is not expected to
differ from their mantle sources, which is the case for MORB for example (Deng et al., 2019;
Millet et al., 2016). However, in highly depleted (harzburgitic), mantle sources, the remaining
Ti budget is thought to be dominated by residual Cr-spinel, which is usually associated with
(low-Ca) boninites (Crawford et al., 1989; McDonough et al., 1992). Chromium-spinel, in
similar fashion to the magnetite-iilvospinel solid solution and other Ti-bearing oxides, is
expected to favour light Ti isotopes. As such, melting of a spinel-bearing ultra-depleted mantle
source (as for boninites) should result in melts with low TiO2 contents and higher §**Ti when
compared to tholeiites, which is the case for boninites meeting expectation. However, even
though the higher *'Ti of boninites is related to oxide/melt equilibria during partial melting, it
primarily consists of a source signature rather than being the result of fractional crystallization

of Fe-Ti oxides from an evolving silicate melt.

4.5  Conclusions

The lack of correlation between known fluid proxies and §*°Ti show that during dehydration of
slab components, the resulting fluids and fluid-rock interactions do not lead to resolvable Ti
isotope fractionation. Whereas recycling of partial melts from subducted sediments is evident
in the UPL and Solomon Island suites, in the case of the former this appears to have no impact
on its Ti isotope composition. In the latter case, however, the presence of rutile in subducted
sediments associated with mantle sources in the Solomon arc, likely contributed to measureable
Ti isotope fractionation in basalts from this locality. Involvement of a phase like rutile also
appears to affect the Ti isotope composition of samples from the Sunda arc, which can be easily
accounted for as being the result of partial melting of a mantle source hosting residual Ti-
bearing oxide, or potentially fractional crystallisation of the same phase. Interestingly,
amphibole crystallization appears to affect the Ti isotope composition of arc samples from New
Britain. The potential effect of fractional crystallisation of amphiboles on the Ti isotope
composition of magmas demands further investigation. This is especially important as in

previous studies (Johnson et al., 2019; Wang et al., 2019) no evidence was seen for Ti isotope
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fractionation involving equilibrium between silicates (e.g., ortho- and clino-pyroxenes, olivine
and pyrope) and silicate melt. However, given that no study has thus far examined whether
amphibole-melt equilibria can fractionate Ti isotopes, this remains an open question. The offset
in *Ti at similar SiO2 in boninitic samples from a location (PNG, Cyprus) and tholeiitic
samples from the same localities, can be explained by the partial melting of the mantle wedge

in the presence of residual, and isotopically lighter, Cr-spinel (McDonough et al., 1992).

Our results further confirm the conclusions of previous studies, namely that the main control
on the Ti isotope composition of magmatic samples is the fractional crystallization of Fe-Ti
oxides (Deng et al., 2019; Johnson et al., 2019; Millet et al., 2016; Wang et al., 2019). However,
this study also shows that other factors (recycling of slab components like sediments) and
phases (amphibole) may lead to silicate melts experiencing Ti isotope fractionation that goes

beyond the singular effect of oxide crystallization during magmatic differentiation.
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Previous studies showed that Ti isotope fractionation is a result of Fe-Ti oxide involvement
during fractional crystallisation and partial melting, expressed by the covariation of §**Ti and
Si0; (Deng et al., 2018a, 2019; Greber et al., 2017a; Johnson et al., 2019; Millet et al., 2016).
The notion that Ti isotopes are exclusively fractionates by processes involving Fe-Ti oxides is
supported by mineral separates from natural basaltic melts (Johnson et al., 2019), as well as
from ab-initio modelling (Wang et al., 2019). Specifically, silicates like olivine, ortho- and
clinopyroxene and pyrope garnet do not fractionate Ti as long as Ti is predominantly tetravalent
(Wang et al., 2019). This notion however no longer holds true at lower fO> when significant
portions of Ti are trivalent, at which point pyroxene group minerals appear to show resolved Ti
isotope variations (Wang et al., 2019). Since Ti*" is compatible in clinopyroxene (Mallmann
and O’Neill, 2009) and its occurrence is more likely in samples from the Moon, this requires
the determination of a Ti*" isotope fractionation factor (Simon et al., 2014; Simon and Sutton,
2017). This tentatively indicates that other phases, apart from Ti oxides, can also fractionate Ti

isotopes.

The Ti isotope composition of urKREEP was previously constrained by the Ti isotope
composition on a single lunar meteorite (+0.330 + 0.034 %o, SaU 169; Greber et al., 2017b).
Data for KREEP-rich lunar samples from this monograph allow a more robust determination
of the Ti isotope compositions of the last residues during LMO solidification. Two of the four
analysed KREEP-rich samples overlap with the §**Ti value proposed by Greber et al. (2017b)
and constrain the Ti isotope composition of urKREEP now with one lunar meteorite and two
samples from a sample return mission. Coupled HFSE and Ti isotope modelling provides a
second approach to determine the §*°Ti of the urKREEP component. Modelled melt HFSE
concentrations and Ti isotope compositions in the last stages of LMO solidification are
consistent with §**Ti and HFSE contents in KREEP-rich samples analysed in this monograph.
More so, this study was able to differentiate between the petrogenetic processes of partial
melting of an ilmenite-bearing cumulate (high-Ti mare basalt source region) and fractional
crystallisation of ilmenite in a low-Ti magma (low-Ti). As a matter of fact, using modelled IBC
during the last stages of various LMO solidification models as petrogenetic source, this
monograph shows that the high-Ti mare basalts can best be explained by partial melting of an
IBC component. Furthermore, petrogenesis by assimilation of an IBC component into a low-Ti
magma can be excluded. Samples that are reported to have formed with no ilmenite at the
liquidus, i.e., which show no evidence for fractional crystallisation of ilmenite, are consistently

less fractionated than low- and high-Ti ilmenite-bearing basalts. Most of the ilmenite-free

102



CHAPTER 5 - CONCLUDING REMARKS

samples are within uncertainty of the Bulk Silicate Earth (Millet et al., 2016) and the chondritic
value proposed by Greber et al., (2017b) with a §*'Ti ~ +0.004 + 0.010 %o. Furthermore, these
processes are modelled using recent partitioning data and LMO solidification models (Charlier
et al., 2018; Leitzke et al., 2016; Lin et al., 2017; Rapp and Draper, 2018; Snyder ef al., 1992;
van Westrenen et al., 2000). Modelled evolution trends for 8**Timelr vs. Ta/Hfmer for fractional
crystallisation of ilmenite and partial melting in the presence of ilmenite are consistent with the
obtained results for the lunar samples from this study. Since this allowed for a more in-depth
investigation of lunar mantle source processes and LMO solidification, it shows the potential

of coupled 6*'Ti - HFSE studies in lunar samples.

Cyprus UPL tholeiites show only little Ti isotope variations. Mass balance calculations reveal
that hydrous sediment melts mixing with the mantle melts cannot be the source of Ti isotope
fractionation, because the proportion needed to produce the observed Ti contents and §*Ti
values would require unrealistically large amounts of sediment. The alternative, that the
“undiluted” sediment is much more positive, would result in very high §*'Ti values and is as
unrealistic as the previous notion. As a matter of fact, the *’Ti variations in Cyprus UPLs are
consistent with the inferred depleted mantle wedge source (Fonseca et al., 2017). Trace element
variations coupled with 8*'Ti in samples from the Sunda arc and the Solomon Islands are
consistent with residual rutile at the source. This suggests that Ti isotope fractionation in these
samples is a result of partial melting in the presence of rutile, possibly (in the case of the
Solomon Islands suite) related to overprint of the mantle wedge partial melts from rutile-bearing
metasediments. New Britain samples show trace element variation coupled with *'Ti values
that tentatively suggest the involvement of amphibole, which is in stark contrast to previous
studies stating that fractional crystallisation of olivine, ortho- and clinopyroxene and pyrope
garnet do not fractionate Ti isotopes (Johnson et al., 2019; Wang et al., 2019). The notion that
fractional crystallisation of (Ca-rich) amphibole leads to Ti isotope fractionation remains to be
tested. Lastly, Cape Vogel and Cyprus UPL tholeiites and boninites show a consistent offset in
8*Ti vs. SiOa from each other, even if they still overlap in SiOx content, as is the case for the
UPL samples. This offset towards higher §*°Ti at comparable SiO» contents is consistent with
the model for boninite petrogenesis (Crawford et al., 1989). As the mantle wedge is partially
molten, pyroxenes and olivine start to melt first and form the tholeiitic magmas (Miinker, 1998).
The Ti budget in the remaining harzburgitic mantle wedge is then controlled by residual Cr-
spinel (McDonough et al., 1992), partial melting in the presence of this oxide phase leads to the

observed higher degrees of Ti isotope fractionation.
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High precision HFSE data coupled with high precision Ti isotope composition measurements
can prove a powerful tool to differentiate the petrogenetic process. Coupled with the SiO- trend
for differentiation, this allows insights beyond fractional crystallisation of ilmenite. This
monograph demonstrates how coupled §*Ti vs. HFSE ratios can differentiate between partial
melting of an ilmenite bearing cumulate and fractional crystallisation of ilmenite in lunar basalts
as well as partial melting in the presence of amphibole and rutile at the source of subduction
zone rocks. Trace element variations coupled with §*'Ti tentatively suggest Ti isotope
fractionation by fractional crystallisation of amphibole. The results of this study reinforce the
requirements for future studies, that will need to focus also on the amphibole group minerals
and on the clinopyroxene group and determine fractionation factors for Ti*" in Ca-rich
amphiboles and Ti** in clinopyroxene (at lower fO5). The former is known to have an effect on
Ti isotopes (Wang et al., 2019) and given the lower fO> on the Moon may be especially relevant
for the understanding of Ti isotope fractionation behaviour on the Moon, whereas the latter up

until now is only suspected of fractionating Ti isotopes.

—THE END -
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Table 7-1: Appendix, used trace lements (lunar samples). Trace element and Ti isotope data used in this study. Main elements data is compiled using the lunar sample compendium and the
references therein (Meyer 2012); HFSE data by Thiemens et al., (2019)

Data - This Ti isotope data Main elements - Meyer HFSE - Thiemens ef al., (2019)
study 2012)

wt% ng/g
NASA ID Mission  Rock type O*Ti 2s n 251% SiO; TiO, FeO MgO w Th U Hf Zr Nb Ta
10017 ApOHO 11 High-Ti ilm basalt 0.009 0.024 6 0.012 41.3 119 19.6 7.76 0.382 3.40 0.858 16.3 491 304 1.82
10020 High-Ti ilm basalt 0.011 0.022 6 0.011 40.7 10.6 18.5 8.06 0.331 0.667 0.180 7.31 201 17.5 1.10
10057 High-Ti ilm basalt 0.009 0.024 6 0.012 41.6 114 19.1 7.02 0386 3.56 0.856 162 490 30.7 1.81
74255 ApOHO 17 High-Ti ilm basalt 0.043 0.010 6 0.005 38.4 12.2 18.0 10.7 0.064 0.450 0.132 8.21 221 259 143
74275 High-Ti ilm basalt 0.045 0.010 6 0.005 38.7 12.7 18.0 10.2 0.059 0.466 0.138 8.67 233 28.6 1.50
75035 High-Ti ilm basalt 0.115 0.025 6 0.013 42.6 10.1 18.8 6.25 0.091 0.546 0.163 11.6 322 329 1.93
79135 ApOHO 17 High-Ti Bce 0.019 0.017 6 0.009 42.3 5.15 14.8 104 0.189 1.34  0.368 5.88 190 15.0 0.901
79035 High-Ti Bce 0.047 0.018 6 0.010 41.7 6.58 15.6 9.91 0.165 1.16 0315 5.88 182 158 0.961
14305 Apollo 14 KREEP-rich Bce 0.296 0.030 6 0.016 48.4 1.71 10.6 10.3 1.28 164 4.33 28.3 1163 73.6 3.26
68115 ApOHO 16 KREEP-rich Bece 0.117 0.027 6 0.014 44.8 0.34 4.00 5.79 0.549 4.45 1.17 8.92 360 238 0.974
72275 ApOllO 17 KREEP-rich Bece 0.185 0.026 6 0.014 48.0 0.91 11.9 10.0 0924 584 1.51 159 658 31.0 1.40
14310 Apollo 14 KREEP basalt 0.263 0.035 6 0.018 48.3 1.24 7.93 8.00 1.21 109 298 20.1 817 514 231
15058 ApOHO 15 Low-Ti QNB -0.010 0.034 6 0.018 47.8 1.77 20.0 9.01 0.059 0.576 0.150 2.76 98 6.62 0.366
15065 Low-Ti QNB -0.030 0.014 6 0.007 472 1.33 19.2 10.7 0.090 0.863 0.216 3.96 139 996 0.522
15495 Low-Ti QNB 0.011 0.017 6 0.009 48.0 1.52 20.7 104 0.069 0.670 0.169 3.07 110  6.80 0.380
15545 Low-Ti ONB 0.011 0.032 6 0.017 45.0 2.33 222 10.5 0.081 0.491 0.132 2.53 85 6.15 0.374
15556 Low-Ti ONB 0.007 0.030 6 0.016 457 2.76 219 8.67 0.088 0.512 0.154 2.67 89 6.38 0.392
15555 Low-Ti ONB -0.008 0.026 6 0.014 442 2.10 22.4 11.2 0.063 0432 0.112 2.09 70 5.01 0.304
12022 ApOHO 12 Low-Tiilm basalt 0.029 0.022 6 0.011 43.2 5.10 22.0 104 0.088 0.677 0.182 4.29 121  6.68 0.359
12051 Low-Tiilm basalt 0.030 0.022 8 0.009 45.1 4.62 20.2 7.21 0.127 0.804 0.208 4.04 121 7.67 0.427
12063 Low-Tiilm basalt 0.055 0.022 6 0.012 43.5 5.00 213 9.56 0.085 0.661 0.172 4.10 115 6.62 0.376
12054 Low-Tiilm basalt 0.028 0.026 6 0.014 43.3 4.63 19.6 9.22 0.123  0.977 0.255 5.31 153 891 0.499
12004 Apollo 12 Low-Tiolv basalt 0.006 0.010 6 0.005 452 2.88 21.5 12.5 0.115 0.959 0.260 3.45 114  7.78 0.406
12053 ApOHO 12 Low-Ti pgt basalt -0.013 0.026 6 0.014 473 3.32 19.8 8.06 0.122 1.04 0272 3.77 122 8.50 0.446




Table 7-2: Appendix, used trace element data in the arc study. Data compiled from previous studies (Fonseca et al., 2017, Kirchenbaur and Miinker, 2015; Konig et al., 2008, 2010, Kurzweil
etal., 2019, Schuth et al., 2009)

Main and trace element data

wt.-% ngl/g
SUTIMTHOYT 2s  n 95%c.i. SiO2 TiO2 MgO Th Zr Hf Nb Ta Sm Sc

Cyprus Basalts

CY-1 Basalt 0.090 0.010 4 0.008 539 0.390 7.40 0.132  15.5 0.511 0.940 0.053 0.747 35.1
CY-4b Basalt 0.070 0.013 4 0.010 519 0.390 6.70 0.132  15.2 0.506 0.905 0.052 0.745 34.1
CY-A Basalt 0.045 0.010 4 0.008 51.5 0.400 6.80 0.142  16.1 0.538 0.739 0.042 0.827 342
CY-D Basalt 0.087 0.011 4 0.009 53.8 0.490 4.60 0.148  18.3 0.600 0.780 0.046 0.890 37.2
ZY-61 Basalt 0.076 0.019 4 0.015  53.0 0.440 5.90 0.144  20.8 0.714 1.10 0.068 1.02 342
CY 15 Basalt 0.063 0.024 4 0.019 579 0.538 6.18 0.169  28.7 0.967 0.674 0.051 1.58 41.2
CY 45 Basalt 0.102 0.027 4 0.021 51.8 0.620 5.68 0.164 27.8 0.952 0.713 0.045 1.30 383
CY 12 Basalt 0.107 0.018 4 0.014  47.7 0.450 5.79 0.124  23.3 0.827 0.550 0.049 1.04 373
CY 31 Basalt 0.033 0.046 4 0.037 58.0 0.270 9.44 0.141  7.48 0336 1.86 0.169 1.30 38.8
CY 33 Basalt 0.149 0.035 4 0.028 539 0.290 8.49 0.145  10.7 0.428 0.935 0.069 0.475 36.4
CY 34 Boninite 0.168 0.032 4 0.025 495 0.590 8.47 0.097  25.6 0.900 0.899 0.055 0.530 36.7
CY 36 Boninite 0.146 0.045 4 0.036 553 0310 6.81 0.206  9.04 0.363 1.98 0.152 0.451 429
CY 39 Boninite 0.166 0.014 4 0.011 533 0.340 7.66 0210 8.21 0.338 1.83 0.144 0.420 46.1
CY-4b Boninite 0.077 0.029 4 0.023 519 0.390 6.70 0.132  15.2 0.506 0.905 0.052 0.745 34.1
Cyl Basalt 0.102 0.269 1 0.035 539 0.390 7.40 0.132  15.5 0.511 0.940 0.053 0.747 35.1
Cy4 Basalt 0.033 0.370 1 0.048 519 0.390 6.70 0.132  15.2 0.506 0.905 0.052 0.745 34.1
Cy6l Basalt 0.061 0.253 1 0.033  52.7 0.660 6.60 0.15 204 0.730 1.14 0.070 1.03 33.6
Cy62 Basalt 0.099 0.262 1 0.034  50.5 0.530 7.20 0.094 17.8 0.597 0.463 0.030 1.06 234
cy63c Basalt 0.087 0.268 1 0.035 524 0.410 7.50 0.131 16.8 0.525 0.924 0.055 0.756 36.1
Papua New Guinea - Cape Vogel

PNG 1 Boninite 0.114 0.016 4 0.012 554 0302 142 0.734 462 1.14 197 0.17 0.922 344
PNG 8 Boninite 0.133 0.040 4 0.032 559 0.121 197 0484 262 0.630 1.21 0.106 0.452 30
PNG 10 Boninite 0.143 0.045 4 0.036 56.6 0.141 179 0.566 304 0.730 1.33 0.123 0.529 31.5
PNG 12 Boninite 0.112 0.031 4 0.024 549 0381 113 0.816 54.0 134 237 0.205 1.12 3438
PNG 14 Boninite 0.136 0.071 4 0.056 552 0.140 22.6 0.384 17.2 0.420 0.816 0.065 0.441 26.5
PNG 25 Boninite 0.109 0.045 4 0.036 554 0355 133 0.872 582 142 2.66 0211 1.12 305



PNG 27 Boninite 0.123 0.030 4 0.024 57.0 0.151 16.2 0.602 333 0.799 146 0.134 0.58 32.6
PNG 62 Basalt 0.035 0.016 3 0.020 52.5 0.763 6.30 0.186 353 1.14 0.696 0.047 1.52 44.1
PNG54 Basalt 0.110 0.275 1 0.036 50.2 0.642 7.60 0.155 37.8 1.18 0.700 0.045 1.58 46.3
PNG59 Basalt -0.027 0.310 1 0.040 50.2 0.709 8.10 0.108  29.6 0.934 0.534 0.036 1.27 48.8
PNG63 Basalt 0.034 0.231 1 0.030 52.6 0.752 5.70 0.157 283 0.814 0.921 0.047 1.59 419
Sunda Arc

12Kr2 basalt. Andesit 0.105 0.028 4 0.022 547 1.10 4.05 3.08 113 322 3.1 0.193 5.13 26.8
[4Sm1 Basalt 0.045 0.017 4 0.013 504 1.40 e6.11 5.69 109 3.13 6.65 0.465 4.65 345
[12Mu2 Absarokit 0.067 0.017 4 0.013 448 1.31 105 10.6 190 5.14 36.5 2.07 11.6 384
129Ag2 basalt. Andesit 0.125 0.016 4 0.013 564 0.828 3.45 333 #NV  #NV #NV #NV 431 21.7
I32Ri3 Basalt -0.008 0.010 4 0.008 49.6 1.05 4.57 1.78 539 1.76 2.57 0.162 3.54 244
I3 Gal Basalt 0.023 0.024 4 0.019 489 0.831 10.6 0.817 414 130 1.74 0.106 2.07 43.7
[25Pel basalt. Andesit 0.082 0.025 4 0.020 448 0.810 15.1 14.0 124 3.14 315 1.35 8.84 344
116Mu6 Absarokit 0.276 0.026 4 0.020 52.5 0.687 2.22 50.4 313 642 93.6 378 191 84
Solomon Islands

S3 Basalt 0.036 0.060 5 0.037 46.7 0.660 11.04 0.183 17.7 0.585 0.214 0.014 139 549
S 18 Basalt 0.042 0.032 4 0.026 47.5 0.460 10.64 0.325  27.7 0.728 0.640 0.032 1.74 379
SE15 Basalt 0.095 0.029 4 0.023  50.0 0.760 4.33 326 84.1 203 1.92 0.072 493 327
S 153 Mbo Basalt 0.039 0.031 4 0.024 484 0.760 7.46 0.493 348 1.21 0.695 0.042 222 61.7
S 187 Van Basalt 0.045 0.026 4 0.021  49.0 0.720 4.43 0.424 449 133 0.792 0.045 238 29.7
S 207 Tin Basalt 0.051 0.036 4 0.028 492 135 4.52 0488 781 2.01 237 0.129 3.27 28.8
S217SC bas. Andesite 0.070 0.012 4 0.009 521 0910 4.43 0.549 749 190 1.17 0.062 2.68 30.7
S 220 SC bas. Andesite 0.034 0.031 4 0.024 51.8 1.12 3.60 1.27 88.1 240 2.19 0.119 3.80 33.9
New Britain

SHRS trachytic andesite 0.275 0.014 5 0.009 62.6 0904 1.93 1.67 132 3.04 2.69 0.162 5.07 133
SHR9 andesite 0.215 0.012 5 0.007 59.0 0.833 4.01 1.43 103 239 2.08 0.126 441 27
SHR13 trachytic andesite 0.241 0.029 5 0.018 61.1 0.904 2.30 1.55 126 2.88 2.46 0.154 4.83 15.1
SHR31 basaltic andesite 0.269 0.012 5 0.007 523 0.753 6.17 1.82 131 3.00 2.52 0.149 527 19.7
SHR32 dacite, trachytic andesite 0.373 0.010 5 0.006 65.7 0.803 1.24 1.92 151 348 294 0.181 5.23 8.72
SHR24 basaltic andesite 0.264 0.022 5 0.014  53.1 0.673 5.65 1.71 122 2.83 2.38 0.135 4.98 20.3
SHR26 andesite 0.132 0.028 5 0.017 583 0.883 2091 1.16 186 2.86 1.86 0.108 4.06 25.6



SHR14 basalt -0.013 0.007 4 0.005 48.6 0.720 5.23 0.255 28.0 0.700 0.570 0.030 2.05 39.6
SHR16 basalt -0.022 0.023 4 0.018 502 0.994 5.64 0.399 40.1 1.01 0.739 0.042 2.60 44.5
SHR22 andesite 0.079 0.032 4 0.025 61.7 0.853 2.02 1.65 48.6 132 0.979 0.054 3.38 253
Sunda arc sediments

DSDP 27-261-2-2-11.92m Mudstone 0.616 0.122 4 0.097 #NV #NV #NV 3.7 96.4 #NV #NV #NV #NV  #NV
DSDP 27-261-3-3-51.33m Carbonate 0.227 0.021 4 0.017 #NV #NV #NV 1.14 549 #NV #NV #NV #NV #NV
DSDP 27-261-5-1-162.48m Mn-oxid-rich muds 0.610 0.007 4 0.006 #NV #NV #NV 4.54 117 #NV #NV #NV #NV  #NV
DSDP 27-261-6-1-177.41m Mudstone 0.547 0.008 4 0.007 #NV #NV #NV 4.00 181 #NV #NV #NV #NV  #NV
DSDP 27-261-9-3-202.95m Mudstone 0.246 0.067 4 0.054 #NV #NV #NV 1.66 137 #NV #NV #NV #NV #NV
DSDP 27-261-22-2-344.31m Sandstone 0.206 0.037 4 0.030 #NV #NV #NV 1.97 98.6 #NV #NV #NV #NV  #NV
DSDP 27-261-28-2-448.42m Carbonate 0.475 0.029 4 0.023 #NV #NV #NV 1.81 53.1 #NV #NV #NV #NV #NV
Mediterranean sediments

DSDP-13-127-2-5-140/141cm Graded sands; marl oozes 0.185 0.015 4 0.012 452 09 284 7.28 221 5.77 275 1.65 6.76 15.1
DSDP-13-128-6-3-50/52cm Graded silt/sand 0.193 0.013 4 0.011 469 091 3.2 7.30 114 3.09 12.6 0.784 7.20 143
DSDP-13-127-18-1-100/102cm  Limestone 0.160 0.024 4 0.019 103 0.14 1.27 2.61 130 3.57 8.49 0.522 1.87 3.43
ODP-160-970-A-9X-1-32/34cm  Clust-rich mud; debris flow 0.008 0.033 4 0.026 314 046 3.97 7.03 614 1.68 7.05 0.443 4.58 10.8
ODP-160-970-A-16X-2-44/46cm  Clust-rich mud; debris flow 0.224 0.050 4 0.040 33.1 03 2.24 5.27 118 3.20 13.6 0.852 3.63 5.87
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